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Abstract

Particle-fluid flows are involved in many natural processes and industrial applications; some
examples are drying, solid fuel combustion, gasification, and catalytic cracking. It is vital to
understand the phenomena involved in particle-fluid flows in depth for design, predictions and
process improvements. Computational fluid dynamics (CFD) can be a robust tool for these studies
that complements costly experimental trials. Current computational power and resources do not
allow numerical simulations to resolve all physical and chemical scales in a single simulation.
State-of-the-art in large-scale numerical simulations is to carry out simulations at larger scales
with sub-grid models for small-scale phenomena. Therefore, the accuracy of the models is key
to better predictions in large-scale simulations.

Particle-fluid flows have complexities due to many reasons. One of the main challenges is
to describe how the particle-fluid interactions vary when the particles are reacting. Particles
and the fluid interact through momentum, heat, and mass exchange. Momentum, heat, and mass
exchange are presented by the drag coefficient (Cy), Nusselt number (Nu), and Sherwood number
(Sh) in fluid dynamics. Conventional models neglect the effects of net fluid flow generated by
heterogeneous chemical reactions called Stefan flow.

This work aims to study how Stefan flow affects the momentum, heat, and mass transfer
between particles and fluid in a particle-fluid flow. A series of numerical simulations were per-
formed by increasing complexity step by step. Particle boundary layers were resolved in all the
simulations, and the particle interior was also resolved in the last stage. With a special interest in
entrained flow biomass gasification (EFBG), this work has chosen parameters relevant to EFBG.

In the first step, particle-resolved numerical simulations were carried out for an isolated parti-
cle immersed in a uniform, isothermal (and non-isothermal) bulk fluid with a uniform Stefan flow.
Both isothermal and non-isothermal simulations have shown that the Stefan flow has significant
effects on drag coefficient (C4) and Nusselt number (Nu). We have observed from isothermal
results that the decrease/increase of the drag coefficient (Cy) is due to expansion/shrinkage of
the boundary layer thickness, which leads to a change in the viscous force. Based on that, a
physics-based drag coefficient (Cy) model was developed. For the next step, the drag coefficient
(Cq) model was extended and modified for a uniform non-isothermal bulk fluid flow. Further-
more, a new Nusselt number (Nu) model was developed using volume-averaged temperature,
which captures the variation of thermo-physical parameters due to the temperature gradient be-
tween particle and bulk fluid. The model agrees well with the simulation data with a single fitting
parameter.

The second step was to explore the effects of neighboring particles on the drag coefficient
(C4) with a uniform Stefan flow under isothermal conditions. Stefan flow and neighbor particle
effects act on the particle independently when particle distance is greater than 2.5 diameters
(L/D > 2.5). However, at L/D < 2.5, Stefan flow effects dominate, and a strong force that
expels particles from each other was observed.

The models previously developed under ideal conditions (uniform Stefan flow, atmospheric
pressure) might not represent realistic conditions at reacting flows. Therefore, the last step of
this thesis was particle interior resolved numerical simulations for an isolated char particle under
gasifying conditions. The drag coefficient (Cy), Nusselt number (Nu) and Sherwood number (Sh)
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from the simulations have been compared with conventional models without Stefan flow. We
have observed that conventional drag coefficient (Cy) and Nusselt number (Nu) models do not
accurately predict the force acting on a particle and heat transfer between the particle and bulk
fluid.

The performance of the point-particle approach for reacting particle-fluid flows, commonly
used in large-scale simulation, was also investigated by comparing it with particle interior re-
solved simulations for a gasifying particle. The results showed a significant deviation between
the results of the point particle model and resolved particle simulations. Several key uncertain-
ties in the models, such as the effectiveness factor and external heat and mass transfer, were
identified.

This work has shown that the effects of Stefan flow are not negligible in reacting particle-fluid
flows. Developed drag coefficient (Cy) and Nusselt number (Nu) models can be used to improve
large-scale simulations’ predictions. The study also contributes to widening the understanding
physics of particle-fluid interactions in reacting particle-fluid flows. Conventional models for
drag coefficient (Cg) and Nusselt number (Nu) (and Sherwood number (Sh)) do not represent the
momentum and heat transfer (and mass transfer) between a particle and the bulk fluid accurately
when there is a Stefan flow due to heterogeneous reactions during char gasification. Therefore,
the models should be further improved considering the effects of Stefan flow.

The models developed in this work are idealized for a uniform Stefan flow, atmospheric pres-
sure, and spherical particle. It could be further improved for non-uniform Stefan flow, high pres-
sure, and different geometries. This study mainly focused on the parameter range of gasification
for model development. Therefore, it is important to test the effects of Stefan flow for a wider
range applicable to other applications, such as combustion, and test whether the phenomena
are the same as observed in this work. We focused on char gasification to study the effects of
Stefan flow in more realistic conditions and to compare it with the point-particle method. That
also could be studied for a wider range of applications and find at what conditions one has to
consider the effects of Stefan flow on drag coefficient (Cy), Nusselt number (Nu), and Sherwood
number (Sh). Furthermore, it would be important to find the models predicting closer to the
resolved-particle simulations for a particle with Stefan flow to be used in the point-particle ap-
proach. Improving effectiveness factor models, including non-uniform temperature inside the
particle, is also vital.
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Chapter 1

Introduction

“Some people say, How can you live without knowing? I
do not know what they mean. I always live without
knowing. That is easy. How you gect to know is what I
want to know.”

—Richard Feynman

This thesis attempts to answer some fundamental and specific questions related to
the thermochemical conversion of biomass. The fundamental work carried out for this
thesis deals with the effects of reactions on particle-fluid interactions in particle-fluid
flows. Results can be applied not only to thermochemical conversion of biomass but
to any particle-fluid flow with reacting particles. Specific questions address char gasi-
fication during entrained flow biomass gasification (EFBG) out of thermochemical pro-
cesses.

This chapter discusses the importance of biomass as a source of energy and the challenges
in using biomass for thermochemical conversion due to the complex nature. Then, research
questions are introduced with special emphasis on EFBG. At the end of this chapter, the aim of
the thesis and its research procedure is summarized.

1.1 The role of biomass as an energy source

Our ancestors have utilized biomass for producing energy since the day, one of them struck
two wood pieces together and produced fire. Even before the Industrial Revolution, wood made
about 40% of the world’s energy usage [1]. After petroleum fuels came into play, wood became
less noticed in developed countries while developing countries continued to use wood. However,
during the last decades, climate change has brought back the interest in biomass as a clean energy
source.

The major culprit of climate change is carbon dioxide (CO3) among other Green House gases
(GHGs), and high concentration of COj in the atmosphere is due to anthropogenic emissions.
There are two main approaches to mitigating the effects of GHGs. One way is to remove the
COg from the atmosphere, and the other is to stop further emissions. CO; already in the at-
mosphere can be sequestered by capturing and storing. Future emissions can be reduced using
renewable sources of energy, sustainable ways of living, using efficient methods and machinery
in the industry, Etc.

Having the largest forest area in European Union, which is continuing to increase annually,
biomass is one of the best renewable sources for Sweden. Biomass has its advantages and disad-



vantages compared to other renewable energy sources. Biomass may not be as environmentally
friendly as wind and hydro-power due to processing activities, but the certainty of availability is
higher. Non-engineered biomass may be cumbersome to use too.

The next section will discuss the complexities of biomass as a source for energy generation
purposes.

1.1.1 Biomass and its complexities

Biomass can be very complicated due to the heterogeneity inherited from the source such as
different parts of a tree and the huge number of sources where it can come from such as many
varieties of trees and different sources. Heterogeneity can make differences in density, chemical
compounds, and physical structure, including porosity. Then, the pre-processing such as milling
can also vary the size and shape.

Further, biomass conversion is a multi-phase process involving fluid and solid (a.k.a, particle-
fluid flow). Particle and fluid flow dynamics vary significantly with particle concentration, size,
fluid parameters, Etc. As an example, the behavior of an isolated particle in a fluid will not be the
same as a particle in a fluid with high particle concentrations (fluidized bed or moving-bed pro-
cesses). Reactions of the particles with fluid (heterogeneous reactions) and fluid phase reactions
(homogeneous reactions) make the variations of thermo-physical properties of all phases and
interactions between particles and fluid. This complicated nature of biomass itself, phenomenon
due to reactions, and multi-particle effects make it harder to understand and predict in particle-
fluid flows.

A huge variation in parameters such as size, shape, and many more makes it hard to design
experiments related to biomass conversion due to the requirement of many experiments to be
conducted. Therefore, theoretical and numerical methods backed up by experimental data would
be the more practical way of studying biomass conversion as the variation of parameters can be
easily fed into a code or a model than conducting an experiment in many ways (space, money,
time, Etc.). This thesis focuses only on the thermochemical conversion methods of biomass. The
next section will discuss the thermochemical conversion methods available for biomass and their
advantages/disadvantages.

1.2 Thermochemical conversion of biomass

Thermochemical conversion of biomass can be categorized into pyrolysis, combustion and gasi-
fication. This thesis will mainly focus on the gasification. Gasification is the conversion of any
carbonaceous fuel to a gaseous product with usable heating value [2]. Gasification produces
syngas (synthesis gas) which consists of different concentrations of carbon monoxide (CO) and
hydrogen (Hs) with other gases.

The reactors used for gasification can be classified as; packed-bed, fluidized-bed or entrained-
flow reactors based on how fuel interacts with the gasifying agent. Each reactor type has common
features, while there are differences based on the manufacturer. Table 1.1 shows the advantages
and disadvantages of each reactor type. Among three types of processes, entrained flow gasifi-
cation (EFG) has the highest share of syngas production in coal gasifiers due to its advantages
over other technologies [3] such as high carbon conversion, high syngas yield, high single unit
capacities, Etc. Although the EFG is at the commercial level with large-size plants utilizing coal,
EFG utilizing biomass is not at the commercial level yet due to some barriers [4, 5]. Further, there
are certain challenges in EFG process itself. The major is modeling char gasification [6, 7].

First, let us look at specific issues in biomass that hinder the industrialization of EFBG and
then discuss the challenges in modeling the char gasification process.




Table 1.1: Advantages and disadvantages of different gasification reactors [2, 3].

Reactor

Advantages

Disadvantages

Fixed-bed

less fuel preparation
simple feeding system
less process control

less oxygen demand
low capitol and
operational expenditure

low exit gas temperature (tar
in gas)

low carbon conversion

low heat recovery from the
exit gas

more gas cleaning required

Fluidized-bed

better gas quality

moderate oxygen and steam
consumption

potential for large capacities
littel fuel preparation

complex process control
less carbon conversion
tar in the product gas

high fuel flexibility
Entrained-flow high carbon conversion lot of fuel preparation
high syngas yield high oxygen demand

high single unit capacities

soot formation

clean syngas

1.2.1 Entrained flow biomass gasification (EFBG) and challenges

Coal gasification technologies are not suitable for biomass gasification due to the differences in
properties: different reactivity, particle size, feeding issues related to biomass, Etc. Therefore, it
is harder to use coal gasification technology for biomass without tailoring. There are very few
studies on the fluid dynamics of particle-fluid flows of an entrained flow biomass gasifier. To fill
the gap of knowledge, it is vital to know the following:

« what are the differences between biomass and coal, and where it affects the gasification
process as opposed to the industrialization of EFBG

« studying particle-fluid interactions under EFBG reactor conditions in detail

Biomass and coal vary physically (size, shape, particle density, bulk density, moisture content,
morphology, Etc) and chemically (C, H, O, N, S, Etc.). Biomass particles have a more elongated
shape due to their fibrous nature while coal particle are more spherical. The moisture content
of biomass is generally higher in contrast to coal, and biomass is also hygroscopic. That makes
biomass cohesive and less flowable, negatively affecting the feeding system and mixing with the
gasifying agent (COq, steam) [5].

High soot concentration of syngas in entrained-flow biomass gasifiers is another main issue
that needs to be addressed [8, 9, 4]. Soot formation reduces gasification efficiency and causes
fouling and clogging of systems. Goktope et al. [10] showed that the primary soot formation
can be reduced by varying inter-particle distance in a high-temperature entrained-flow biomass
gasification process. They observed an interaction between fuel particles due to the overlap of
the wake behind the particles. Overlap occurs in high particle concentrations leading to high
soot volume fractions.

The observations suggest that the particle-fluid interactions are affecting the soot forma-
tion. This also can be related to the hygroscopic nature of biomass, making particles sticky,
and hindering the proper mixing of particles in the bulk fluid. Therefore, we can hypothesize
particle-fluid interactions play a major role in soot formation.

EFBG can be categorized into particle-laden flows according to fluid dynamics. Particle-laden
flows are multi-phase flows with one or more dispersed phases and a continuous bulk phase.




Particles may be solid particles, liquid droplets, or gas bubbles. In gasification, the suspended
phase is solid biomass particles. More specifically EFBG process is a particle-laden flow with
heterogeneous and homogeneous reactions. Further, above observations suggest that the particle
interactions via the fluid (indirect particle-particle interactions) play an important role (Soot
formation reaction phenomena will not be discussed here). Let us try to understand particle-
fluid interactions of reacting particles with closely spaced particles in particle-laden flows.

1.3 Particle-fluid interactions

Particle-fluid interactions in particle-laden flow occurs through momentum, heat and mass ex-
change between particle and fluid. In fluid dynamics momentum, heat and mass exchange is
represented by drag coefficient (Cy), Nusselt number (Nu) and Sherwood number (Sh). Particle-
fluid interaction posibilities in a particle-laden flow can be listed as follows according to classical
fluid mechanics (see Fig.1.1):

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 (classical Cg, Nu and Sh models can be used),

2. Two way coupling
The particle immersed in the fluid is affected by the fluid and the fluid is also affected by
the particle (classical Cyy, Nu and Sh models can be used),

3. Three way coupling
Apart from two way coupling, indirect interactions between the particles exist via the fluid
and not negligible (classical Cy, Nu and Sh do not consider the effect),

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

There are two important factors in classical particle-fluid interactions. One is; classical mod-
els (Cy, Nu and Sh) neglect the indirect particle interactions via the fluid (Three-way coupling).
The other is; the effect of reactions on particle-fluid interactions is neglected in classical particle-
fluid interactions (see Fig. 1.1) . Since the particle volume fraction in EFBG is less than 0.001, we
can neglect direct particle-particle interactions (four-way coupling).

Interaction between neighboring particle effects via the fluid in a particle-laden flow can
also affect the exchange of momentum, mass, and heat between particle and fluid. These are also
further discussed in section 2.1 and 2.2.

When a non-equimolar reaction occurs during a heterogeneous reaction, the reaction gen-
erates an inward/outward flow to/from the solid phase. This flow is usually called Stefan flow.
Non-equimolar heterogeneous reactions occur during gasification, such as the Buoduard reac-
tion:

Cs +COzy — 2COy, (1.1)
Water-gas reaction:
Cs + H,0y — COy + Hayy. (1.2)

Apart from changes in thermophysical properties of the gas occurring around the vicinity of a
reaction, when there is a Stefan flow, a no-slip boundary will not be applicable, and it can vary
the momentum, heat, and mass exchange between the particle and fluid. There is some research
work on the effect of Stefan flow on the force acting on a particle, and very few work on the mass
and heat transfer. More details can be found in section 2.2.
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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. Dark
arrows represent the particle velocity and dashed arrows represent transition in stages. Particles
are schematically represented with yellow circles.

There are no models for Cy, Nu and Sh, or studies found in literature considering both effects
of Stefan flow and neighboring particle. Considering the lack of knowledge on the effects of
Stefan flow alone and the effects of closely located particles with Stefan flow on momentum,
heat, and mass exchange between particle and fluid in particle-laden flow; the research gaps can
be addressed by the following research questions.

« RQ1-What are the effects of Stefan flow on the interaction between particles and
the bulk fluid?

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

The next section discusses about the challenges in modeling char gasification, which is a
major challenge in overall EFG process.

1.3.1 Char gasification

Char gasification is the slowest process during char conversion [11, 6, 7]. Therefore, it controls
the whole fuel conversion process.

Char gasification can lie in 3 regimes based on reactive time scales (7,-) and diffusive time
scales (7p). When 7, >> 7p, diffusion is fast, and char conversion is controlled by the chemical
reaction rates. This region is called ‘Zone I’ where particle reacts uniformly, varying the density
of the particle and diameter is constant [12, 11, 13]. When 7, << 7p, diffusion time scales are
high, and the diffusion of species controls the reaction to the particle. As the 7, is lower, and




reaction rates are high, species do not reach inside the particle, and the reaction happens at the
particle’s periphery, varying the particle’s diameter and density constant. This region is called
’zone III'. When the 7, &~ 7p, both diffusive and reactive time scales are important, and both
particle density and diameter vary. This is non-trivial to the model since both intrinsic chemical
reaction rates and pore-diffusion affect the overall reaction rate. One can resolve the whole parti-
cle instead of using models in a Computational Fluid Dynamics (CFD) simulation. However, this
is expensive in terms of computational power and time specially when there are many particles
in a flow. Then, the point-particle method can be used where a particle is considered a point in
space that does not occupy any volume. The effectiveness factor () is used to predict internal
properties using surface properties of a char particle in CFD simulations based on Thiele modu-
lus (T'h) [13]. The momentum, heat, and mass exchange between particle and fluid are modeled
respectively through Cy, Nu and Sh. Therefore, it is critical to use accurate models in this ap-
proach for Cy, Nu and Sh. In general, the models used for the approaches are classical models,
which do not consider either the effect of Stefan flow or the effect of neighboring particles.

No previous studies are refining a gasifying particle’s exterior and interior. Therefore, it is
important to study the variation of Cg, Nu and Sh during char gasification and see the effects of
Stefan flow. Furthermore, to compare refined simulation results with point-particle methods to
study the accuracy of the point-particle approach in char gasification and other particle-laden
flows with Stefan flow. This can identify current point particle approaches’ drawbacks and ways
to improve predictions.

Previous research questions will address the effects of Stefan flow in particle-fluid flows in
general. However, one of our purposes is to enhance the knowledge of particle-fluid interactions
in EFBG. Therefore, we will focus on the more specific case of char gasification in EFBG where
research questions can be formulated as follows:

« RQ3-What are the effects of Stefan flow on the interaction between particles and
the bulk fluid during char gasification?

+ RQ4-How does the point-particle methods perform in char gasification compared
to particle-resolved simulations?

So far we have discussed the importance of modeling momentum (Cy), heat (Nu) and mass
transfer (Sh) for particle-laden flows with reacting particles. Let’s have a general look why devel-
opment of models is important and status of model development for thermochemical conversion
of biomass.

1.4 Why models?

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

Particle-laden reactive flows tend to be very complex due to multi-phase interactions, turbu-
lence, 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(10! — 10°) m), multi-particle effects in
order of millimeters (O(10~2—10~3) m), single particle effects in order of millimeters to microm-
eters (O(10~3 — 1076) m), particle pore scales in micrometers to nanometers (O(1075 — 107)
m) and reaction scales in the order of nanometers (O(10~?) 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
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Figure 1.2: The wide variation of length scales in a large scale reactor. Macro scales are in the
magnitude of meter (m), mesoscale is in the magnitude of milimeter (mm), microscale is in the
magnitude of micometer (1 m) and nanometer is in the magnitude of nanometer (nm).

and large scales. For example, reaction models are used for the simulation of reactions inside the
particles. Detailed reaction models are developed using molecular dynamic simulations (MDS).
These reaction models can be used in single or multiple refined, reacting particle simulations
using Lattice-Boltzmann methods or contimuum methods to develop Cy models for a reacting
particle. The Cqy models developed for a single particle can be used in reactor scale simulations
using point-partcle simulations.

Single particle scale in EFBG lies in the O(1073 — 107%) m and multi-particle scales can vary
in the O(10~* — 1072) m. According to RQ1, RQ2 and RQ3 this study is focused on coupling 2
and 3 of particle-fluid interactions when the particles are reacting. In all cases the interactions
occur though momentum, heat and mass exchange between particle and fluid. Therefore it is
important to study drag coefficient (Cy), Nusselt number (Nu) and Sherwood number (Sh) with
Stefan flow and neighboring particle effects. Let’s have a look at what is to be considered in
overall model development for thermochemical conversion of biomass.

1.4.1 Modeling thermochemical conversion of biomass

According to the author’s knowledge, there is no perfect model so far in any field of science. A
perfect model is the ultimate goal of natural sciences. Thermochemical conversion of biomass
requires a model that can consider all the initial and time-varying parameters. However, a model
should be as simple as possible to be used. Among many parameters important in the thermo-
chemical conversion of biomass, some are particle size, shape, porosity, material density, pore
distribution, neighbor particle effects, and effect of reactions.

As we have discussed previously, it is important to know the overall exchange of momentum,
heat, and mass between a particle and the bulk fluid in particle-laden flows such as pulverized fuel
gasification/combustion. Momentum, heat, and mass exchange are presented as dimensionless
numbers in transport phenomena; drag coefficient (Cy), Nusselt number (Nu), and Sherwood
number (Sh) respectively. A perfect model for Cy, Nu and Sh would consider the effects of;
bulk fluid properties, inherent particle properties, transient particle properties, neighbor particle
interactions, the effect of heterogeneous and homogeneous reactions.

One can depict the development of models for Cy and Nu differently (based on literature).
Figure 1.3 has summarized based on current development and forecast for the remaining devel-
opments for momentum and heat transfer models relevant for reacting particles in particle-laden




flows. Further, Fig. 1.3 shows the contributions of this thesis to the development and improve-
ment of models via research questions (RQs). This thesis covers part of Levels 2 and 3, which will
be discussed more in the next section under the aim of the thesis.

Knowing the RQs and what parameters need to be studied to answer the questions, the aim
and scope of the thesis can be discussed.

solid particle and different shapes

Level 1 o ..

pe

porous particle multiple solid particles single solid particle with Stefan flow
® L N Sie
'
7 RQL
Level 2

porous multi-particles porous particle with Stefan  solid multi-particles with Stefan flow

flow
t t
~ @ @ W WX
P } }
RQ3, RQ4 RQ2

porous multi-particles with Stefan flow

1 t

Figure 1.3: Development of momentum exchange (Cy), heat exchange (Nu) and mass exchange
(Sh) models between a particle and fluid in a particle-laden flow. Here neighbor particles have
represented by two particles which can be more than two. Particle shape, porosity, Stefan flow
and neighbor particle effects have used to categorize the levels here. The effect of thermophyscial
property changes are not shown here.

1.5 Aim and scope of the thesis

This study aims to develop and improve models for the exchange of momentum and heat transfer
between particles and the bulk fluid in reacting particle-laden flow. More specifically, the thesis
has the following seven goals:

« To develop a model for the drag coefficient (Cy) for flow around a spherical particle with
uniform Stefan flow around the particle-RQ1.

+ To develop a Nusselt number (Nu) model for flow around a particle with uniform Stefan
flow around the particle-RQ1.
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Detailed analysis of the effect of reacting neighbor particles on the flow around the particles
and effect on the drag coefficient (Cy) of each particle-RQ2.

To develop a numerical platform for the char gasification that resolves both interior and
exterior of the particle-RQ3 and RQ4.

To evaluate the drag coefficient (Cy), Nusselt number (Nu) and Sherwood number (Sh) in
a more realistic case of char gasification with non-uniform Stefan flow from the particle-

RQ3.

Detailed analysis of parameters and flow field variations during char gasification of biomass
in EFBG-RQ3 and RQ4.

To find the suitability of using point particle simulation methods for biomass char gasifi-
cation at EFBG conditions-RQ4.

1.6 Methods of research

The overview of the research work is summarized in Fig. 1.4. According to the figure, there
are four major steps in the work. The first and second steps are isothermal and non-isothermal
simulations of gas flow surrounding an isolated particle with uniform Stefan flow around the
particle. This covers RQ1, and more details can be found in the paper I and II. The third step
is studying the effect of neighboring particles with uniform Stefan flow around the particles in
an isothermal bulk fluid flow. This work studied RQ2, and details can be found in paper III. The
fourth work is reacting particle simulations, where an isolated particle reacts under gasification.
This work studied RQ3 and 4. Further details are available in papers IV and V.

RQ3, RQ4 09 : paper IV, V
RQ2 O’O O Q *Z:iz- vi} paper I
RQ1 Q . -;‘:} paper Il
RQ1 O O «Z} paper |

flow filed

temperature

reactions

Figure 1.4: Step-wise simulations carrying out during this work. The plain color indicates the
assumption of uniform fields (e.g.: isothermal)

RQ1 is the interactions between an isolated reacting particle and the bulk fluid in a particle-
laden flow. Therefore, the length scales are in the range of particle diameters to the boundary
layer size. Single particle simulations need to resolve the particle and the boundary layer to
capture the effects of reactions. This simulation category is often called particle-resolved direct
numerical simulations (PR-DNS).

RQ2 is the interaction of reacting particles with the neighbor particles via the bulk fluid. The
study is limited to two particles in line with each other; therefore, length scales are in the range
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of two particles and boundary layer thickness. PR-DNS simulations are carried out for this work
too.

Both RQ1 and RQ2 are theoretical studies where the effect of the reaction is considered as a
uniform Stefan flow around the particle/particles. Therefore, the particle interior is not resolved.
However, to study the effects of reactions during char gasification (RQ3 and RQ4), one reaction
is considered inside the particle, creating a Stefan flow. Therefore, both the interior and exterior
are resolved in these simulations.

The step-wise procedure followed to answer all research questions is explained in detail below
(see Fig.1.4 also for the summary).

Step 1: isothermal flow around an isolated particle with uniform Stefan flow from/to the
particle.

The particle is considered a boundary immersed in the bulk fluid. There is a uniform Stefan
flow from the surface of the particle. This work aims to study the effect of Stefan flow on
momentum exchange (Cy) between the particle and the fluid in the absence of temperature
and concentration gradients.

Step 2: non-isothermal flow around an isolated particle with uniform Stefan flow from/to
the particle.

A temperature difference is also applied between the particle and the bulk fluid in addition
to the Step 1 conditions. The exchange of momentum (Cy) and heat (Nu) between the
particle and bulk fluid due to Stefan flow is studied under non-isothermal conditions.

Step 3: isothermal flow around two particles in tandem (in-line) arrangement with uniform
Stefan flow from the particles.

One more particle is added behind the particle in Step 1, in the bulk fluid flow direction.
This work aims to study the effect of Stefan flow with the effect of neighbor particles via
the fluid on momentum exchange (C;) between the particle and the fluid in the absence of
temperature and concentration gradients.

Step 4: flow around a particle under char gasification with non-uniform Stefan flow.

The particle interior and exterior are both resolved and solved for governing equations.
Only one heterogeneous and no homogeneous reactions are considered for simplicity and
to create a Stefan flow. The Stefan flow created might be a uniform/non-uniform one. The
effect of Stefan flow on Cy, Nu, Sh, and many other parameters will be studied. Point
particle calculations will be performed analytically and compared with resolved particle
simulations.

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 (steps 1-3). Therefore, steady-
state simulations were carried out to study the effects. When the particle is also reacting and
creating a non-uniform Stefan flow, and to study the effect of the progress of reactions on the
particle, transient simulations must be carried out (step 4).
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Chapter 2

Literature review

“Essentially, all models are wrong, but some are useful.
However, the approximate nature of the model must
always be borne in mind..”

—George Box

This chapter discusses previous studies on interactions between particles and fluid
in particle-fluid flows. A special attention has given on models on momentum exchange
(drag coefficient), heat exchange (Nusselt number) and their development to more com-
plex conditions associated with reacting particles. Modeling and simulation practices
for char gasification is also discussed. Particle Reynolds numbers considered here are
always in the laminar range.

We have already discussed the importance of model development for particle-fluid flows and
necessity of improved models in particle-fluid flows with reacting particles compared to classical
models. Figure 1.3 also shows the model development for drag coefficient and Nusselt number
in terms of complexity. Starting from classical models, drag coefficient (Cy) for spherical and
cylindrical particles will be discussed. Then, improvements to the classical models; effect of
porosity, effect of neighboring particles and effects of Stefan flow will be discussed for each shape.
After the Cy, classical models for the heat exchange (Nu) between a particle and fluid in particle-
fluid flows will be discussed. Details of classical models will be followed by the improvements
including the effects of porosity, neighboring particles and Stefan flow.

This thesis mainly focuses on effects of Stefan flow on drag coefficient (Cy) and Nusselt num-
ber (Nu). Therefore, a separate section is added on the models with effects of Stefan flow for each
shape.

2.1 Drag coefficient

Drag coeflicient (Cy) is used to calculate the total force acting around a body due to pressure and
viscosity in fluid dynamics:
?p + ?visc

Cyg=——, 2.1

where ?p is pressure force, ?Visc is viscous force, p is bulk fluid density, U is slip velocity of

the body and A is the reference area of the body. Drag coefficient presents as average over the
whole body or point-wise.
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It is important to know the drag acting on a body for many engineering calculations. Apart
from that as mentioned in the section 1.4, 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, orientation of the body and Reynolds number (Re)
for a solid particle immersed in an isothermal, non-reacting flow [14, 15]. 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.

2.1.1 Spherical particles
Classical models

There are many models based on experiments, theory and numerical methods applicable for
different regions of Re and different shapes.
Classical drag models for spherical particles are applicable for isothermal conditions and few
of them are depicted in Table 2.1. Reynolds number:
pPUsD

Re = = (2.2)
0

where p is fluid density, U is particle slip velocity, D is particle diameter and 1 is fluid viscosity.

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

Model Range Reference

Cy= % Re<1 Stokes law
Ca = 24(1 4 0.1806Re™04%) 4 0.4251 (1 4 88095) "1 Re <26 x 10°  [16]
Cq = #(1+0.15Re" %) 1 < Re < 800 [17]

Improvements for the classical models

Recently, Ellendt et al. [18] have suggested a correction factor to the Schiller-Naumann model
[17] when variation of thermophysical properties in the boundary layer are not negligible:

24 0
Ca= (L +0.15R"®T)g; 6= 0.273(1 - 0.883Re)(% —1)+1, (23)
P

where pq, is fluid density calculated at far-field conditions, p,, is fluid density calculated at particle
surface temperature and Re is when the density and viscosity is calculated at the particle surface
temperature (7},) for Eq. 2.2. The model is valid for the range of 1 < Re < 130 for Helium and
Nitrogen.

When comparing with Fig. 1.3, the classical drag coefficient models of a spherical particle can
be further improved considering; porosity, effect of Stefan flow, effect of neighboring particles,
etc. Effect of different shapes will not discuss here. A summary of previous studies on drag
coefficient and heat transfer of porous particles can be found in recent work by [19]. Wittig et
al. [20] have developed 2 models for the drag coefficient (Cy) for a porous spherical particle:

_0538.9+ 7.33¢ — 8.395" 05 | 437322 &0
Re m ’

Cy1 = 0.375¢ + 0.3255 (2.4)
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(513~ 184c)  2.35
Re \/Re7

where ¢ is porosity of the particle and S” is the ratio of porous particle surface area to solid
particle surface area. The model is applicable for the range of 10 < Re < 250. Wittig et al.
have observed that at low porosity (e < 0.7) particle act as a solid particle and at high porosity
(e > 0.7) fluid passes through the particle. Atlow Re, an increase of porosity leads to a decrease of
C; and Nu while at high Re, an increase of porosity leads to an increase of Cy and Nu. Figure 2.1
shows the difference between isothermal, non-isothermal solid particle drag coefficient models
and porous particle models.

Cd,[] = 0.686¢ + (2.5)

3.5
————— Wittig | =05 S'=1
st e Wittig | ¢=0.5 S'=1.5 ||
— Wittig | ¢=0.5 S'=2
Wittig Il ¢=0.5

3: 251 Ellendt p_/p,=0.5 Il
§° N - _Ellz.endt px/ppa.s. |
< \ Haider & Levenspiel
= '
E o = = =Schiller-Naumann
2 45l \NITTTEs
g
3] 1r
&0
<
e
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Figure 2.1: Models for the drag coefficient of a solid spherical particle at isothermal conditions
(Haider & Levenspiel, Schiller-Naumann), non-isothermal conditions (Ellendt) and porous spher-
ical particle at isothermal conditions (Wittig) (see Table 2.2).

Neighboring or closely located particle effects discuss below refer to ’Coupling 3’ in Chapter
1, section 1.3. There are many studies on neighboring particle effects in packed-bed and fluidized-
bed porosity limits where particle number density is high [21, 22, 23] and cannot be used for EFBG
applications where particle concentrations are less than 0.001. There are studies on neighboring
particle effects on momentum and heat transfer related to droplet evaporation. Those works also
lie in the range of higher particle concentrations and also there are some thermo-physical and
chemical differences in droplet evaporation in contrast to gasification or combustion [24, 25, 26].
There are not many works on closely located particles in particle-fluid flows in combustion or
gasification. Sayadi et al. [27] have studied effects of particle distance and particle arrangement
on coal combustion. More details can be found in paper III in this thesis.

Models with effects of Stefan flow

There are some models developed for the drag coefficient for a flow around an isolated sphere
with Stefan flow. Most of the earliest models were for droplet evaporation and suction/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 models is applicable for non-isothermal flow,

« models are having more than one fitting parameter, and
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« some models cannot consider the negative Stefan flow (Ex: condensation).

Dukowicz [28] has developed an analytical model for the drag of a solid sphere with blow-
ing/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 [29, 30]. In most practical situations,
the flow is non-isothermal, specially in reacting environments like solid fuel combustion, gasifi-
cation 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 con-
ditions based on physical interpretation for flow around a sphere with Stefan flow. One model is
developed by Kestel et al. [30] which is applicable for a high Re and Regy range (Re < 200 and
Regy < 20):

Ca0
1+ 0.138Reg>)e’

Cdﬁgf = ( (2.6)

where a = (%)0'568, Regsy is Re calculated based on Stefan flow velocity and Cy is
calculated based on Clift model;

24 ,
Capo = %(1 + 0.15Re%687), (2.7)

More information about drag coefficient models for an isolated spherical particle with Stefan
flow can be found in paper L

There are few studies on considering both effects of Stefan flow and neighboring particles
[31, 32, 33]. This has discussed more detail in Paper III. Du et al. [32] have developed a drag
force model for a particle with Stefan flow surrounded by sea of inert particles. What is missing
from literature are fundamental studies on effects of neighboring particles on momentum and
heat transfer in particle-fluid flows at low particle concentrations and low Res.

2.1.2 Cylindrical particles
Classical models

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 [34], and steady at Re
< 47. This is similar to considering an infinitely long cylinder. Earlier works by Tritton [35] has
experimental data for drag coefficient of cylinders at low Reynolds numbers (0.5 < Re < 100).

Khan et al. [36] have shown the none/less availability of models for C; 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:

5.786 1.26
Cy= 1.152 4 -, 2.8
'~ VRe + " Re (28)

which is applicable for a large range of Reynolds number. However, for the low Reynolds num-
bers (Re < 1) the best way to calculate the drag around an infinite cylinder with a cross flow
might be to use the Cy; vs Re curve in [37]. There are various models available for cylinders of
finite aspect ratios [16, 15].

Improvements to the classical models

Effect of porosity on the drag coefficient of a circular cylinder has studied by many researchers
[38, 39] and recently a model was developed by Zhang et al. [40]:

Cy =10.452 x Re™0733Da~0017 4 (.818, (2.9)
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for 10 < Re < 40 and Darcy number 107% < Da < 102 when Pr = 0.71.

K
where K is permeability and
Pr— % (2.11)

where ¢, is specific heat capacity, p is viscosity and A is thermal conductivity of the fluid. All
the classical models above consider the effect of bulk fluid on the particle alone (coupling 2) and
coupling 3 is neglected. As mentioned under spherical particles, the works related to neighboring
particles [21] are mainly for high particle concentrations which is not applicable for EFBG. Re-
cently, Zhang et al. [41] have studied the effect of neighboring particles on Cy and Nu of porous
particles. However, there are no models for Cy or Nu of a porous particle considering effect of
neighboring particles as per author’s knowledge.

Models with effects of Stefan flow

As discussed earlier, most of the works related to Stefan flow in the past was related to droplet
evaporation. Later on there are some works related to Stefan flow due to coal combustion or
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:
hD

Nu = B

where D is the characteristic length of the particle and A is the thermal conductivity of the fluid.
Available models for the Nusselt number are also specific to shape, Reynolds number range and
Prandt]l number range [14]. There can be more complicated models with additional parameters
such as considering variation of thermo-physical properties due to non-isothermal conditions.
The following section discusses Nu number models for flow around a sphere and a cylinder. For
each shape, classical models and improvement to the classical models are discussed with a special
emphasis on models with effects of Stefan flow.

(2.12)

2.2.1 Spherical particles
Classical models

Among many Nusselt number models for spherical particles, Ranz-Marshall [42] and Whitaker
[43] models are widely used for convective flow around spherical bodies. The Ranz-Marshall
model is:

Nu = 2 + 0.6RezPr3, (2.13)

Nu, Re and Pr are calculated based on the properties at film condition. Film condition is defined
as the condition at the film temperature (Ty); Ty = TootTh \where T, 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:

1
Nu=2+ (0.4Re% n 0.06Re%) pr0-4 (’L‘“) 7 (2.14)
Hp
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where Nu, Re and Pr are calculated based on properties at far-field temperature. (i, and py, are
viscosity based on far-field and particle surface temperature respectively. The model is valid for
3.5 <Re < 7.6 x 10%,0.71 <Pr <380 and 1.0 < g0/ o < 3.2.

Improvements to the classical models

One of the main issues of these available Nu models is that they are not considering the variation
of thermo-physical properties. The variation of thermo-physical properties are not negligible
in high temperature gradient applications like combustion and gasification of solids. Recently,
Ellendt et al. [18] has shown that the Ranz-Marshall model at film conditions is suitable for
applications where the temperature 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 [44].

Wittig et al. [20] has not only developed a drag model for a porous spherical particle but also
a Nusselt number model:

Nu =2.56 — 8.42¢ + 9.89¢>
+ 1378”705 4 (—1.63 + 12.8¢ — 12¢% — 2.265"0%)Re2 Pr3 (2.15)
+ (1.42 — 6.88¢ + 6.06¢% + 0.987S" ~05)Re3 Pr3,

where $” is ratio of porous particle surface area to solid particle surface area. The model is valid
for 10 < Re < 250 and Pr = 0.744.

Models for effects of neighboring particles on the Nusselt number (Nu) of particles in particle-
fluid flows have studied by Kravets et al. [21] recently. The study is applicable for high particle
concentrations conditions such as packed-bed and fluidized-bed.

Models with effects of Stefan flow

The models developed at early stage are for the droplet evaporation applications which has sum-
marized in Zhifu et al. [45]. 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 environ-
ment. The model has developed assuming constant properties:

(PI‘ReSf)/NUQ

Nu = NuOW, (216)
where Nuy is Nusselt number without Stefan flow which is equal to 2.
UsyD
Regy = 22512 (2.17)
H

where Ugy is the Stefan flow velocity. Recently, Kestel [44] has developed a Nusselt number
model with Stefan flow for a sphere immersed in a convective environment. The model is appli-
cable for high temperature gradient conditions such as gasification and combustion (Please see
paper II, section 2.2 for more details). However, the model has many fitting parameters.

2.2.2 Cylindrical particles
Classical models

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. 2.2. McAdam’s model is more suitable for small
Re and very high Pr. Khan et al. [36] have developed an analytical model recently, based on Von
Karman-Pohlhausen method. Bharti et al. [46] have developed a model which is applicable for
higher Pr range using numerical simulations. Most recent model is developed by Abdelhady et
al. [47] using numerical simulations (10 < Re < 3000).
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Figure 2.2: Different classical and improved models for the Nusselt number around an infinite
cylinder (see Table 2.2).

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

Model Range Reference

Nuy = 1.0 < Re < 1.0 x 10° Whitaker [43]

(0-4Rexl” + 0.06ReX.’)Prlt (£2) 0.67 < Pr < 300 0.25 <
fioo/ pp < 5.2

Nu = (0.37Re!? + 0.057Re*?)Pr'/? +  Small Re and McAdam [14, 48]

0.92[In(L455) 4 4.18Re]"Y/3Re!/3pPr!/3 Pr — o0

Nu = 0.593Re!/2Pr1/3 1.0 < Re < 2.0 x 10° Khan [36]
Pr>0.71

Nu = 0.6738Re?4679p1/3 10 < Re < 45 Bharti [46]
0.7 < Pr < 400

Nu = 0.633 + 0.315Re%™ 30 < Re < 300 Abdelhady [47]
Pr=0.7

Improvements to the classical models

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 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 accounts the variation of viscosity. There is a question
whether accounting variation of viscosity alone is sufficient in high temperature gradient appli-

cations.
Zhang et al. [40] have recently developed a Nusselt number model for a porous cylindrical

particle:
Nu = 1.231 x Re®?™(Da’0™ 4 0.047) 4 1.483, (2.18)

for (10 < Re < 40), (1079 < Da < 1072) and Pr = 0.71.
As mentioned under the Cy of cylindrical particles as well, there are no models for Nu with
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effects of Stefan flow for cylindrical particles.

So far, we have discussed the necessity of proper models for momentum, heat and mass
transfer for reacting particles in particle-laden flows for large scale simulations when the particle
interior and boundary layer around the particle is not resolved. We discussed available models
from previous studies for the drag coefficient (Cy) and Nusselt number (Nu). Our specific interest
is on solid fuel gasification using EFG (which is applicable to biomass/coal gasification and to
solid fuel combustion to some extent). Therefore, in the next section we will discuss the numerical
methods to model particles in particle-laden flows.

2.3 Numerical methods for char gasification in EFG

Carrying out numerical simulations without models (models only for the reactions) would be
the best approach to know all the thermal and physical parameters of a gasyfying particle. This
method is called particle-resolved direct numerical simulations (PR-DNS). This is practical for one
or few particles when the bulk fluid flow is laminar. When there are many particles in the bulk
fluid and also turbulence is involved, it is not practical to do PR-DNS simulations due to limita-
tions of computational resources and numerical methods. Current state-of-the-art is to consider
particle as a point in space and use different approaches to handle the turbulence. Point-particle
method together with DNS (PP-DNS) can be used for small scale simulations such as laminar flow
simulations, isotropic turbulence [13]. Point-particle methods together with large-eddy simula-
tions (PP-LES) can be used for semi-industrial pulverized furnaces [49]. LES resolves only larger
scale turbulence and small scale turbulence is modeled. Point-particle method with Reynolds-
Averaged Navier-Stokes equations (PP-RANS) is used for reactor scale simulations where every
phenomena is modeled [50].

2.4 Point-particle (PP) methods

Point-particle method is one numerical approach used to model particle phenomena in particle-
fluid simulations, specially when the particle concentrations are low. Other methods used for
simulation of particles in particle-fluid flows can be found in [51]. Particle is considered as a
zero volume mass with no fluid displacement due to particle. This method can be applied when
particle size is much smaller than the mesh used for simulations. PP method cannot be used when
thermal Biot number (Biy,) is greater than 0.1 (Biy, > 0.1), which leads to non-uniform particle
temperatures.The presence of a particle is represented by the momentum (Cjy), heat (Nu), and
mass transfer (Sh) between the particle and the fluid. The temperature, velocity, and gas species
of a reacting particle can be calculated using its’ overall conservation of momentum, mass, and
heat transfer. Please refer paper V for the equations.

Most point-particle studies related to pulverized coal/biomass have used heat (h;,) and mass
transfer coefficients (h,,) including Stefan flow effects as follows;

h = hoesf, (2.19)

where hyg is the convective heat/mass transfer coefficient without Stefan flow which can be cal-
culated using the models discussed in section 2.2. gy is the term due to effect of Stefan flow
[52, 53, 54, 55, 56]. The term used for those studies only includes variation of thermo-physical
parameters around a particle due to Stefan flow and effects of Stefan flow due to advection at the
particle surface are neglected. This can create deviations in point-particle method results when
the Stefan flow is important. Therefore, it would be helpful to compare the point-particle results
with particle-resolved simulations and identifying the drawbacks of current methods, models
and error if Stefan flow is neglected.

PP methods also require other models to predict variation of particle diameter, density, evo-
lution of particle surface area, etc. Haugen et al. have developed models for the variation of
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particle diameter and particle density instead of using power-law models [6]. The results are
applicable for an spherical particle and developed based on Thiele modulus, effectiveness factor
based approach which can be used for a reacting porous particle.

2.5 Char gasification modeling challenges

As mentioned in section 1.3.1 also, char gasification is the most challenging process in terms of
modeling. It is necessary to develop better models to predict Cy, Nu, Sh, variation of particle
diameter, particle density, evolution of internal surface area, etc. Most improved models [6] are
developed for spherical particles. But, biomass particles resemble more of a cylindrical particle
and it is important to develop models for the cylindrical shape. Further, it is important to iden-
tify problems associated with using models valid for coal based simulations to biomass based
simulations. So far, there are no particle-resolved simulations carried out for a biomass particle
gasification with both particle exterior and interior refined. Particle-interior resolved simulations
would give more insights into what is happening in interior of a particle during gasification and
results can be compared with PP simulations. Results would support identifying drawbacks of
PP simulations and help identifying better models to be used to get better results.
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Chapter 3

Particle-resolved numerical simulations

“Everything should be made as simple as possible, but not
simpler.”
—Albert Einstein

This chapter focuses on summarizing numerical simulation methodology and some
post-processing calculations. Governing equations, boundary conditions, initial con-
ditions, mesh refinement, domain independence, and solution procedure are discussed
briefly for the numerical simulations. Then the calculation of C; and Nu is discussed.
Detailed information about each work can be found in the papers in the appendix.

This thesis aims to find the effects of Stefan flow; on the interaction between the particle and
the bulk fluid (RQ1, RQ3, RQ4) and the interaction between neighboring particles via the bulk
fluid (RQ2). RQ1, RQ3, and RQ4 focus on an isolated particle as mentioned in section 1.5 and 1.6.
Three main studies were carried out for isolated particle simulations :

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

« Non-isothermal, uniform bulk fluid flow around a spherical particle with uniform Stefan
flow at the particle surface,

+ Non-isothermal uniform bulk fluid flow around a reacting, porous particle (cylindrical).
Stefan flow is created by the reactions.

The first two steps create reaction-generated flow as a boundary condition at the particle’s ex-
ternal surface, called Stefan flow. This flow is considered either the inward or outward flow
of the particle. Inward Stefan flow depicts situations similar to condensation and oxidation of
metal particles (metal combustion, chemical looping combustion). Outward Stefan flow depicts
situations similar to evaporation and gasification. The nature of the fluid flow and governing
equations are summarized separately in Table 3.1 for all three studies.

RQ2 is about neighbor particle effects, so multi-particle effects must be considered in simula-
tions. A study was carried out for an isothermal, uniform bulk fluid flow around two spherical
particles in a tandem arrangement. Particles have a uniform Stefan flow at the surface. The
methodology is the same for the multi-particle case and single particle, isothermal case (RQ1),
except there are two particles in the simulation domain for the multi-particle study. Therefore,
the same governing equations apply and will not discuss in detail in the thesis separately. Details
about domain size and mesh refinement can be found in Paper III.
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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: Navier-Stokes Navier-Stokes Navier-Stokes
bulk gas flow equations: equations: equations:
-continuiy -continuiy -continuiy
-momentum -momentum -momentum
-energy -energy
-species
Governing equations: Not solved Not solved Porous me-
particle interior dia equations:
-continuiy
-energy
-species
Mesh 3-D 3-D 2-D
Particle shape Spherical Spherical Infinitely long
cylinder
Simplifications of the Axi-symmetric, Axi-symmetric, Axi-symmetric,
flow steady, steady, incompressible
incompressible incompressible flow
flow flow
Thermophysical proper- Constant Temperature de- Temperature-

ties

pendent

species dependent

3.1 Navier-Stokes equations for incompressible flow

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

equation is:

%py)
ot

+V (/)97) =0,

3.1)

where pj is fluid density, U is velocity vector of the fluid. Momentum conservation of the fluid

gives:

ot

e ) (pg @ -V)T = -Vp+V - uVu@ +vVu’ - %(V )T),

(3-2)

where 1 is dynamic viscosity of the fluid, 7 is identity matrix and p is pressure. Finally, from
energy conservation, we get:

O(pgcp,gT)

o TV (pgepg UT) = =V -\, VT,

(3.3)

where ¢, 4 is specific heat capacity of the fluid, T is temperature and ), is thermal conductivity

of the fluid.

3.2 Reacting char particle simulations

One objective of the reacting char particle simulations is to study the effects of Stefan flow on
the Cy4, Nu and Sh during more realistic conditions of EFBG compared to uniform Stefan flow.
Therefore, a single non-equimolar gasification reaction (Boudouard reaction) is considered to
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observe Stefan flow’s effects clearly. Homogeneous reactions are neglected. A char particle is
considered an infinitely long porous cylinder. The shape was selected since biomass particle
resembles more of a cylinder than a sphere. At low Re (Re < 3.2), flow around a cylinder can
be considered symmetric and steady, and there is no flow separation [35]. Therefore, half of
the particle was simulated in 2D geometry. The particle is stationary and considered a porous
media, and the local porosity increases with the reaction progress. Local shrinkage of the particle
is neglected. Furthermore, the gas phase and solid phase inside the particle are assumed to be
in local thermal equilibrium (T, = 7). Radiation absorption by the gas phase is neglected.
Transient simulations have been carried out monitoring particle and bulk fluid conditions with
the progress of the reaction, and high-pressure atmospheres have been considered as in EFGs.
Other objective is to compare the numerical simulation results with point-particle simula-
tions and study the applicability of the point-particle approach for a reacting particle with Stefan
flow. Detailed equations are available in paper V, and a summary is available in section 3.7.

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:

0(e
(afg) +V.(p, ) = Re, (34)
where € is the local porosity and R is char reaction rate due to Boudouard reaction.
Momentum equation reads as:

8(5997)

o+ (pgU -VVU = -Vp+V-uVU +Vu" — g(v 1] - F, (3.5)

where F; is momentum source term calculated based on Darcy-Forchcheimer law (second term
of the equation is neglected) [57].
Energy equation is:

A(epgcpgT + cpsps(1 — €)T)

o + VlpyecpgUT) = V(VAettT) + Qradp + Qss  (36)

where cp s is specific heat capacity of char, p; is density of char, A is effective thermal conduc-
tivity, Qrad. p is the radiation exchange between the reactor wall and the particle surface, Qs is
enthalpy change due to solid phase reaction. Gas species equation is:

9(epgYi)

Do) 4V (pg Vi) =~V (Yipyh) + viRic, (37)

where Y; is mass fraction of gas specie i, v; is stoichiometric coefficient in the Boudouard reaction
related to ¢ and vy is diffusion velocity of i gas specie.
Please refer paper IV for further details.

3.3 Solution of governing equations

The solution of governing equations involves many steps, such as setting up the domain with ini-
tial and boundary conditions, discretization and solving set of equations, domain size and mesh
refinement tests, validation/verification and choice of CFD software. Some important informa-
tion is summarized in sections below.
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3.3.1 Boundary conditions and initial conditions

In all the simulations, the slip velocity (Us,) 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. 3.3). The right-hand
side of the domains (outlet) is considered as an ’outflow’ boundary condition (zero gradients for
all parameters except pressure). Boundaries along the symmetry plane are considered symmetric
boundary condition (velocity normal to the boundary is zero, and gradient of all other properties
is zero). Side walls are considered as slip walls (velocity normal to the boundary is zero).

Slip wall
Fluid y

L.

—_— Tw Um T —_—
— o =
> g Symmetry plane |——>
- Ny =

Oultlet

uniform Stefan flow

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

Only the Re and Stefan flow velocity (Ug) were changed in the isothermal simulations. The
temperature at the particle surface (7)) was also varied in non-isothermal simulations, keeping
far-field temperature (T) constant. For all the simulations, Particle slip velocity (Us, < 3 m/s),
diameters (D < 1 mm), and all the temperature ranges were selected in the range of EFBG (400 K
< 7T <2000 K). All the cases with uniform Stefan flow were simulated at atmospheric pressure.
The distance between particles has varied from 1.1.D — 10D for the work on neighboring particle
effects.

Reacting particle simulations were carried out considering the particle is char with 100%
carbon. Simulation cases have chosen to keep the estimated particle Reynolds number (Re) and
effectiveness factor (1) in the ranges of 0.5-3.0 and 0.2-0.7, respectively. More details can be found
in Paper IV and V. Particle interior and exterior resolved simulations have been carried out for 6
cases with 3 cases of high effectiveness factor and 3 cases with low effectiveness factor.

In reacting particle simulations, always the inlet gas temperature increased from room tem-
perature to far-field temperature (7,) with a delay of 10 ms to mimic more realistic conditions of
a reactor. Accordingly, gas density and wall temperature for radiation heat transfer calculations
were also varied. The initial field was considered nitrogen (N3), and the gas entering from the
inlet is a mixture of nitrogen (N3) and carbon dioxide (COy).

3.3.2 Calculation conditions and solution procedure

Isothermal and non-isothermal simulations with uniform Stefan flow were carried out in Open-
FOAM environment 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 solver made upon OpenFOAM 6. Variable-density based, transient set of governing equa-
tions (Eq. 3.1 - Eq. 3.7) were solved using PISO (Pressure Implicit with Split Operator) algorithm.
The courant number was kept less than 0.5 during all the transient simulations.

Second-order finite volume schemes were used to discretize terms in the governing equa-
tions. Convergence criteria were kept less than 107 for all the parameters solved in steady-state
simulations.
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3.4 Domain independence and mesh refinement

The simulation arrangement of the isolated particle simulations with uniform Stefan flow is

shown in Fig. 3.1, and the interior-resolved isolated particle simulation arrangement is shown

in Fig. 3.3. Figure 3.2 shows the domain arrangement of the isothermal simulations with neigh-
boring particles and uniform Stefan flow. The choice of domain size and mesh refinement is

discussed separately in papers L II, II and IV.

Isothermal and non-isothermal simulations used a domain of 64D x 16D x 16D. The smallest
mesh around the boundary layer of the particle was 0.01.D. For the reacting particle simulation,

adomain of 57.6D x 16D is used. The smallest mesh around the boundary layer is 0.02.D. Multi-

particle simulations were carried out on a domain (64D + L) x 16D x 16D with 0.02D mesh.

L is the distance between 2 particle centers.

Slip wall
Fluid y
I—»X
U., i
e
= ?/—\<(
— M Symmetry plane
b
inlet e -
L
uniform Stefan flow

Figure 3.2: Arrangement of the domain of isothermal multi-particle simulations.
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Figure 3.3: Arrangement of the simulation domain for reacting particle simulations.

3.5 Validation and verification

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

The isothermal drag coefficient without Stefan flow is compared with Haider & Levenspiel
model [16] for flow around a sphere. Non-isothermal drag coefficient without Stefan flow is com-
pared with the Schiller-Naumann drag model modified by Ellendt et al. [18] for non-isothermal
conditions. Paper I and Paper II show the validation of isothermal and non-isothermal drag, re-
spectively. Nusselt number without Stefan flow is compared with the Ranz-Marshall model for
flow around a sphere which is shown in paper IL

The solver developed for reacting particle simulation in Step 4 (section 1.6) is validated in a
step-wise procedure as follows:

1. compare the drag coefficient (Cy) of a cylinder from simulations with data from literature
[36, 35],

2. compare the drag coefficient (Cy), and Nusselt number (Nu) of a cylinder from simulations
with data from literature [36, 43, 46, 47],

3. compare conversion time of reacting particle with experimental data [58] on coal char gasi-
fication. We have chosen the coal type coal char SM from the publication for comparison
with simulation data.

3.6 Evaluation of drag coefficient and Nusselt number

The drag coefficient can be calculated as Eq. 2.1 and local or point-wise pressure and viscous
forces can be calculated as follows:

?P = Py — Pref)ﬁdsv (3~8)
and
Foise — — f W(VE +vaT)rds. (3.9)

Here, the integration is over the external surface of the particle. In the above, P, and P,F ; are
the interpolated pressure at the particle surface and in the far-field, respectively, and 7 is the
unit vector in the surface-normal direction.

In non-isothermal uniform Stefan flow simulation, Nusselt number was calculated based on
the overall enthalpy difference in the solution domain as follows :

(P ey TS)in + U sp(peyTS)y — ([(pU TV T AS)out N D

Ssph(Tp — Tio) Aoo’
where subscripts in, out, p and oo, refer to the conditions at the inlet boundary, the outlet bound-
ary, particle surface (see Fig. 3.1) and far-field, respectively, S is the surface area of the relevant
boundary, A is thermal conductivity, D is the particle diameter, and ¢, is the specific heat capac-
ity.

In particle-interior resolved simulations, Nusselt number (Nu) and Sherwood number (Sh)
both calculated with and without Stefan flow. Nu/Sh without Stefan flow is calculated based on
total diffusive heat/mass transfer over the discrete surfaces of the particle:

$ (=g VTy) D
Nuge = Is(FAVTy)p X —, (3.11)
© Spartzcle (Tp Too) >\oo
where S is the surface area of the cylinder. Nu/Sh with Stefan flow is calculated by including
advective heat/mass transfer at the particle surface into Eq. 3.11.:
$5(=AgVTy)p — $s(pg ,cdeT ds),

Nu, 0,8, X 7, (3.12)
a Spart@cle (Tp Too) )\oo

Nug = (3.10)
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where ;. is velocity in the surface normal direction to the discrete surface of the particle.

3.7 Point-particle approach (PPA)

PPA is based on various models and assumptions, and it considers the particle as a point in space
without occupying any volume. The existence of a particle is modeled through momentum, heat,
and mass transfer between a particle and bulk fluid in particle-fluid flows. Detailed information
on PPA can be found in paper V. Equations for calculating particle temperature and species mass
fractions based on enthalpy and species mass conservation of the overall particle are shown
below. Temperature equation is as follows:

[epgepg+(1— G)PCCP,S]VP% =hAp(Teo —Tp) + UaAp(Tj - T;) —RcAH - Qg5 —Qpufour

(3.13)
where ¢, ; are specific heat of gas (i = ¢) and char (i = s) inside the particle, V), is the volume of
the particle, h is heat transfer coefficient, A, is the external surface area of the particle, 7., and
T, are far-field gas and wall temperature, o is Stefan-Boltzman coefficient, « is the emissivity,
AH is heat of reaction, Qs is the advective transport of heat by the Stefan flow and @ py four
is the dofour term, enthalpy transfer due to gas species diffusion to/out of the particle. Species
equation reads as follows:

dYiy

W;
dt = hm,zszAp(Cz,oo - Ci,p) + ViiRC - A[i,sz (3-14)

We

€rgVp

where Y; ;, is the mass fraction of species i inside the particle, A, ; is the mass transfer coefficient
of species 7 on a molar basis, C; is the concentration of species 4, W; is molecular weight of gas
(i = g) and char (i = C), and M; g is the advective transport of species by the Stefan flow.
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Chapter 4

Results and discussion

“The task is not to see what has never been seen before,
but to think what has never been thought before about
what you see everyday.”

—Erwin Schrodinger

This chapter will summarize the results of numerical simulations discussed in chap-
ter 3. First, the effects of a uniform Stefan flow around an isolated particle is discussed.
Then, the effects of neighboring particles are discussed for particles with uniform Ste-
fan flow. After that, the effects of Stefan flow on a reacting particle under more realistic
conditions are discussed. Finally, the validity of using the point-particle approach in re-
acting particles with Stefan flow is discussed. All the discussions are carried through
particle-resolved numerical simulation results, and for the last step, point-particle cal-
culations were also performed.

4.1 Effect of Stefan flow on an isolated particle with uniform Ste-
fan flow

The effect of Stefan flow on an isolated particle is first tested by immersing it in an isothermal
bulk fluid flow at different Reynolds numbers (Re) and different Stefan Reynolds numbers (Reg ).
The results will provide a simplified case without effects of temperature gradients, variation of
thermophysical properties, and other conditions which could create further complications due
to non-isothermal conditions. Isothermal simulations provide the effects of Stefan flow alone on
pressure and viscous forces.

4.1.1 Drag coefficient

Figure 4.1a shows the variation of the normalized drag coefficient with the normalized Stefan
flow velocity at different Reynolds numbers of the bulk fluid flow. Clearly, an outward Ste-
fan flow (positive values) decreases the drag coefficient, while an inward Stefan flow (negative
values) increases the drag coefficient. Velocity contours around the particle in Fig. 4.1b show
an expansion of the velocity boundary layer with an outward Stefan flow. Inward Stefan flow
has shown a shrinkage of the boundary layer. Figures 4.1c and 4.1d show how viscous stress
and pressure vary around the particle for the case with a Reynolds number of 14. The pressure
force is not affected by the Stefan flow, while the viscous force is reducing/increasing with an
outward/inward Stefan flow. The change of viscous stress might be due to boundary layer ex-
pansion which causes less velocity gradient leading to a lower viscous force. A more detailed
analysis can be found in paper I.
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Figure 4.1: Isothermal simulation results with a uniform Stefan flow around the particle. (a)
Normalized drag coefficient Cy g¢/Cy vs normalized Stefan flow velocity Ugs/U at different
Re. Symbols: simulations, lines: linear regression to the data. (b) Velocity boundary layer around
the particle, with and without Stefan flow. (c) Normalized viscous stress and (d) Normalized
surface pressure around the particle from upstream of the particle to the downstream [59].

The deviation of Cy with Stefan flow and without Stefan flow is not negligible in the range
of Reynolds number and Stefan flow velocity.

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
1. According to the model, the ratio of drag with Stefan flow vs drag without Stefan flow is:

1
Cd T

= 1+ f(Re)ReSf’ (4'1)

with
2A ) 1
VRe (A +6( A=) +4(42)%)
where A = 3.01 & 0.13 and Regy is Reynolds number based on Stefan flow velocity.
The effects observed in isothermal conditions can be aggravated or alleviated by the non-
isothermal effects. Non-isothermal effects have been studied by applying a temperature differ-
ence between the particle and the bulk fluid. Particle temperature has been varied, keeping the
far-field temperature constant at 1400 K. Isothermal simulations include the physical effects due
to Stefan flow. Non-isothermal simulations have both physical and thermal effects. Figure 4.2a
shows the isothermal case with Re = 13.96 in non-isothermal conditions. There is a clear differ-
ence between the drag coefficients at isothermal and non-isothermal conditions, at least for cases

F(Re) = %(1 +

(4.2)
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with high-temperature gradients between the particle and the far-field temperature. Although
there are deviations between isothermal and non-isothermal results, the trends are similar for all
cases. An outward Stefan flow reduces the drag coefficient, and an inward Stefan flow increases
the drag coefficient, while an outward/inward Stefan flow expands/shrinks boundary layers for
both isothermal and non-isothermal cases (see Fig. 4.2b). The thermal boundary layer also shows
similar trends to the velocity boundary layer.
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Figure 4.2: Non-isothermal simulation results with a uniform Stefan flow around the particle. (a)
Normalized drag Cg s7/Cjy at film condition and Normalized Stefan flow velocity Ug/U. Far-
field temperature (T, = 1400 K) and different particle temperatures (7, =400 K, 1200 K,1600
K) [60]. (b) Velocity boundary layer variation in isothermal and non-isothermal cases.

Deviation of the isothermal line from non-isothermal results (symbols) shows the importance
of thermal effects. The importance of thermal effects increases when the temperature difference
between the particle (T},) and the bulk fluid (7. ) increases. Therefore, the isothermal drag model
has to be modified to consider the thermal effects. Thermal effects are twofold. One is due to
variation of thermophysical properties due to the difference between particle temperature (7},)
and bulk fluid temperature (7). The other one is the variation of thermophysical properties due
to Stefan flow. A new characteristic temperature 7', based on the volume of the boundary layer
at film temperature, Ty = T ZTC"’, and volume of Stefan flow at the temperature of Stefan flow,
T, = Tsy, is introduced. It eventually yields (see paper II for detailed derivation),

Us
Tf + %f(RCf)TSf

T= U
1+ Uioif(Ref)

43)

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

Cass=Cqx Cyy, (4.4)
where C'd is calculated from Schiller-Naumann model in section 2.1 and

1

—_— 4.5
1+ 222 f(Rey) “3)

Cd,r -

Comparison of model with the simulation data and further details available in paper II [60].
Model and simulation results agree for the range of considered parameters.
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4.1.2 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 [61]:

PrR N
Nugyro = Nug (PrRes;)/Nug (4.6)
e

(PrRegy)/Nug _ 1’

where Nuy is the Nusselt number in a quiescent environment for a sphere. Meanwhile, there are
Nusselt number models developed, for a sphere immersed in a forced convective flow, such as
Ranz-Marshall [42] and Whitaker [43] 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 :

Nuy = 2+ 0.5703Re} 5 Pr/?, (4.7)

where Nu, Re, and Pr are calculated at the film condition. We developed a model for a sphere
immersed in a convective fluid with a Stefan flow. The model combines the Nusselt number
with Stefan flow in a quiescent environment (Eq. 4.6), and the model developed for the Nusselt
number in a convective flow (Eq. 4.7) by replacing Nug in Eq. 4.6 by Nuy in Eq. 4.7. Variation
of properties in the boundary layer is added by calculating Nu;. instead of Nuy in the model Eq.
4.7. The model for the Nusselt number of a sphere in a convective flow with a uniform Stefan
flow around it can be modeled as:

Nugy = Nufﬁ7 (4.8)

%.Here, the Nusselt number with Stefan flow (Nu) is calculated based on the
film condition. The Stefan flow Reynolds number (Regy) is calculated based on particle surface
condition, and the Prandtl number (Pr) is calculated based on film condition. Further details on
limits of calculating T, comparison of simulation results with model results, and further details
can be found in paper II [60].

where ¢ =

4.2 Effects of Stefan flow on closely spaced particle pair with uni-
form Stefan flow

Neighboring particle simulations were carried out for three Reynolds numbers and three Stefan
Reynolds numbers. The following effects were observed:

» neighboring particle effects were non-negligible at all the distances considered in this work
(1.1 < L/D < 10),

« outward Stefan flow reduces the drag coefficient with an expansion of the boundary layer
( see Fig. 4.3a ) and inward Stefan flow increases the drag coefficient of particles with
a shrink in the boundary layer when particle distances (L/D) were greater than 2.5 (
compare Fig. 4.3b b with a and ¢ ),

« the drag coefficient of both particles is less than that for an isolated particle with Stefan
flow when particle distance is greater than 2.5 (compare dotted lines of each figure with
solid and dashed lines in Fig. 4.3b). Le., both neighboring particle effects, and Stefan flow
effects are affecting on the particles,

« When particle distances (L /D) are less than 2.5, outward Stefan flow repels particles from
each other, and inward Stefan flow attracts each other. Stefan flow effects dominate be-
tween the particles due to blockage of bulk flow when the particle distances are small.
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The pressure and viscous force both increase, and pressure force has a large impact on the
particles compared to viscous force leading to very high drag coefficients on downstream
particles with outward Stefan flow and upstream particles with inward Stefan flow.

More details can be found in Paper III.

Cd/Cd,isnI:—ned

(b)

Figure 4.3: (a) Velocity contours in the mean flow direction around the particles with Re = 2.3.
The top half shows the case without Stefan flow while the bottom half is case with outward Stefan
flow (Us; = 0.62 m/s corresponding to Regy = 2.9). (b) Relative drag coefficient, normalized
with the value of an isolated particle without Stefan flow, as a function of the particle separation
(L/D) (a) USf =—-02m S_l; (b) USf =0m S_l; (©) USf =0.6ms™L.

4.3 Effect of Stefan flow on a reacting particle

Table 4.1 shows particle-resolved simulation case details. Effects of Stefan flow on a gasifying
particle under more realistic conditions have been tested and analyzed for the drag coefficient,
Nusselt number, and Sherwood number.

4.3.1 Drag coefficient of a reacting particle

Figure 4.4 shows normalized Cy, pressure force, and viscous force of the six cases simulated in
this work. Results have shown complex behavior in the variation of Cy, Nu and Sh compared
to simplified cases studied before with a uniform Stefan flow and single component bulk fluid.
There are similarities within low and high effectiveness factor (1) cases. Here, low 7 cases have
a range of 0.21-0.44, and high 7 cases have a range of 0.58-0.74. Common features of cases with
low 7 and high 7 have listed as follows.

Low 7 case Cy4 and the related parameter variations can be summarized as follows:

+ normalized Cy is higher than or close to one (Cg norm > 1) at all conditions (see Fig. 4.4a),
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Table 4.1: List of parameters that varied for different simulation cases. Effectiveness factor (1),
particle Reynolds number (Re), and Stefan Reynolds number (Reg ) are the values estimated from
the results of the resolved particle simulation.

Ty P dp U YCOg,oc n Re Regs

Case | (K) (atm) (m) (m/s) )

1 1999 1.807 189.3 0.45 0.512 0.23 0.5 0.09
2 1999 1.807 189.3 2.70 0.512 0.44 3.0 0.03
3 1851 4.201 442.6 0.44 0.512 0.21 3.0 0.04
4 1891 4.506 97.21 0.32 0.512 0.74 0.5 0.08
5 1891 4.506 97.21 1.93 0.512 0.69 3.0 0.02
[ 1735 7.672 228.1 0.32 0.99 0.58 3.0 0.03

» normalized viscous force is lower than or close to one (Fyisc norm < 1) except at the very
early stage of the particle conversion (see Fig. 4.4c),

» pressure component of the Cy (Cy) is higher than the viscous (Clis) component during the
conversion. Le., the pressure force is higher than the viscous force (see paper IV for more
details),

« there is a region of gradual increase and decrease (bump) in pressure force during particle
conversion (see Fig. 4.4e). In the same region of the bump in pressure force, there is a
gradual decrease and increase of viscous force (pothole) .

High 7 case Cj and the related parameter variations can be summarized as follows:

+ normalized Cy is higher than one (Cg norm > 1) at an early stage of conversion for cases
with a higher ratio of Regy/Re. Normalized Cy is lower than one (Cy norm < 1) for cases
with lower ratio of Regs/Re (see Fig. 4.4b),

« normalized viscous force is lower than one (Fyiscnorm < 1; see Fig. 4.4d),

« normalized pressure force is higher than one until particle shape starts to change or con-
version is greater than 0.75 (X, > 0.75; see Fig. 4.4f),

+ pressure component of the Cy (C) dominates throughout the conversion. Le., the pressure
force is higher than the viscous force (see paper IV for more details).

The normalized drag coefficient greater than one (Cynorm > 1) is in contradiction with our
previous findings on the effects of Stefan flow; a uniform outward Stefan flow around a particle
has a lower C; compared to a particle without Stefan flow. However, the viscous force is lower
than one (in most of the particle conversions), corresponding with our findings on the effect of
Stefan flow on the viscous force. The reason for Cgporm greater than one (Cypnorm > 1) was
the pressure force which we did not observe under uniform Stefan flow conditions. Identified
reasons for the high-pressure force were:

« localized reaction rates under regime II (low 1) conditions create non-uniform Stefan flow
around the particle. Non-uniform Stefan flow leads to high-pressure force during particle
conversion for low-effectiveness factor cases,

« during the conversion, pressure increases inside the porous media because of the additional
resistance due to Stefan flow. Its variation is much more significant than the gas phase
leading to high pressure for high-effectiveness factor cases.

More details on explanation can be found in paper IV.
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Figure 4.4: Variation of parameters with char conversion. (a) Comparison of normalized average
drag coefficient (Cy norm) of the particles in low 77 and (b) high 7 cases in Table 4.1. (c) Normalized
average viscous force for low 7 and (d) high 7 cases. (e) Normalized average pressure force for
low 7 and (f) high 7 cases. Forces and C, are normalized with the corresponding values of the
same case without reaction at steady state.

4.3.2 Nusselt number

Figure 4.5 shows the variation of Nusselt number: considering advective effects due to Stefan flow
(Nug,57), neglecting Stefan flow (Nu..) and, for the same case without reactions after reaching
steady-state (Nuo, NR,55). Except for the case with low Re and high 7, all the other cases have
significantly lower Nusselt number (Nu. 5) compared to Nusselt number of a particle without
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reactions at steady-state (Nus, vR,55). These results correspond with the previous findings on
effect of uniform Stefan flow on the average Nusselt number (Nu) of the particle where outward
Stefan flow decreases the Nu. ILe., advective effects due to Stefan flow in a reacting particle is
significant.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Char conversion (XD) Char conversion (Xp)

(@) (b)

Figure 4.5: Comparison of Nusselt number (Nu) of each case with char conversion. (a) low 1 and
(b) high 7 cases. Solid line - Nu without considering advective heat transfer due to Stefan flow
effects (Nuoo). Dashed line - Nu considering advective heat transfer due to Stefan flow effects
also (Nu, s7). Dash-dot line - Nu at steady state in a non-reacting flow with same conditions
(Nuoo,NR,$5)-

4.3.3 Sherwood number

Figure 4.6 shows the effects of Sherwood number (Sh) for CO, and CO with and without Stefan
flow (advective) during particle conversion. There is a negligible difference between Sh with and
without Stefan flow. However, the Nusselt number (Nu) with and without Stefan flow signifi-
cantly differs. In general, the Sh number is calculated based on Nu models considering the unity
Lewis number (Le= 1) in literature. This will not be valid for a reacting particle with a Stefan
flow due to changes in the Nusselt number.

case 1 case 2 case 3 case 4 case 5 case 6
0
% 02 04 06 08 1 0 02 0.4 06 08 1
Char conversion (Xp) Char conversion (Xp)
(2) (b)

Figure 4.6: Comparison of Sherwood number (Sh) of each case with char conversion. (a) low 7
(b) high 7 cases. solid line - Sh without considering advective mass transfer due to Stefan flow.
Dashed line - Sh considering advective mass transfer due to Stefan flow.
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4.4 Applicability of point-particle approach for a particle react-
ing with a Stefan flow

Resolved-particle simulation (RPS) results discussed in section 4.3 are used for comparison with
point-particle simulation results (PPS) discussed in this section. Details of point-particle simula-
tion equations can be found in paper V. First, the deviations between PPS and RPS are discussed.
Then the reasons behind the deviations are discussed briefly.

Figure 4.7 shows the comparison of effectiveness factor and volume-averaged temperature
from RPS and PPS for the six cases. Results have shown that there is a significant difference
between RPS and PPS results, and major observations are summarized below:

« high 7 case PPS and RPS results are closer to each other compared to low 7 cases,

PPS underestimates char conversion rates for high 7 cases while it overestimates char
conversion for low 7 cases,

deviation of PPS with RPS is highest for cases with a high ratio of Stefan Reynolds number
to particle Reynolds number (Regsy/Re),

effectiveness factor is always overestimated in PPS compared to RPS,

« variation of particle diameter always has delayed in PPS compared to RPS.

Some tests have been conducted to identify the source of inaccuracies between PPS and RPS.
Tests were based on replacing PPS equations with RPS simulation values for particle surface
temperature and particle surface gas concentrations and carrying out particle resolved simula-
tions with very high thermal conductivity of the particle to create uniform temperature within
the particle. The following has been identified as major sources for inaccuracies of PPS results
compared to RPS:

external heat transfer models underestimate the rates,

external mass transfer overestimates the rates,

effectiveness factors do not consider the effects of non-uniform temperature, leading to
higher effectiveness factors,

in high 7 cases, errors in external heat transfer dominate the overall conversion rates,

for low 7) cases, the inaccuracy of using uniform particle temperature becomes more im-
portant, and the PPS tends to overestimate the conversion rates.

4.5 Summary of results

Table 4.2 shows a summary of research questions and the answers obtained through this study.
Overall, the effects of Stefan flow on a reacting particle seem to affect during all the conditions
we considered in this work, although a high Reynolds number shows steeper gradients for the
decrease/increase of drag coeflicient (see Fig. 4.1a). Nusselt number is also affected by the Stefan
flow. Effects of Stefan flow on neighboring particles are also non-negligible, especially at low
particle distances when Stefan flow effects dominate.

When comparing results from more realistic conditions (char gasification), Stefan flow effects
deviate from uniform Stefan flow conditions results. The main reason was the increased pressure
force due to non-uniform Stefan flow (low 7 cases) and the increase of pressure in the porous
media due to Stefan flow. Point-particle approach results with resolved-particle simulations have
shown large deviations due to the inability of the point-particle approach to predict external heat
transfer, mass transfer, and effectiveness factor accurately.
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Chapter 5

Conclusions and future work

“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear
less.”

—Marie Curie

This chapter has two sections. The first part discusses the conclusions drawn from
this work. The second part recognizes the necessary future studies for a better explana-
tion of some results and suggestions to further improvements in model development
for using in large-scale simulations.

5.1 Conclusions

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 a
realistic one. All the particle Reynolds numbers (Re) used in this work were less than 15. Sim-
ulation conditions were based on Entrained-flow biomass gasification even though the studies
are general for the cases within the range of parameters studied in this work (Reynolds number,
Stefan Reynolds number).

Initially, the effect of uniform Stefan flow on the drag coefficient (Cy) of a spherical particle
is studied in a uniform bulk fluid flow at a constant temperature. This study aimed at studying
the physical effects of uniform Stefan flow. Results showed that outward Stefan flow reduces
the drag coefficient (Cy) and inward Stefan flow increases the drag coefficient (Cy). Stefan flow
changes the average viscous force on a particle, although the average pressure force is not af-
fected. A model was developed for the drag coefficient (Cy) with the effect of Stefan flow based on
physical interpretation. The model was based on the variation of boundary 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 to understand
the physical and thermal effects of the uniform Stefan flow. The effect of Stefan flow on the drag
coefficient (Cy) and the Nusselt number (Nu) were studied. The results show that the isothermal
drag coefficient and the non-isothermal drag coefficient were different. Therefore, the model de-
veloped 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 (Nu) for a spherical
particle in a convective flow using non-isothermal simulation results. The model is developed
by combining a model for the Nusselt number (Nu) of a spherical particle in a quiescent envi-
ronment with Stefan flow and a model for the Nusselt number (Nu) of a spherical particle in a
uniform convective flow.
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Then, the effect of uniform Stefan flow on neighboring spherical particles was studied in a
uniform bulk fluid flow under isothermal conditions. Particles were affected independently by
both neighbor particle and Stefan flow effects when the distance between particles is greater
than 2.5 (L/D > 2.5). Stefan flow effects dominate when the distance between particles is less
than or equal to 2.5 (L/D < 2.5), and both pressure and viscous force show steep variations.
An outward Stefan flow causes repulsion, and an inward Stefan flow causes attraction between
neighboring particles.

Finally, a porous particle reacting under a heterogeneous reaction was considered by resolv-
ing the interior and exterior of the particle. Char gasification is considered as the heterogeneous
reaction which creates a realistic Stefan flow rather than a uniform Stefan flow considered in pre-
vious works. A numerical code was developed to study particle-resolved simulations with het-
erogeneous reactions. Particle-resolved simulations (PRS) were carried out for different particle
Reynolds numbers, effectiveness factors, and Stefan Reynolds numbers. Point-particle simula-
tions (PPS) were also carried out to find the accuracy of PPS by comparing it with RPS results for
reacting particles with a Stefan flow. Drag coefficient (C}), Nusselt number (Nu), and Sherwood
number (Sh) were analyzed for each case from PRS results, and an effort has been made to explain
the variation of the drag coefficient during reactions. Results showed that the drag coefficient
(Cy) is higher than a case without reactions under the same conditions, which contradicts our
previous findings. However, viscous force is less than or close to a case without reactions under
the same conditions for most of the conversion time. Therefore, the pressure force is responsible
for increasing the drag coefficient during heterogeneous reactions with a Stefan flow. Decreasing
in viscous force corresponds with uniform Stefan flow results. Two reasons have been identi-
fied for the increase of pressure force. One is the localized reaction of a particle under regime II
conditions creating a non-uniform Stefan flow. The other is the increase of pressure inside the
particle (porous media) due to high resistance created by the Stefan flow.

Comparison of Particle-resolved simulation (PRS) results with Point-particle simulation (PPS)
results have shown variations for different parameters such as effectiveness factor, particle radius,
and gas compositions. Gas compositions have shown significant variation between PRS and PPS
results. Different tests have been carried out to identify the reason for deviations between the
two approaches. Main reasons were negligence of non-uniform temperature within the particle
in effectiveness factor and deviation of external heat and mass transfer models from the Nusselt
number and the Sherwood number.

5.2 Future work

Stefan flow is available everywhere in the nature such as in evaporation. Our main interest on the
effects of uniform Stefan flow was for the range in entrained-flow biomass gasification (EFBG).
Therefore, it would be important to develop physics based models for a wider range of Reynolds
number and Stefan Reynolds number. Same applies to rest of the work since it is important to
gain insight of Stefan flow effects in a wider range to be used in different applications. One more
important part of modeling would be to suggest at which conditions one can neglect the Stefan
flow effects.

Effects of Stefan flow on neighboring particles were also studied only for particles in tandem
arrangement. In reality, particles can be at any direction to one another in 3-D space. Therefore,
it is important to study other arrangements of particle positioning and find common features of
neighboring particles with a Stefan flow.

Particle interior and exterior resolved simulations (RPS) have shown that drag coefficient
and Nusselt number vary for a particle with heterogeneous reactions producing a Stefan flow.
Observations suggest that Stefan flow affects the variation of the C;; and Nu. It would have been
easier to compare and draw conclusions about cases with Stefan flow, if RPS cases had results
without Stefan flow. Therefore, it would be an important addition to this work to compare the
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results of cases with Stefan flow with cases without it.

Comparisons of RPS results with PPS have shown significant deviations between the two,
and this work has identified some of them. It is important to find the models for heat and mass
transfer coefficients (Sh, Nu) that predict PPS results closer to RPS results for different applica-
tions. Further, improving the models we have developed for a uniform Stefan flow to be mod-
ified for cases with non-uniform Stefan flow and creating more advanced models is important.
In addition, it is important to improve the effectiveness factor models currently used for char
gasification to consider the non-uniform temperatures, the convective effects within a particle
and to include the history of particle conversion.

45






Bibliography

(1]

C. W. Lewis, Biomass through the ages, Biomass 1 (1) (1981) 5-15. doi:10.1016/
0144-4565(81)90011-1.

C. Higman, M. Burgt, Gasification, Gulf Professional Publishing, 2008.

P. A. Nikrityuk, B. Meyer, Gasification Processes Modeling and Simulation, 1st Edition,
Wiley-VCH, 2014.

F. Weiland, Pressurized entrained flow gasification of pulverized biomass: Experimen-
tal characterization of process performance, Ph.D. thesis, Lulea University of Technology
(2015).

B. Goktope, Entrained flow gasification of biomass soot formation and flame stability, Ph.D.
thesis, Lulea University of Technology (2015).

N. E. L. Haugen, M. B. Tilghman, R. E. Mitchell, The conversion mode of a porous car-
bon particle during oxidation and gasification, Combustion and Flame 161 (2014) 612-619.
doi:10.1016/j.combustflame.2013.09.012.

T. Kreitzberg, A. Phounglamcheik, N. E. L. Haugen, R. Kneer, K. Umeki, A Shortcut Method
to Predict Particle Size Changes during Char Combustion and Gasification under regime II
Conditions, Combustion Science and Technologydoi:10.1080/00102202.2019.
1678919.

K. Qin, P. A. Jensen, W. Lin, A. D. Jensen, Biomass Gasification Behavior in an En-
trained Flow Reactor: Gas Product Distribution and Soot Formationdoi:10.1021/
ef300960x.

B. Goktepe, A. H. Saber, R. Gebart, T. S. Lundstr6m, Cold flow experiments in an
entrained flow gasification reactor with a swirl-stabilized pulverized biofuel burner,
International Journal of Multiphase Flow 85 (2016) 267-277. doi:10.1016/j.
ijmultiphaseflow.2016.06.016.

B. Goktepe, K. Umeki, R. Gebart, Does distance among biomass particles affect soot for-
mation in an entrained flow gasification process?, Fuel Processing Technology 141 (2016)
99-105. doi:10.1016/j.fuproc.2015.06.038.

T. Kreitzberg, S. Pielsticker, B. M. Govert, R. Kneer, CO2 and H20 Gasification under Chem-
ically and Diffusion Controlled Conditions (2016).

N. E. L. Haugen, R. E. Mitchell, M. B. Tilghman, A comprehensive model for char particle
conversion in environments containing O2 and CO2, Combustion and Flame 162 (4) (2015)
1455-1463. doi:10.1016/j.combustflame.2014.11.015.

47



(13]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

[24]

N. E. L. Haugen, B. K. Y. Loong, R. E. Mitchell, Numerical approaches for thermochemical
conversion of char, Progress in Energy and Combustion Science 91. doi:10.1016/j.
pecs.2022.100993.

R. B. Bird, W. E. Stewart, E. N. Lightfoot (Eds.), Transport Phenomena, 2nd Edition, John
Wiley & Sons Inc, 2006.

A. Holzer, M. Sommerfeld, New simple correlation formula for the drag coefficient of
non-spherical particles, Powder Technology 184 (3) (2008) 361-365. doi:10.1016/3.
powtec.2007.08.021.

A. Haider, O. Levenspiel, Drag coefficient and terminal velocity of spherical and nonspher-
ical particles, Powder technology 58 (1989) 63-70. doi:10.1016/0032-5910(89)
80008-7.

L. Schiller, A. Naumann, A drag coefficient correlation, Zeitschrift des Vereins Deutscher
Ingenieure 77 (1935) 318-320.

N. Ellendt, A. M. Lumanglas, S. I. Mogadam, L. Médler, A model for the drag and heat trans-
fer of spheres in the laminar regime at high temperature differences, International Journal
of Thermal Sciences 133 (July) (2018) 98-105. doi:10.1016/j.ijthermalsci.
2018.07.009.

H. Miao, H. Zhang, X. An, C. Ke, A. Yu, Numerical study on the momentum and heat transfer
of porous spheroids under laminar flow, Powder Technology 395 (2022) 14-25. doi: 10.
1016/j.powtec.2021.09.045.

K. Wittig, P. Nikrityuk, A. Richter, Drag coefficient and Nusselt number for porous particles
under laminar flow conditions, International Journal of Heat and Mass Transfer 112 (2017)
1005-1016. doi:10.1016/j.ijheatmasstransfer.2017.05.035.

B. Kravets, D. Schulz, R. Jasevicius, S. R. Reinecke, T. Rosemann, H. Kruggel-Emden, Com-
parison of particle-resolved DNS (PR-DNS) and non-resolved DEM/CFD simulations of flow
through homogenous ensembles of fixed spherical and non-spherical particles, Advanced
Powder Technology 32 (4) (2021) 1170-1195. doi:10.1016/j.apt.2021.02.016.

T. Yali, E. A. J. P. Frank, H. Kuipers, S. Kriebitzsch, M. Van Der Hoef, A New Drag
Correlation from Fully Resolved Simulations of Flow Past Monodisperse Static Arrays of
Spheres, American Institute of Chemical Engineers AIChE J 61 (2014) 688-698. doi:
10.1002/aic.14645.

L. W.Rong, K. J. Dong, A. B. Yu, Lattice-Boltzmann simulation of fluid flow through packed
beds of spheres: Effect of particle size distribution, Chemical Engineering Science 116 (2014)
508-523. doi:10.1016/j.ces.2014.05.025.

L. Prahl, A. Holzer, D. Arlov, ]J. Revstedt, M. Sommerfeld, L. Fuchs, On the interaction be-
tween two fixed spherical particles, International Journal of Multiphase Flow 33 (7) (2007)
707-725. doi:10.1016/j.ijmultiphaseflow.2007.02.001.

T. Kékesi, M. Altimira, G. Amberg, L. P. Wittberg, International Journal of Multiphase Flow
Interaction between two deforming liquid drops in tandem and various off-axis arrange-
ments subject to uniform flow, International Journal of Multiphase Flow 112 (2019) 193-218.
doi:10.1016/j.ijmultiphaseflow.2018.11.009.

N. Kishore, Numerical Investigation of Interaction between Spheroid Particles in Tandem
Arrangement at Moderate Reynolds Numbersdoi:10.1021/i1e3012424.

48



(27]

T. Sayadi, S. Farazi, S. Kang, H. Pitsch, Transient multiple particle simulations of char par-
ticle combustion, Fuel 199 (2017) 289-298. doi:10.1016/j.fuel.2017.02.096.

[28] J. K. Dukowicz, An exact solution for the drag of a sphere in low Reynolds number flow

[29]

(33]

(39]

(40]

with strong uniform suction or blowing, Physics of Fluids 25 (1982) 1117-1118. doi:
10.1063/1.863875.

R. Miller, J. Bellan, Direct numerical simulation of a confined three-dimensional gas mix-
ing layer with one evaporating hydrocarbon-droplet-laden stream, J. Fluid Mech 384 (1999)
293-338. d0oi:10.1017/50022112098004042.

M. Kestel, Numerical Modeling of Moving Carbonaceous Particle Conversion in Hot Envi-
ronments, Ph.D. thesis, TU Bergakademie (2016).

X. Chen, S. Du, L. Zhao, B. Yang, Q. Zhou, Effect of Stefan flow on the drag force in flow
past random arrays of spheres, Chemical Engineering Journal 412. doi:10.1016/j.
cej.2021.128691.

S. Du, L. Zhao, X. Chen, B. Yang, Q. Zhou, Effect of Stefan flow on the drag force of single
reactive particle surrounded by a sea of inert particles, Chemical Engineering Science 253
(2022) 117546. doi:10.1016/j.ces.2022.117546.

Y. Wang, M. Zhang, H. Wang, H. Jin, The influence of Stefan flow on the flow and heat-
transfer characteristics of spherical-particle pair in supercritical water, International Jour-
nal of Multiphase Flow 151 (2022) 104045. doi:10.1016/Jj.imultiphaseflow.
2022.104045.

E. Constant, J. Favier, M. Meldi, P. Meliga, E. Serre, An immersed boundary method
in OpenFOAM: Verification and validation, Computers and Fluidsdoi:10.1016/j.
compfluid.2017.08.001.

D.J. Tritton, Experiments on the flow past a circular cylinder at low reynolds numbers, Jour-
nal of Fluid Mechanics 6 (4) (1959) 547-567. doi:10.1017/50022112059000829.

W. A. Khan, J. R. Culham, M. M. Yovanovich, Fluid flow around and heat transfer from
an infinite circular cylinder, Journal of Heat Transfer 127 (7) (2005) 785-790. doi:10.
1115/1.1924629.

H. Schlichting, K. Gersten, Boundary Layer Theory, Springer Berlin Heidelberg, 2017. doi :
10.1007/978-3-662-52919-5.

S. Bhattacharyya, S. Dhinakaran, A. Khalili, Fluid motion around and through a porous
cylinder, Chemical Engineering Science 61 (13) (2006) 4451-4461. doi:10.1016/].
ces.2006.02.012.

P. Yu, Y. Zeng, T. S. Lee, X. B. Chen, H. T. Low, Steady flow around and through a per-
meable circular cylinder, Computers and Fluids 42 (1) (2011) 1-12. doi:10.1016/7.
compfluid.2010.09.040.

M. Zhang, Q. Zhao, Z. Huang, L. Chen, H. Jin, Numerical simulation of the drag and heat-
transfer characteristics around and through a porous particle based on the lattice Boltzmann
method, Particuology 58 (2021) 99-107. doi:10.1016/J . PARTIC.2021.01.013.

M. Zhang, H. Jin, Q. Zhao, S. Shen, Drag and heat transfer characteristics around and
through two interactive porous particles, Powder Technology 390 (2021) 555-568. doi :
10.1016/j.powtec.2021.05.097.

49



(42]

(43]

(49]

(50]

W. Ranz, W. Marshall, Evaporation from drops, Chemical Engineering Progress 48 (3) (1952)
141-146.

S. Whitaker, Forced Convection Heat Transfer Correlations for Flow In Pipes, Past Flat
Plates, Single e Cylinders, Single Spheres, and for Flow In Packed Beds and Tube Bundles,
AIChE Journal 18 (1972) 361-371.

M. Kestel, Numerical Modeling of Moving Carbonaceous Particle Conversion in Hot Envi-
ronments, Ph.D. thesis, TU Bergakademie (2016).

Z. Zhifu, W. Guoxiang, C. Bin, W. Liejin, G.and Yueshe, Evaluation of Evaporation Models
for Single Moving Droplet with a High Evaporation Rate, Powder Technology 240 (2013)
95-102. doi:10.1016/j.powtec.2012.07.002.

R. P. Bharti, R. P. Chhabra, V. Eswaran, A numerical study of the steady forced convection
heat transfer from an unconfined circular cylinder, Heat and Mass Transfer/Waerme- und
Stoffuebertragung 43 (7) (2007) 639-648. doi:10.1007/s00231-006-0155-1.

M. Abdelhady, D. Wood, Effect of thermal boundary condition on forced convection from
circular cylinders, Numerical Heat Transfer; Part A: Applications 76 (6) (2019) 420-437.
doi:10.1080/10407782.2019.1638169.

A. P. Hatton, D. D. James, H. W. Swire, Combined forced and natural convection with low-
speed air flow over horizontal cylinders, Journal of Fluid Mechanics 42 (1) (1970) 17-31.
doi:10.1017/50022112070001040.

M. Rieth, F. Proch, M. Rabagal, B. M. Franchetti, F. Cavallo Marincola, A. M. Kempf, Flamelet
LES of a semi-industrial pulverized coal furnace, Combustion and Flame 173 (2016) 39-56.
doi:10.1016/j.combustflame.2016.07.013.

E. Karchniwy, N. E. L. Haugen, A. Klimanek, @. Langergen, S. Stadek, The effect of turbu-
lence on mass transfer in solid fuel combustion: RANS model, Combustion and Flame 227
(2021) 65-78. doi:https://doi.org/10.1016/j.combustflame.2020.
12.040.

S. Subramaniam, Lagrangian—Eulerian methods for multiphase flows, Progress in Energy
and Combustion Science 39 (2-3) (2013) 215-245. doi:10.1016/j.pecs.2012.
10.003.

Y. Bai, K. Luo, K. Qiu, J. Fan, Numerical investigation of two-phase flame structures in a
simplified coal jet flame, Fuel 182 (2016) 944-957. doi:10.1016/j.fuel.2016.
05.086.

S. Farazi, J. Hinrichs, M. Davidovic, T. Falkenstein, M. Bode, S. Kang, A. Attili, H. Pitsch,
Numerical investigation of coal particle stream ignition in oxy-atmosphere, Fuel 241 (2019)
477-487. do1:10.1016/j.fuel.2018.11.108.

K. Luo, H. Wang, J. Fan, F. Yi, Direct Numerical Simulation of Pulverized Coal Combustion
in a Hot Vitiated Co-flowdoi:10.1021/e£f301253y.

M. Rieth, A. M. Kempf, A. Kronenburg, O. T. Stein, Carrier-phase DNS of pulverized coal
particle ignition and volatile burning in a turbulent mixing layer, Fuel 212 (2018) 364-374.
doi:https://doi.org/10.1016/j.fuel.2017.09.096.

M. Muto, K. Yuasa, R. Kurose, Numerical simulation of ignition in pulverized coal com-
bustion with detailed chemical reaction mechanism, Fuel 190 (2017) 136-144. doi:
10.1016/j.fuel.2016.11.029.

50



[57]

[59]

G. L. Tufano, O. T. Stein, A. Kronenburg, G. Gentile, A. Stagni, A. Frassoldati, T. Faravelli,
A. M. Kempf, M. Vascellari, C. Hasse, Fully-resolved simulations of coal particle combustion
using a detailed multi-step approach for heterogeneous kinetics, Fueldoi:10.1016/j .
fuel.2018.11.1309.

S. Kajitani, N. Suzuki, M. Ashizawa, S. Hara, CO 2 gasification rate analysis of coal char in
entrained flow coal gasifier, Fuel 85 (2005) 163-169. doi:10.1016/j.fuel.2005.
07.024.

T. R. Jayawickrama, N. E. L. Haugen, M. U. Babler, M. A. Chishty, K. Umeki, The effect of
Stefan flow on the drag coefficient of spherical particles in a gas flow, InternationalJour-
nalofMultiphaseFlow 117 (2019) 130-137. doi:10.1016/j.ijmultiphaseflow.
2019.04.022.

T. R. Jayawickrama, N. E. L. Haugen, M. U. Babler, M. A. Chishty, K. Umeki, The effect of
Stefan flow on Nusselt number and drag coefficient of spherical particles in non-isothermal
gas flow, International Journal of Multiphase Flow 140 (2021) 103650. doi:10.1016/
j.ijmultiphaseflow.2021.103650.

[61] J.J. Murphy, C. R. Shaddix, Effects of Stefan Flow on Heat Transfer from reacting Carbon

particles, Sandia-Report 2003-8720] (2003) 1-24.

51






Appendices

53






Appendix A

Paper 1

55






International Journal of Multiphase Flow 117 (2019) 130-137

Contents lists available at ScienceDirect

International Journal of Multiphase Flow

journal homepage: www.elsevier.com/locate/ijmulflow

The effect of Stefan flow on the drag coefficient of spherical particles )
in a gas flow

| updates

Thamali R. Jayawickrama®*, Nils Erland L. Haugen<, Matthaus U. Babler¢, M.A. Chishty?,
Kentaro Umeki?

2 Energy Engineering, Div. Energy Science, Luled University of Technology, Luled 971 87, Sweden

b Department of Energy and Process Engineering, Norwegian University of Science and Technology, Kolbjorn Hejes vei 1 B, Trondheim 7491, Norway
¢Department of Thermal Energy, SINTEF Energy Research, Kolbjern Hejes vei 1 A, Trondheim 7491, Norway

d Department of Chemical Engineering, KTH Royal Institute of Technology, Stockholm SE-10044, Sweden

ARTICLE INFO ABSTRACT

Article history:

Received 19 November 2018
Revised 8 March 2019
Accepted 23 April 2019
Available online 24 April 2019
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the performance of the model to describe the simulation data were comparable to previous empirical

models.
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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
(Cp-drag coefficient), heat (Nu-Nusselt number) and mass trans-
fer (Sh-Sherwood number) between the particle and the bulk flow
(Hayhurst, 2000; 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 Cp in isolation from the
effects of heat and mass transfer in this study.

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

https://doi.org/10.1016/j.ijmultiphaseflow.2019.04.022

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 (106 — 103 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° — 102 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

0301-9322/© 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/)
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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 (A), which
is the ratio of Stefan flow velocity and slip velocity (= Usy/Uso)
(Cliffe and Lever, 1985). More recently, the Stefan velocity has been
non-dimensionalized by the Stefan Reynolds number, Rey, which is
based on particle radius (R), Stefan velocity (Uy) and fluid viscosity
(v) (Kestel, 2016):
2UsR
= )
Another relevant Reynolds number is the particle Reynolds num-
ber, Re, which is based on the particle slip velocity (Us),
Re = 2U=R 2)
v
such that Uy, = Regg/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.

Resf =

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,

V.U =0, (3)
and momentum conservation,
(PU -V)U =-Vp+uV>, (4)

where p is the density of the fluid, T is velocity vector, p is pres-
sure and p 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 laccarino, 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., 2000). To implement Stefan flow, the velocity is fixed
(Dirichlet boundary condition) at the immersed boundary normal
to the particle surface as:

= p (i T (5)

where integration is over the surface S of the particle, 7 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-
1.0mm), slip velocity (0.5-3m s~'), and gas properties of N, at
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Fig. 1. Computational domain for the simulations, with D denoting the particle diameter, and A;, i =1 to 5 representing the coarsest mesh to finest mesh. D_y; is the

distance from the centre of the sphere to negative x-direction and D, 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 Dyi Dixi DyiDii  AyD
1 16 48 16 0.16
2 3 6 3 0.08
3 2 5 2 0.04
4 15 3 15 0.02
5 12 2 12 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 0.01D (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;; = 2.90 and 1.45 for different domain sizes.
Refinement Error
Reg Mesh Domain size levels Cp (% of mesh 3)
2.90 mesh 1 32x16x 16 4 86.25 19.2
mesh 2 64 x 32 x 32 4 7545 42
mesh 3 128 x 64 x 64 4 72.38 -
145 mesh 2 64 x 32 x 32 4 90.28 28
mesh 3 128 x 64 x 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

— —
FP,X+ Fvisc.x

Cp = —_— 6
T IpUZ(nR?) (6)

when the pressure and viscous forces are given as

—

Fp= ?g(Psu, - ,ef)des, (7)
and

7 — — =

Fm’sc:_fﬂ(vu +Vut)nds, (8)

S

respectively. Here, the integration is over the surface S of the par-
ticle. In the above, Psr and Py, are the interpolated pressure at the
particle surface and in the far field, respectively, and 7 is the unit
vector in the surface-normal direction. Only the components 77),:
and ?,,,-SC 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 without Stefan flow. The ob-
tained drag coefficient was compared to the empirical formula of
Haider and Levenspiel (1989),

Cp = %(1 + 0.1806Re*64%%) + 0.4251 (1 + (9)

6880.95)’1
Re :
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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.
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Fig. 3. Normalized drag coefficient Cp/Cpo vs normalized Stefan flow velocity
Ug/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,

_
UugrR?
T = =5 (10)

where i is the velocity vector at a distance d from the centre of
the sphere, and II} 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, Cp , = Cp5/Cp,o.
plotted against the normalized Stefan flow velocity, Uy = Uss/Us,
for different Re. Here, Cpg and Cp 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
Cp and Uy, 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 Uz, = 1.3), and is expected to decrease

2 pressure force
%0‘7 L o viscous force
g S,
S o
So6f ° ]
S
o0 o
S05¢ 1
<
=]
[
2041 f
<
E
=
Sosl . 0 | o .
05 0 05 1 15 2 25
Re
sf

Fig. 4. Drag force due to pressure (Fp, circles) and viscous stress(Fys, squares) on
the sphere normalized by the total drag force (F, + ) for Regy = 0.
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Fig. 5. Pressure component (Pys —P,gf)fo in the flow direction at the surface of

the sphere normalized by the characteristic pressure ?m,_x/rzR2 for Re = 13.96 and
different Ug/Un.

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 Rey, and for much larger values of Reg 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, (Py,; — Pref)T{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 Uy/Ux, 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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for Re = 13.96 and different Ug/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 <6 < 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 (Vp) and the volume of Stefan flow (Vy), the normalized drag
coefficient can be expressed as

Vp

Cor=c—7-
D.r VB+st

(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, 7y,
such that

st =47TR2U5fo, (12)
where the flow time-scale is given by

2R+ 8
7= % (13)

where § is the boundary layer thickness. We can assume § >R at
small Re. Hence,

TP (14)

Based on the above, the volumes of the Stefan flow and its approx-
imation at low Re are now given by

u U
\/sf:SnRz(R+5)UL£ xSnRZSU—Z. (15)

Furthermore, the volume of the boundary layer is given as

7= fn(RM)?' - ilnR3, (16)
3 3

and when § > R,

Vp ~ gn53. (17)

Adopting the result from classical boundary layer theory, the
boundary layer thickness is given by

§="=, (18)

where A is a constant with a value of the order of one. Combining
Eqgs. (15) and (17) with Eq. (11) yields

1
3Reys *
1+ 5

Cpr = (19)

Fig. 9 shows the normalized drag coefficient Cp, for various Re
obtained from the simulations as a function of Rey, 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. 19is based on the assumption that Re is small enough to
satisfy 6 >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 (Us;/U = 0) and

lower half with Stefan flow (Uss/U = 0.208).
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Fig. 8. Velocity magnitude normalized by U, along the y-axis crossing the sphere
centre (0 = 90°; distance normalized with particle radius, R) for Re = 13.96 at dif-

ferent Ugs/Ux.

Without the assumptions of &R, i.e. keeping the parti-
cle radius when estimating the boundary layer volumes using
Egs. (15) and (16), the normalized drag coefficient based on
Eq. (11) follows as :

L (20)

Cor=—o——
P 14 f(Re)Rey;’

with

3 2A 1
Re) == | 1+ —— 21
o Re<*fRe)<%+6<f«%>2+4<f%>3>’ ”

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:

(22)

24 [1 +0.054Re + 0.1Re? (1 — 0‘O3Re):|

=22
D= Re 1+ a|Reg|P

A=3254025 |—Eq.19
1.1 0 Re=0.232]]
p © Re=2.32
0 Re=6.98
Ir % Re=13.96| |
a
© 09+
0.8+
0.7
-1 0

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

where a = 0.09 + 0.77 exp(0.4Re) and b = 0.4 + 0.77 exp(—0.04Re)
which is valid for 0 <Re<100 and 0<Res<10 (Miller and Bel-
lan, 1999) and Kestel (2016) model reads as;

1
CGpr=——"—"—"—2—, 23
P17 (14 0.138Re,, P)a (23)
where a= (%)0-5“, which is valid for 0<Re<200 and
0 < Reg < 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) < Resy < 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 Rey while the current model expands to negative
Reg; and is in good agreement with simulation data, at least down
to Res; = (—1). For strongly negative Reg;, Cp, given by Eq. (20) di-



136 TR. Jayawickrama, N.E.L. Haugen and M.U. Babler et al./International Journal of Multiphase Flow 117 (2019) 130-137

102E--~ A=3.0140.13 |
Re=0.232"

= = =Miller & Bellan

= Kestel
A = This work(Eq.20)
0 si i
O 000 . Re=2.32 simulation data
10 1 o o 1
Re=6.97
o-©o Re=1396 =
‘ ° o .
-1 0 1 2 3 4 5
ReS ¢

Fig. 10. Drag coefficient as a function of the Reg;, for different Re.

verges. However for Re = 0.232, Rey has to become as small as (-7)
before Cp, 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 < Regy < 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 Rey while previous models
could not be computed because of non-integer indexes for Resy.
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. Ala.

Fluid cells

» Solid cells

B B cells
- o 1B points
o
o

ol o
S X
o o
Extended stencil
o o
o o

(b)

Fig. Al1. (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(¢p) is calculated using quadratic interpolation as

Dp = dip + Co(xp — Xip) + C1 (Yp — Vi)
+Co(xp — Xip) VP — Yin)
+C3(xp — xip)> + Ca(Yp — yin)*. (A1)

and pressure (Neumann boundary condition) of an immersed
boundary cell is calculated as

¢p = Co + [Mip-(VP)ipJxp + Cryp + Caxbyp + G (xp)? + Ca(v})%,
(A2)

where the coefficients Cy, Cy, C;, C3 and C4 are calculated using
weighted least squares method in the extended stencil shown in
Fig. A.1b and x! and y! are local co-ordinates where x! is normal
to the point ib.

Appendix B. Data tables of Figure 2

Table B.1
Data tables of Fig. 2.
Difference
Re Simulations Model (% of model value)
13.96 3.431 3.424 0.20
6.98 5.521 5.617 1.7
232 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.
Cp Current Kestel Error of current model
Re Rey -simulations model model (% of numerical results)
13.96 2.90 2.82 2.87 2.87 1.6
0.97 319 322 3.232 0.7
019 3.38 3.38 3.392 0.02

0.04 342 342 342 0.01

0 343 - - -
—0.39 348 3.52 - 1.2
-0.97 3.65 3.66 - 0.4
6.98 290 4.36 4.53 4.44 4.0
145 4.89 5.02 5.00 2.5
0.48 5.30 5.40 5.42 19
0.10 548 558 5.59 1.8

0 5.52 - - -
—0.20 5.61 5.71 - 1.7
-0.97 6.00 6.10 - 1.9
232 290 9.60 10.37 9.90 8.0
1.93 10.60 11.25 10.98 6.1
097 11.75 12.30 12.25 4.7
0.20 12.91 13.29 13.34 29

0 13.07 - - =
-0.39 13.61 14.14 - 39
-0.97 14.51 15.12 - 42
0.232 290 75.45 78.20 74.88 37
145 90.28 91.56 91.00 14
0.58 100.80 102.01 102.79 12
0.29 104.57 106.05 106.85 14
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 - 20
-0.97 122.78 127.99 - 4.2
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A Stefan flow can be generated during a phase change or reactions of a particle immersed in a fluid. This
study investigates the effect of Stefan flow on the exchange of momentum (drag coefficient (Cp)) and
heat transfer (Nusselt number (Nu)) between the particle and bulk-fluid. Fully resolved simulations were
carried out for a flow near a spherical particle immersed in a uniform bulk flow. The immersed boundary
method is used for implementing fluid-solid interactions and the particle is considered as a static bound-
ary with fixed boundary conditions. In a non-isothermal flow, the changes in thermophysical properties
at the boundary layer played a role in the variation of Cp and Nu by a Stefan flow further. The previously
developed model for the drag coefficient of a spherical particle in a uniform isothermal flow was modi-
fied for a uniform non-isothermal flow. The model is developed based on physical interpretation. A new
model is developed for the Nusselt number for a spherical particle with a uniform Stefan flow combining
available models in literature. The models are validated for Stefan Reynolds number —8 < Re,;, < 25 and

particle Reynolds number of 2 < Re; < 30 in gas flow (i.e. Pr~ 0.7).
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1. Introduction

Particle-laden flows have many complexities due to e.g. flow
separation, particle wakes, multi-particle effects, Stefan flow ef-
fects and reactions. Such flows are associated with physical ef-
fects that have a wide range of length and time scales. For ex-
ample, the largest length scale in pulverized boilers (reactor)
is ©(10'm) while the smallest physical scale (particle boundary
layer) is ©(10~5m) and the smallest chemical scale is ©(10~1m).
Therefore, it is currently impossible to resolve all scales in any
numerical setup of practical relevance. This gap can be bridged
by developing models describing the effects occurring at smaller
scales (smallest physical/chemical scales). The smallest physical
scales (©O(10~>m)) can be studied through detailed numerical sim-
ulations. In contrast to experimental data, numerical simulations
create a virtual environment that is much more versatile to eluci-
date the relevant transport phenomena and that can be used for

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

https://doi.org/10.1016/j.ijmultiphaseflow.2021.103650

developing models. In the current study, we investigate the Stefan
flow effects in particle-laden flows using numerical simulations.

A Stefan flow is created when there is a net flow of gas/fluid
towards or away from a solid surface that is reacting or undergo-
ing a phase change (Murphy and Shaddix, 2003). Some examples
are: evaporation, condensation and combustion of droplets as well
as pulverized fuel combustion and gasification. The Stefan flow can
affect the exchange of mass, momentum and heat between the sur-
face and the bulk fluid in particle-laden flows. Models for Nusselt
number (Nu), Sherwood number (Sh) and the drag coefficient (Cp)
are used to calculate heat, mass and momentum transfer between
the particle and the fluid, respectively. However, this study will
only consider the Nusselt number and the drag coefficient.

In the past, the Stefan flow effect was considered for droplet
evaporation and combustion (Renksizbulut and Yuen, 1983b;
1983a; Abramzon and Sirignano, 1989; Harpole, 1981). Lately, an
interest for the effect of the Stefan flow has emerged for coal
combustion applications due to high reactive gas concentration
in Oxy-fuel combustion (0,/CO,) compared to air-fuel combustion
(N;/03). The importance of Stefan flow in Oxy-fuel combustion of
coal is emphasized by Yu et al. (2013). According to them, a Ste-

0301-9322/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)



TR. Jayawickrama, N.E.L. Haugen, M.U. Babler et al.

Nomenclature

Roman Symbols

Symbol Description (Units)

cross section area (m?)

specific heat capacity (J kg=! K-1)
diameter of the particle (m)

force (N)

heat transfer coefficient (W m—2 K-1)
identity matrix (1)

latent heat of evaporation (J kg~1)
unit normal vector (1)

pressure (Pa)

radius (m)

surface area (m?2)

temperature (K)

weighting factor (between 0 to 1) (-)
velocity (m s™1)

velocity vector (m s—1)

volume (m?3)

SS T HVRT 5T | TTOD >

Q <

reek Symbols

§ boundary layer thickness (m)

N viscosity (Pa s)

o density (kg m—3)

T time scale (s)

A thermal conductivity (W m~! K-1)

Subscripts

b boiling point (-)

B boundary layer (-)

) parameters calculated at the far-field condition (-)

f parameters calculated at the film condition (when
t=05)(-)

1 liquid (-)

sf with Stefan flow conditions (-)

p parameters calculated at the particle surface (-)

Dimensionless numbers

Br Spalding heat transfer number (B = M)
Cp Drag coefficient (Cp = o,s,;%)

Nu Nusselt number (Nu = 1)

Pe Peclet number (Pe = Re x Pr)

Pr Prandtl number (Pr = CP%)

Re Reynolds number (Re = /’g—D)

fan flow has a strong influence on the mass transfer rate in Zone
Il conversion (kinetically and diffusion controlled) while the effect
is insignificant in Zone III (diffusion controlled) during burnout pe-
riod. Still it is not clear from their results when Stefan flow can be
neglected.

The main objective of the current paper is to study the effect
of Stefan flow on Nusselt number and drag coefficient for non-
isothermal conditions (i.e. when there is a temperature difference
between particle and gas field). Even though the model is generic
and meant to be applicable for a variety of conditions, it was de-
veloped and validated with a primary interest on entrained-flow
biomass gasification. As summarized in the next section, we aim to
fill a gap in knowledge and models, especially under the presence
of large temperature differences (i.e. >100 K). Hereafter 'tempera-
ture difference (AT) means the temperature difference between
the solid particle (sphere) surface and the far-field of the fluid.
Simulations resolving the boundary layer are carried out for a lam-
inar flow surrounding a static spherical particle. Multi-component

International Journal of Multiphase Flow 140 (2021) 103650

effects were avoided for the simplicity of work. The applicability
of our model for the drag coefficient, developed in our previous
work under isothermal conditions (Jayawickrama et al., 2019), is
assessed and extended to non-isothermal conditions. In addition,
a new model describing the effect of Stefan flow on the Nusselt
number is developed.

2. Previous studies
2.1. Nusselt number at high temperature difference

The Nusselt number (Nu=hD/)A) is usually expressed as a
function of Reynolds number (Re=pUD/u) and Prandtl number
(Pr=cpp/A). A Nusselt number formula that is applicable for
both high and low temperature difference conditions is hard to
find in the literature. Two popular models are the models of
Whitaker (1972) and the model of Ranz-Marshall Ranz and Mar-
shall (1952). The former reads as:

1 2 l[, %
Nu =2 + (0.4Re? + 0.06Re7)Pr°'4<—°“> , (1)
Hp
where thermophysical properties (i.e. A, p, u, and cp) for the cal-
culation of Nusselt number, Reynolds number, and Prandtl number
are based on far-field conditions,  is the viscosity at far-field
condition and u is the viscosity at particle surface condition. The
Ranz-Marshall model Ranz and Marshall (1952) is given as:

Nu = 2 + 0.6Re?Pr3, 2)

where thermophysical properties at film condition are used to cal-
culate Nusselt number, Reynolds number and Prandtl numbers, in-
stead of those at far-field conditions. Film condition is defined
as the average between the far-field condition and the surface
condition, i.e. Ty = (T + Tp)/2 where T, and T, are the far-field
and surface temperatures, respectively. At low temperature dif-
ferences and Reynolds numbers (~ 0 < Re < 100), the Whitaker
model (Eq. 1) typically gives predictions that are closer to the ac-
tual values (Nikrityuk and Meyer, 2014), while the Ranz-Marshall
model (Eq. (2)) can be applied for high temperature differences
(1 < Re < 130) (Ellendt et al., 2018).

There are numerous works on developing models for the Nus-
selt number associated with droplet evaporation. Evaporation at
high temperature differences requires consideration of the varia-
tion of thermophysical properties, such as thermal conductivity (1)
and specific heat capacity (cp). This effect can be accounted for
through a correction factor for the Nusselt number (Harpole, 1981),
or by introducing a reference temperature (Naraslmhan and Gau-
vin, 1967; Downingm, 1966; Yuen and Chen, 1978). The reference
temperature is then calculated as follows:

T =tTe + (1=0)T,, (3)

where t is weight factor.
2.2. Effect of Stefan flow on Nusselt number

Different models for the Nusselt number developed for evapora-
tion of single droplets are summarized by Zhifu et al. (2013). They
have categorized the available models into theoretical, numerical
and experimental models. According to their comparisons, all the
models are deviating from experimental results when the evapora-
tion rates are high. Therefore, they have developed a model with
a correction factor that is applicable for high evaporation rates as
well. In this model, the Nusselt number is given as:

Nuz, = frNu, 4)
where
fr=(+Bpp) 3, (5)
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and
Nu = 2 + 0.552Re?Pr3 (6)
Here the Spalding heat transfer number (Br,) is defined as:

Cpp(Tyo — T
By, — p.p( : b),

(7)
where L is latent heat of evaporation and T, is the boiling point
temperature. The Reynolds number is calculated based on prop-
erties at the particle surface, while the Prandtl number is calcu-
lated based on far-field condition. The Nusselt number is calculated
based on properties at the particle surface condition. It is noticed
that the model of Zhifu et al. (2013) has no explicit dependence
on the Stefan flow. The effect of Stefan flow is accounted for indi-
rectly through the evaporation rate, characterized by the Spalding
heat transfer number.

Niazmand and Renksizbulut (2003) used the model devel-
oped for droplet evaporation by Renksizbulut & Yuen (Nugy)
Renksizbulut and Yuen (1983a) for the generalized case of a Ste-
fan flow:

Nup, 21 0.57Re!/2pr!/2
N By
where the Reynolds number is calculated based on particle surface

conditions, Prandtl number is calculated based on film condition
and the Spalding heat transfer number is defined as:

(8)

PrReys
By = <o (9)
where

pUseD
Rey; = Tf (10)

is the Reynolds number based on the Stefan flow velocity (here-
after, called Stefan Reynolds number). The variation of thermo-
physical properties are neglected for Niazmand and Renksizbulut
Niazmand and Renksizbulut (2003) and the selected range of Ste-
fan flows was based on droplet evaporation (0.01 > 5i > 0.04).
Murphy & Shaddix Murphy and Shaddix (2003) have formulated a
Nusselt number (Nuy,) correlation, for Stefan flow in a quiescent
environment. Assuming constant properties, their expression reads
as:

(PrRegf)/Nu

Nuy = Num.

(11)
where Nu = 2 is the Nusselt number in a quiescent flow without
Stefan flow. Recently, Kestel Kestel (2016) developed a new empir-
ical model applicable for the convective flow environment based
on his simulation data that gave better accuracy than the other
available models. In this model, which is applicable for Re < 200,
Regy < 20 and 0.744 < Pr < 1.5, the Nusselt number (Nuy) is given
as:

~0.54PrRejf'”
Nug = Nuexp i) (12)
where
Nu = 2 + 0.39Re®5¢pr%4>, (13)

In Eq. 12 and 13, all properties are calculated based on the refer-
ence temperature as defined in Eq. (3) when the weight factor is
t = 0.9. This model has a large number of fitting parameters and
it does agree better with simulation results. However, it does not
necessarily represent the physical phenomena.

In summary, most of the currently available models for Nusselt
number for particles with Stefan flow in a convective environment
are empirical. One of the very few theoretical models (of Eq. 11)
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(Murphy and Shaddix, 2003) developed for the Nusselt number of
particles with Stefan flow is for a quiescent environment and is
based on a constant property assumption. Therefore, there are no
models for Stefan flow in a convective environment based on phys-
ical interpretation while considering variation of properties.

2.3. Drag coefficients at high temperature differences.

The drag coefficient is defined as Cp = F/(0.5pU%A), where F
is the drag force, A is the cross-sectional area of the particle, p
is the density of the fluid and U is the velocity difference be-
tween the particle and the fluid. There are many correlations avail-
able to calculate fluid drag on a solid spherical object. However,
most of these models have been developed for isothermal or close
to isothermal conditions. This makes these models fail at high
temperature differences, since variations of properties have to be
considered in order to accurately calculate the drag. The Schiller-
Naumann model Schiller and Naumann (1935) for the drag coeffi-
cient, given as:

Cp = %(1 +0.15Re*587), (14)

is a widely used drag model. Recently, Ellendt et al
Ellendt et al. (2018) have suggested a correction factor (¢)
for the Schiller-Naumann correlation considering non-isothermal
effects:

= %(1 + 0.15Re*587) .
(15)
é=0273(1 - 0.883Re)(%° - 1) 1,
14

when 1 < Re < 130. Here, the Reynolds number is evaluated at the
surface temperature of the sphere, p., is the density of the fluid
in the far-field and p; is the density of the fluid at the particle
surface. The fluid density entering the expression for the drag co-
efficient (Cp = F/(0.5pU2A)) is at far-field conditions.

2.4. Effects of Stefan flow on drag coefficients.

Similar to the Nusselt number, the models developed for the
combustion and evaporation of sprays are available for the drag
coefficient under the influence of a Stefan flow (Yuen and Chen,
1976; Eisenkalam et al, 1967; Renksizbulut and Yuen, 1983b).
One common approach is the so-called one-third rule proposed
by Yuen and Chen Yuen and Chen (1976). The one-third rule
uses ordinary drag models, for example the one of Schiller-
Naumann Schiller and Naumann (1935) (see Eq. (14)), for an evap-
orating droplet, but with the Reynolds number calculated as:

Re = £=UD. (16)

e

where p; is the dynamic viscosity obtained at the reference tem-
perature, as given by Eq. (3), with a weight factor of t =1/3.
This model is applicable in the range of 1 < Re <2000 and 0 <
Br < 3. The same result was confirmed by Renksizbulut and Yuen
Renksizbulut and Yuen (1983b) for an evaporating droplet from
their simulations. However, the approach described above does not
include a dependency on the Stefan velocity and is therefore not
expected to be suitable unless the Stefan flow velocity is small
compared to the velocity of the mean flow.

Studies of the effect of Stefan flow on the drag coefficient for
generalized cases have always assumed isothermal conditions as
per the authors knowledge. Most recent works are done by Jayaw-
ickrama et al. Jayawickrama et al. (2019), Kestel Kestel (2016) and
Miller & Bellan Miller and Bellan (1999). The latter two have devel-
oped empirical models for the drag coefficient of a spherical object
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Fig. 1. Computational domain for the simulations. A;, i =1 to 5 representing the coarsest mesh to finest mesh. D_,; is the distance from the centre of the sphere to negative

x-direction and D,,; is the distance from the centre of the sphere to positive x-direction in level i (See the Table 2).

with a Stefan flow. Kestel's model is applicable for a wider range
of Stefan flows (0 < Rey; <20 and Re < 200). Both models have
several fitting parameters. Jayawickrama et al. (2019) developed a
model based on a physical interpretation of the drag that required
only one fitting parameter. This model was validated against nu-
merical simulations in the range of —1 < Rey < 3 (a negative Rey
means inward Stefan flow) and Re < 14. All three models are ap-
plicable for isothermal conditions only. Therefore, it is important
to study the effect of a Stefan flow on the drag coefficient includ-
ing thermal effects as well.

3. Methodology

In the current work, numerical simulations are carried out for
a flow around a static, spherical particle with constant size using
OpenFOAM. The simulation domain and boundaries are shown in
Fig. 1. The incoming gas flow to the simulation domain is uni-
form and its temperature is kept at 1400 K. A uniform Stefan flow
is given as a boundary condition at the particle surface. Different
cases are simulated by varying sphere surface temperature, diam-
eter and incoming flow velocity, resulting in a variety of Reynolds
numbers. Variation of properties with temperature is considered
(See Appendix A for more details.). The Reynolds number is within
the limit of steady, axi-symmetric flow (Re < 210) (Johnson and
Patel, 2017) and the Mach number of the flow is well below 0.1.
Therefore, the flow is essentially in-compressible. The intra-particle
heat transfer is not considered and the particle temperature is kept
uniform both in space and time. Radiative heat transfer is also ne-
glected. The fluid is governed by the steady, incompressible, lami-
nar flow equations, where mass conservation yields the continuity
equation as:

V.(pt)=0, (17)

while momentum conservation gives:

(pT V)T =-Vp+V.u[Vi + VT - %(v T (8)
Finally, from energy conservation we get:

V. (pcUT)=—-V-AVT. (19)

Egs. 17, 18 and 19 were discretized using second-order schemes
with the finite volume method.

3.1. Boundary conditions.

The temperature of the inlet boundary is kept at 1400 K. The
exit of the domain is considered as an outflow boundary, where
the gradients of the velocity and temperature are set to zero. The
boundaries at the side of the domain are treated as slip walls. In
the slip wall boundary condition, the velocity component normal
to the wall is zero. In addition, the gradients of temperature and
the other velocity components in the normal direction to the wall
are also set to be zero. Along the axis of symmetry, a symmetric
boundary condition is applied. In the Symmetric boundary condi-
tion, the velocity component normal to the symmetry plane and
the gradients of all the other properties normal to the plane are
set to zero. Only a quarter of the domain is simulated as the flow
is axisymmetric.

A Cartesian mesh is used for the simulation. The immersed
boundary method (IBM) was applied for the implementation of
the solid boundary. In this work, the discrete forcing approach
(Mittal and laccarino, 2005), which directly applies the presence
of a solid body through boundary conditions (Jasak et al., 2014),
is used. The value of any parameter of a cell that crosses the im-
mersed boundary is calculated by interpolating values between the
immersed boundary and neighboring cells (Fadlun et al., 2000).
The Stefan velocity is considered as a uniform velocity normal
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Table 1
Conditions maintained for far-field velocity, particle diameter and particle
temperature. Far-field temperature was kept at T, = 1400K.

Condition Inlet velocity (m/s)  Diameter (mm)  T,(K) Rey

1 0.5 1.0 400 4.88
1200 2.66
1600 2.10

2 3.0 0.5 400 14.64
1200 7.98
1600  6.31

3 3.0 1.0 400 29.29
1200 15.98
1600 13.74

to the immersed boundary (Dirichlet boundary condition). For an
outwardly directed Stefan flow, the temperature of the outflow is
equal to the surface temperature of the particle.

The pressure gradient is set to zero at the solid boundary (Neu-
mann boundary conditions). Treatment of Neumann and Dirich-
let boundary conditions in the immersed boundary method is ex-
plained in Jayawickrama et al. (2019).

3.2. Simulation conditions and procedure

For all the simulations in this work, the fluid (including the
fluid of the Stefan flow) was assumed to be pure nitrogen. The in-
let velocity, diameter of the particle and temperature range of the
fluid and the sphere were selected based on pulverized combustion
and gasification applications at atmospheric pressure. The velocity
at the inlet varied between 0.5-3 m s~! and the diameter of the
particle is between 0.5-1.0 mm. The range of Stefan flow veloci-
ties was selected based on results from Kreitzberg et al. (2016) and
Umeki et al. (2012) for devolatilization and char conversion of
biomass. The choice of bulk fluid temperature (1400 K) is based on
the range of typical bulk fluid temperatures observed in pilot scale
experiments of entrained-flow gasification (Sepman et al., 2017).
Fuel particles in entrained flow gasifiers are usually colder than
the surrounding gas because of predominantly endothermic reac-
tions and the lack of an oxygen rich atmosphere, except for the
near burner zone. The particle temperature can, however, exceed
the gas temperature by ca. 200 K in pulverized combustion, where
oxygen is available for char combustion reactions (Li et al., 2018).
Therefore, we selected three different fuel particle temperatures
(T, =400, 1200, and 1600 K), each representing drying, char gasi-
fication, and char oxidation stages, respectively. The particle tem-
peratures and far-field conditions studied in this work are shown
in Table 1.

We used the OpenFOAM environment foam-extend-4.0
(Weller et al., 1998) for the simulations. The immersed boundary
solver for incompressible, steady-state conditions was modified to
account for non-isothermal, variable density and variable property
conditions. The solver uses quadratic interpolation (Jasak et al.,
2014) for the reconstruction of the solid phase boundary condi-
tions into the closest fluid cells.

The preliminary domain size and mesh resolution was se-
lected based on previous studies (Jayawickrama et al., 2019; Con-
stant et al., 2017; Richter and Nikrityuk, 2012) for isothermal flow
around a sphere. The inlet conditions and Stefan flow velocities
are similar to the ones used for the isothermal simulations in
our previous work (Jayawickrama et al., 2019). Therefore, the do-
main size is unchanged for the current non-isothermal simulations
(64D x 32D x 32D). There are, however, two main differences in
the non-isothermal cases compared to the isothermal cases.

The first difference is that a reduction (increase) of particle
temperature increases (decreases) the Reynolds number (Re), re-
sulting in a thinner (thicker) boundary layer for non-isothermal
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Table 2
Distance from the centre of the particle in
diameters (D) in the computational domain

(See Fig. 1).
(a) Mesh I
i Dyi Dy DyiDyi  AyD
1 16 48 16 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
(b) Mesh II
i D_xi Dixi DyiD;;  Delta;/D
1 16 48 16 0.32
2 65 12 6.5 0.16
3 55 10 5.5 0.08
4 4.5 6 4.5 0.04
5 35 4 35 0.02
(c) Mesh 111
i Dyi Dy DyiD;i  AyD
1 16 48 16 0.16
2 3 6 3 0.08
3 2 5 2 0.04
4 15 3 15 0.02
5 1.2 2 1.2 0.01

conditions. Mesh refinement tests therefore had to be carried out.
The tests were carried out with the highest Reynolds number con-
ditions (condition 3 of Table 1 with particle temperature 400K) and
with the smallest possible boundary layer thickness (inward Stefan
flow condition). Two mesh refinement levels were tested, as shown
in Table 2 (Mesh I and Mesh III).

The other difference between the isothermal and non-
isothermal cases is due to the difference between the thermal
(8¢n) and the viscous boundary layer thickness (8,;). As the Prandtl
number (Pr) is less than 1, the thermal boundary layer thickness is
larger than the viscous boundary layer thickness (&, > &,;s). There-
fore, the size of the mesh refinement regions have to be examined.
This was carried out for the lowest Reynolds number condition
(condition 1 of Table 1 with particle temperature 1600K) with the
largest possible boundary layer thickness (highest outward Stefan
flow). Two refinement region sizes were tested, which is shown in
Table 2 (Mesh I and Mesh II). Difference between Mesh I, II and
III were very small in Cp and Nu and the velocity and temperature
fields around the boundary layer were also identical when com-
paring all the meshes. Therefore, Mesh Il was used for the simu-
lations.

Table 3 shows the selection of mesh refinement levels and size
of refinement regions used for the simulations in this paper. The
final mesh for all the conditions was Mesh III with the highest re-
finement 0.01D.

3.3. Estimation of drag coefficient and Nusselt number

The drag coefficient is a dimensionless quantity used to repre-
sent forces acting on the surface of a body immersed in a fluid. For
a spherical body with radius R, it can be calculated as:

— —
FP.x + Fvisc,x
psUL(R?)
where oy is the fluid density of film condition. The pressure and
viscous forces are given as

Fp= 7§ Py ds. @n
N
and

Frise = —fﬂp(v_u) + VU ds, (22)
s

Coy= (20)
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Table 3
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Mesh refinement results and refinement domain size results as explained in section 3.2. The drag
(Cp) and Nusselt number (Nu) calculated at far-field conditions and Stefan Reynolds number (Re,y)

calculated at particle surface condition.

Reys Mesh Cp Error (% of mesh Ill or II)  Nuy Error (% of mesh III or II)
-7.98 mesh | 3.01 10.12 5.40 0.15
mesh I 3.36 - 5.39 -
2.36 mesh | 1052 0.25 2.16 244
mesh I 10.55 2.11
mesh Il 10.94 2.16
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Fig. 2. Drag coefficient (Cp) at film condition for the case where there is no Stefan
flow. Lines: Correlations of Ellendt et al. Ellendt et al. (2018) at different particle
temperatures (400 K,1200 K,1600 K), symbols: results from our numerical simula-
tions. Green: isothermal. Cyan: T, = 400 K. Red: T, = 1200 K. Blue: T, = 1600 K.

respectively. Here, the integration is over the surface S of the par-
ticle. In the above, pp is the extrapolated pressure at the parti-
—= - . .

cle surface. Only the components F , and F . in the direction of
the mean flow are accounted for when calculating the drag coeffi-
cient, since the other components are canceled due to symmetry.
The Nusselt number is calculated based on the overall difference
in enthalpy flux at the boundaries of the simulation domain. Here,
the far-field based Nusselt number is calculated as follows:

N — (OT pTS)in + U of (PCpTS)spn = ([ (P HT) A dS)aur 2R
S (Tp — Too) ho”
(23)
where subscripts in, out and sph refers to the conditions at the in-

let boundary, the outlet boundary and the particle surface, respec-
tively, and S is the surface area of the relevant boundary.

3.4. Validation

In order to validate the code, simulations were carried out to
examine if the code reproduces known results both for the drag
coefficient and the Nusselt number.

For the validation of the code with respect to the drag coef-
ficient, non-isothermal simulations without Stefan flow were car-
ried out. The drag coefficients obtained from the simulations based
on Eq. 20 were compared with the model suggested by Ellendt
et al. Ellendt et al. (2018) (see Eq. 15). As shown in Fig. 2, the nu-
merical results show good agreement with the model of Ellendt
et al. Please note that, when determining the model predictions,
the Reynolds number is based on film conditions.

We are interested in the Nusselt number at strongly non-
isothermal conditions, i.e., where the temperature difference be-
tween the particle surface and the far-field is high (> 100 K). In

Normalized Stefan flow velocity ( U\/,/ Ux )

Fig. 3. Normalized drag Cp/Cp,o at film condition and Normalized Stefan flow ve-
locity Us/Ux. Cp,o is the drag coefficient without Stefan flow. Simulation conditions:
Uyr=3.0m s !, T, = 1400 K, and D=1.0 mm.

order to validate the code with respect to the Nusselt number,
simulations were carried out with a strong temperature differ-
ence, but without Stefan flow. The results were compared with
the Ranz-Marshall model (Eq. 2), which is applicable for strongly
non-isothermal conditions (see section 2.1). Table 4 shows a good
agreement between the numerical results and the model data.

4. Results and Discussion

4.1. The effect of Stefan flow on the drag coefficient under
non-isothermal conditions

By comparing the simulation results obtained at isothermal and
non-isothermal conditions, it is possible to isolate the physical
effects of the Stefan flow (e.g. due to the change in boundary
layer thickness) from thermal effects (e.g. variation of thermophys-
ical properties due to the change in temperature). Figure 3 shows
the normalized drag coefficient (Cp s7/Cp o) against normalized Ste-
fan flow velocity (Uss/Ux) for both isothermal and non-isothermal
conditions (condition 3 of Table 1).

The drag coefficient is normalized by the corresponding drag as
obtained without a Stefan flow (Cp o). Here, Cp ¢ and Cp ¢ are calcu-
lated based on film condition (See Eq. 20). As can be seen from the
figure, the temperature difference has a significant effect on the
slope of the curve, especially for high temperature differences. The
drag reduction by the Stefan flow is more significant when the par-
ticle temperature is lower than the surrounding gas (T, < T) and
vice versa. The same behavior can be observed (not shown here)
for conditions 1 and 2 (see Table 1) as well. It means that apart
from the physical effects of the Stefan flow, the thermal effect has
to be considered to describe the change of Cp for non-isothermal
conditions.
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Table 4

Comparison of Nusselt numbers (Nu) and the drag coefficient (Cp) without Stefan flow
from simulations and the Ranz-Marshall model (Eq. 2)), respectively the model of El-
lendt et al. (Eq. 15). Far-field temperature (T, ) is 1400 K for all the cases. Conditions
1-3 are listed in Table 1, while conditions 4-5 are presented in the following: condition
4: D=1.0 mm and U, = 5.94 m s~!, Condition 5: D =1.0 mm and U,, = 11.88 m s!

Condition T, Re¢ Nu Error  Cpy Error
K - Sim Model % Sim Model %

1 400 4.88 316 332 4.8 5.90 6.48 8.95
1200  2.66 284 289 1.7 1139 11.53 1.22
1600  2.10 274 278 14 13.67 1438 498

2 400 1465 404 428 5.6 2.76 2,67 1.34
1200  7.99 357 355 0.6 5.01 4.76 2.15
1600  6.31 341 335 1.8 5.90 5.95 0.30

International Journal of Multiphase Flow 140 (2021) 103650

3 400 2929 516 523 13 1.74 1.68 0.92
1200 1598 434 420 33 3.09 2.92 1.55
1600 12.63 4.06 3.91 3.8 3.60 3.64 0.24

4 1600  25.0 495  4.69 5.5

5 1600  50.0 622 5.80 7.2

The thermal effects of the Stefan flow can be studied by inves-
tigating Fig. 4, which shows the variation of the velocity and tem-
perature fields in the boundary layer. Without the Stefan flow (blue
lines), the velocity gradient of the non-isothermal case (T, < T)
is slightly larger than that of the isothermal case. Nevertheless,
we can see from Fig. 2 that the drag coefficient for T, < T, (non-
isothermal case) is lower than for the isothermal case. This is be-
cause the contribution from the change in thermophysical param-
eters is more significant than the change in boundary layer thick-
ness (Eq. 20). To be more specific: one would expect the drag co-
efficient to increase when the boundary layer gets thinner (higher
velocity gradients), but this effect is more than compensated by
the decrease in viscosity due to the lower temperature. In essence,
the local Reynolds number is increased when the particle temper-
ature becomes lower than the far-field temperature, and it is clear
from Fig. 2 that the drag coefficient decrease with increasing Rey.

In contrast, the same non-isothermal case shows a more pro-

nounced expansion of the velocity boundary layer with an out-
ward Stefan flow (red lines) than does the isothermal case. This
pronounced change in the velocity is due to the expansion of the
gas from the Stefan flow as it is heated. Since it is the velocity of
the Stefan flow that is kept constant between different cases, the
total mass flux due to the Stefan flow is much higher for the non-
isothermal case (since the fluid density is more than three times
higher at 400 K than at 1400 K). This means that as the initially
cold gas emitted from the particle at 400 K is heated up, it acceler-
ates and pushes the boundary layer outwards. In fact, the normal-
ized temperature plot in Fig. 4b shows the decrease in gas tem-
perature near the particle surface with outward Stefan flow. As for
the inward Stefan flow, both velocity and thermal boundary lay-
ers showed exactly opposite trends from the outward Stefan flow,
i.e. steeper velocity gradient and thinner thermal boundary layer.
These observations imply the importance to consider the change
in thermophysical parameters when modelling the drag coefficient
under non-isothermal conditions. Therefore, the model developed
in our previous paper (Jayawickrama et al., 2019), which was based
on isothermal simulations, needs to be extended to consider the
effect of the variation of thermo-physical properties.

Our  previous study under isothermal conditions
(Jayawickrama et al., 2019) showed that the drag coefficient
changes due to a Stefan flow. This change is primarily caused by a
modification of the viscous forces due to the change in boundary
layer thickness. Following the idea in Jayawickrama et al. (2019),
the current study uses a simple model for the effect of a Stefan
flow on the drag coefficient. It is related to the change in the
volume of the boundary layer due to the Stefan flow, and is
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Fig. 4. (a) Normalized velocity in the mean flow direction (Uyx/U); (b) Normal-
ized temperature (T/T.). Both figures are drawn as functions of the normalized
distance from the centre of the sphere (y/R) along the y-axis (6 = 90°). Simulation
conditions: Ux,=3.0 m s~!, T,, = 1400 K, and D=1.0 mm. Solid lines: isothermal and
Dashed lines: non-isothermal results (T, = 400 K).
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proposed as:
Cpsf =Cpo xCpyr, (24)

when Cp is the drag coefficient under non-isothermal conditions
without a Stefan flow (see e.g. Eq. (15)), and Cp, is a correction
term that accounts for the effects of a Stefan flow, in addition to
any thermal effects of this Stefan flow. This correction term takes
into account two effects: one is due to the temperature difference
between the particle surface and the far-field while the other is
due to the variation of the temperature field due to the Stefan flow.
Both effects can be accounted for by using a modified temperature
(T) based on the volumetric contribution of the Stefan flow (V)
and its temperature (Tys = Tp), and the volume of the boundary

layer without Stefan flow (V) and its temperature (T; = @);

= VT + VT,

Fo Bl Vsl (25)
Vg + Vi

where

Vi = 4T R?UgsT (26)

is the added volume due to the Stefan flow,with the flow time-
scale given as:

_2(R+39)

27
U 27)
Furthermore, the volume of the boundary layer is given as:
Vg = il7'((R+z§)3—§7'rR3, (28)
3 3
when
2AR
8= , (29)
\/ REf
is the classical boundary layer thickness, where
Usod
Rej = Pt (30)
Mg

and A is a model constant. By substituting V¢ and Vp in Eq. 25 with
the corresponding expressions found in Eq. 26 and 28 we obtain:

Tp + oL f(Rep)Tyy

T= 31
1+ g2 f(Rey) Gy

where

f(Rep) =3(1+ ! (32)

J/Re (F+6(F2+4(F)3)
Now, T will be used to calculate the drag coefficient without Stefan
flow (Cp) such that the non-isothermal model for Cp,ss becomes:

Coss = Cpo x Cpyr. (33)

where Cp is calculated from the modified Schiller-Naumann equa-
tion (Eq. 15) for non-isothermal conditions:
(1 +0.158e"*yg;

Co= 22 ¢ =0.273(1 — 0.883Re) (P _
Re Pp

(34)
where Re is the Reynolds number calculated with properties at T.
Cp.r is calculated based on the model developed from isothermal
simulations (Jayawickrama et al., 2019) where:

Vs 1
Cor= - . (35)
TVg Ve 14 f(Rep)
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In the above, the tilde over (@ is used to highlight that it is based
on properties calculated at T. The constant A is calculated using
non-linear least-squares regression to minimize the error between
the model and the simulation results (nlinfit in MATLAB). The final
value of A is 2.93.

Fig. 5, which shows the drag coefficient as a function of the Ste-
fan flow Reynolds number, compares the above model with simu-
lation results. The model is an extension of the previous isothermal
model presented in Jayawickrama et al. (2019). This new model
captures the effects of non-isothermal, uniform bulk flow and uni-
form Stefan flow. Model data and simulation results are matching
well and it has only one fitting parameter (A). The model has a
good qualitative performance for both negative and positive Ste-
fan flow conditions, and it is based on a physical interpretation of
thermal effects due to property variations and the Stefan flow, and
physical effects due to pressure, viscosity and Stefan flow.

The (relative) root-mean-square error (Eq. 36) with all the data
in Fig. 5 was 9.6%. The error was relatively high for T, =400
K (Fig. 5a), with the maximum value reaching 28%. When only
considering the data from the temperature difference of 200 K
(Fig. 5b-c), the maximum relative error of the model was 6%
and the root-mean-square error was 4.6%. Root-mean-square error
(RMSECd) is calculated as follows:

[ > ( Cd modet =Cotsimulations )2 ]

Ca simulations (36)

RMSE, = 100 x "

where Cy moder is the value predicted by the model Eq. 33-(35) and
Ca.simulations 1S the value calculated from the simulations and n is
the number of simulations considered.

The models are tested and validated for the particle Reynolds
number range of 2 <Re; <30, Stefan Reynolds number range
of —8 < Rey, <25, and temperature range of 400K < T, < 1600K
with uniform Stefan flow. The developed model should be appli-
cable for the valid temperature ranges of the modified Schiller-
Naumann model (Eq. 34). However, one should be careful when
extrapolating the applicability beyond the range of validation con-
ditions. For example, the model might not be valid at higher par-
ticle Reynolds number due to flow separation or the change in
the relative magnitude between the pressure force and the viscous
force.

4.2. Nusselt number with Stefan flow

Murphy & Shaddix Murphy and Shaddix (2003) has developed
a theoretical model that accounts for the effect of a Stefan flow
when calculating the Nusselt number of a sphere immersed in a
quiescent fluid (See Eq. 11). In their model, the Nusselt number is
calculated as Nuy = Nug feorr, Where Nug = 2 is the Nusselt num-
ber of a spherical particle with no Stefan flow in a quiescent fluid
and feorr is @ correction term that accounts for the effect of the
Stefan flow. One way to apply this model directly for the cases
with convective flows is to replace the Nusselt number, Nuy, with
the one with a convective flow, as given by e.g. the Ranz-Marshall
model. However, the prediction with this approach does not de-
scribe the simulation results. The same observation was discussed
by Kestel Kestel (2016), who proceeded to develop an empirical

1) +thodel with several fitting parameters Eqs. 12-(13).

As discussed in the previous section, the temperature in the
boundary layer changes due to the Stefan flow, especially when the
temperature differences are significant. This change should be re-
flected in the characteristic temperature when calculating the Nus-
selt number. In this work, we apply a multiplication law to de-
scribe the effect of a Stefan flow (by Eq. 11) and the effect of a
convective flow (Eq. 2), but considering the change in character-
istic temperature. This approach in practice calculates the Nusselt
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Fig. 5. Comparison of the drag coefficient from the model, i.e. Eqs. 31-35, (lines) and the simulations based on T (symbols). Particle temperature (T;) is (a) 400 K (b) 1200
K or (c) 1600 K. Condition 1: U,,=0.5 m s~'and D=1.0 mm. Condition 2: U, =3.0 m s~'and D=0.5 mm. Condition 3: U,,=3.0 m s~'and D=1.0 mm.

number based on the thermophysical properties using the volume
averaged temperature derived earlier (Eq. 31). The model for the
Nusselt number needs to be applicable for convective flows around
a sphere with high temperature differences. Here, we have used a
Ranz-Marshall type model by parameter fitting the original Ranz-
Marshall model with simulation data without Stefan flow, to ob-
tain:

Nu =2 + 0.570Re” B, (37)
where Re and Pr were calculated based on the volume averaged
temperature, T, as given in Eq. 31. Now we can replace the Nus-
selt number without Stefan flow (Nu) in Murphy & Shaddix model
(Eq. 11) with the model presented in Eq. 37, such that the final
model for Nu, accounting for non-isothermal effects and Stefan
flow reads as:

~ Nu_1
Nl_lsf_f = Nuﬁ, (38)
PriRe; -
where q = 711" and Nugy ¢ calculated based on film condition

for the thermal conductivity (4f). The Stefan flow Reynolds num-
ber (Regs) is calculated based on particle surface condition while
the Prandtl number (Pr) is calculated based on film condition.

It is clear that the volume averaged temperature must lie be-
tween the particle temperature (Tp) and the far-field temperature

(Ts). From the definition of the volume averaged temperature, as
given by Eq. 25 (respectively Eq. 31), it can be shown that this is
not the case when Vy¢/V < —0.5. (This corresponds to a situation
where there is a very strong inward Stefan flow.) This means that
the expression given by Eq. 25 can not be used to define the vol-
ume averaged temperature for such a condition. Therefore, the vol-
ume averaged temperature is assumed to be equal to the far-field
temperature when V;¢/Vp < —0.5. This means that,

i
f_ % (Eq31) for Vs /V > —0.5, (39)

- Toe ’
T for V5 /Vp < —0.5, (40)

where f(Rey) is calculated from Eq. 32 and A = 0.4.

To validate the model, the Nusselt number was calculated from
the simulation with the conditions 1, 2, and 3 (see Table 1) includ-
ing one negative Stefan flow case with Vi;/Vp < —0.5. Fig. 6 depicts
the comparison between simulation results (symbols) and the pre-
dictions obtained with the model presented in Eq. (38) (lines).

The (relative) root-mean-square error (Eq. 36 after replacing the
term C; with Nu) with all the data in Fig. 6 was 12.6%. The er-
ror was relatively high for T, = 400 K (Fig. 6a), with the maximum
value reaching 73%. When only considering the data from the tem-
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perature difference of 200 K (Fig. 6b-c), the maximum relative er-
ror of the model was 9% and the root-mean-square error was 3.8%.

The model is developed for calculating the Nusselt number for
a spherical particle with uniform Stefan flow, immersed in a uni-
form convective flow. It was validated for the Reynolds number
(Rey) 2 < Rey < 30, Stefan Reynolds number (Rey,) —8 < Regf ), <
25 and temperature range 400 K-1600 K for nitrogen gas atmo-
sphere. The parameters for the Nusselt number without Stefan flow
(Eq. 37) were estimated by fitting the simulation data presented in
this study. Different sets of parameters might be applicable for dif-
ferent Reynolds number and temperature ranges.

The model for the drag coefficient and the Nusselt number were
both developed by assuming that the change in temperature in-
side the boundary-layer occurs due to variations in Stefan flow
velocity, Stefan flow temperature and far-field temperature alone.
This would not be the case when there are other phenomena that
affect the boundary-layer temperature, such as e.g., homogeneous
reactions. The model is based on the assumption that the pres-

sure force and the viscous force are of the same order of magni-
tude and that only the viscous force is affected by the Stefan flow
(see Jayawickrama et al. (2019)). This might not be true for higher
Reynolds numbers.

5. Conclusions

The effect of a Stefan flow on the drag coefficient and Nusselt
number was studied for a uniform flow around a spherical particle.
The effect was investigated at non-isothermal conditions using re-
solved numerical simulations. Particle diameter, slip velocity, parti-
cle temperature, and Stefan flow velocity from/to the particle have
been varied during the simulations. The range of Stefan Reynolds
number of —8 < Re,r , < 25, Reynolds number of 2 < Rey <30 and
particle temperatures (T,) of 400 K, 1200 K and 1600 K were con-
sidered in the simulations. The far-field temperature (T.,) was kept
constant at 1400 K.
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The sensitivity of the drag coefficients on the Stefan flow was
significantly different between isothermal and non-isothermal con-
ditions. The effect of variation in thermophysical properties, espe-
cially at high temperature differences (between particle and far-
field), is emphasized. This difference makes isothermal models less
accurate for estimation of the drag coefficient.

Our previous model, developed for the drag coefficient with
Stefan flow at isothermal conditions, therefore was modified for
non-isothermal conditions. The refined model (presented in Eq. 33)
introduced the volume averaged film temperature (T) to describe
the change of thermophysical parameters in the boundary layer
by a Stefan flow under non-isothermal conditions. The model is
based on the physical interpretations and shows a good agreement
with the simulation data. It kept the number of fitting parameter
to one, which represents the relationship between the boundary
layer thickness and the particle Reynolds number.

Similarly, a new model (see Eq. (38)) that describes the effect
of a Stefan flow on the Nusselt number was developed by using
the volume averaged temperature (T) in combination with models
that describe convective flow effects and Stefan flow effects on the
Nusselt number. The model agrees well with the simulation data
with a single fitting parameter, which represents the relationship
between boundary layer thickness and particle Reynolds number.
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Appendix A. Gas properties

Variation of thermal and physical properties of nitrogen (N,)
with temperature were calculated as follows. Specific heat capac-
ity(cp) is calculated by NASA polynomials:

Cp=Re,(ag + a1 T + a7 + a3T° + auT* + a5/T +ag/T?), (A1)
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Table A.5
Coefficients for calculation of heat capacity (c,) of gas.
Coefficient T < 1000 K T > 1000 K
ag 3.29868 2.92664
a 0.00140824 0.00148798
a, -3.96322x10°¢ -5.68476x 107
az 5.64152x10-° 1.0097x 1010
ag -2.44486x10-12 -6.75335x10"1°
as -1020 -922.798
ag 3.95037 5.98053

where ag, a;, a, a3, a4, as, ag are one set of constants for
T >1000 K and another set of constants for T <1000 K. R,
(=296.8048) is a constant (Table A.5).

Dynamic viscosity(u) is calculated from Sutherland formula

(Sutherland, 1893):
i =1.67212 x 10°vT/(1 4 170.672/T), (A.2)

where w is in Pa.s and T is in K. Density (p) is calculated from
state equation with constant pressure;
p = pM/RT, (A3)

where M is the molecular weight (28.01 g/mol), p atmospheric
pressure (101325 Pa) is and R is the gas constant. Thermal con-
ductivity (A) is calculated from following model:

A =48 x 107470717,
where A is in W/(K.m) and T is in K.

(A.4)
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Abstract

The aim of the work was to study the effects of neighboring particles with
uniform Stefan flow in particle-fluid flows. Particle-resolved numerical simu-
lations were carried out for particles emitting a uniform Stefan flow into the
bulk fluid. The bulk fluid was uniform and isothermal. The Stefan flow vol-
ume emitted from the two particles is equal, such that it represents idealized
conditions of reacting particles. Particles were located in tandem arrange-
ment 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 stud-
ies. 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 the previous
studies on neighbor particle effects. When the particle distance is greater
than 2.5 diameters(L/D > 2.5), Stefan flow and neighboring particle effects
affect independently, i.e. outward Stefan flow decreases the drag coefficient
(Cp) while inward Stefan flow increases it and upstream particle has a higher
Cp than the downstream particle. When L/D < 2.5, effect of Stefan flow
is dominant and, equal and opposite pressure forces acting on the particles
which repels each other. Pressure force showed a large increase compared to
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the viscous force at these distances. The effect of Stefan flow is weakened at
higher Reynolds numbers.

Keywords: Drag coefficient, Stefan flow, Neighboring particles, Boundary
layer, multiphase reactive flow

1. Introduction

For an isolated particle in a highly dilute flow, accurate expressions for
heat, mass and momentum transfer between particle and fluid is well known.
This is not, however, the case for particle neighbors, which indirectly in-
fluence each other over distance of several particle 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 vicin-
ity. Understanding the physics behind these effects is therefore important
for applications such as droplet evaporation, particle drying and pulverized
fuel combustion/gasification.

Droplet evaporation and combustion are complex phenomena involving
various interactions such as reaction/phase change, changes to thermophysi-
cal 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 [1, 2, 3, 4, 5].
Work related to droplet evaporation is not discussed here and recent de-
velopments can be found in [2, 6]. There are some work also on coal/char
combustion simulations with multiple neighboring particles (See for exam-
ple [7]). Sayadi et al. [7] 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 has the highest burning rate, and that the
burning rate drops in consecutive particle 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 particles, parti-
cle arrays, particle streams and particle clouds [8]. In case of very dilute



particle concentrations, a particle can be considered as isolated. Interac-
tions between a bulk fluid and an isolated particle immersed in it are well
studied. However, it is clear that individual particles cannot be approxi-
mated 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 pul-
verized burners, where particle volume fractions are very low (1072 — 107%)
and particle separation distances are high (L/D ~ 10) [9, 10], the isolated
particle approximation fails. Particle interactions can be categorized in two
categories, where particle-particle interactions are direct collisions between
particles, while particle-fluid-particle interactions are interactions where the
fluid transmit the effect of one particle to another particle (such as the effect
of the boundary layer of one particle on a neighboring particle’s boundary
layer). Particle-fluid-particle interactions are important in arrays, clouds and
streams of particles. Lots of work has been done related to particle interac-
tions in structured arrays and particle clouds. However, most of those works
are on non-reactive particles (i.e. without Stefan flows).

There are also many instances of reacting particles that create a Stefan
flow on the particle surface, where the Stefan flow may be due to either het-
erogeneous reactions or phase change. The flow characteristics (local pressure
and velocity, etc.) and interactions (momentum, heat and mass transfer) in
particle-fluid flows can vary when a Stefan flow is present. The effect of a
Stefan flow on an isolated particle has been studied by many researchers in
the past and is summarized in recent work by Jayawickrama et al. [11, 12]
and Chen et al. [13]. According to the literature, a Stefan flow has a strong
effect on the drag coefficient and the heat transfer coefficient through its
influence on the thickness of the boundary layer.

There are few studies dedicated to the effects of a Stefan flow on the
boundary layer at closely spaced particles in a particle-fluid flow [13, 14, 15].
Chen et al. [13] studied the effect of a Stefan flow on the flow past a random
array of spheres. They observed that the effect of a Stefan flow is weakened
with increased solid volume fraction. This happens due to suppression of
the boundary layer thickening created by an outward Stefan flow compared
to an isolated particle.Du et al. [14] have studied the effect of Stefan flow
on the drag force of a single reactive particle surrounded by inert particles.
In addition to the observations of of Chen et al. [13], Du et al. [14] have
observed that the reduction of the drag force decreases as Re increases and
variation of Re has negligible effects on the reacting particle drag coefficient
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(Cp) at the solid volume fraction above 0.5. Here, Re is particle Reynolds
number calculated as follows:

Re = M, (1)

I

where p is fluid density, U is slip velocity between a particle and bulk fluid,
D is particle diameter and g is fluid viscosity. Regs can be calculated by
replacing U with Stefan flow velocity, Ugy in Eq. 1. Further, Du et al. [14]
have also developed a model to calculate the drag coefficient for a reacting
particle surrounded by a sea of inert particles. Wang et al. [15] have studied
the effect of a Stefan flow on two particles with the Stefan flow in different
particle separation and relative orientation between two particles in super-
critical 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 <Regst< 3. They observed that the Stefan flow reduces Nu and Cp. 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. [15] was much greater (Re> 10) than the values
observed in conditions relevant for combustion and gasification of pulverized
solid fuels [16, 17, 18].

All the studies on effects of neighboring particles with Stefan flow (reac-
tive flows) have investigated flows at high particle concentrations that are
relevant to fluidized-bed applications (L/D < 3). Investigations at interme-
diate and low volume fractions are important for other applications such as
pulverized fuel combustion/gasification. Llamas et al. [10] have shown that
for pulverized biomass gasification, individual particles are likely to interact
with only one or a few particles in vicinity [10]. Therefore, it is important
to understand how an isolated pair of reacting particles behave compared to
random arrays of reacting particles. As an example, entrained flow biomass
gasification (EFBG) has low particle Re (0 < Re < 14) and similar magni-
tudes of Regs. The detailed effects in such conditions have not been studied
earlier (most studies like Du et al. [14] have studied higher ranges of Reynolds
number, i.e. Re > 10 and Re >> Regr). Further, none of the studies on ef-
fects 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.

Different arrangements of two close particles can be considered as building
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blocks for arrays with more particles. There are various theoretical, numer-
ical, and experimental studies on the influence of particles located close to
each other in different arrangements, like side by side, inline (tandem) and
staggered. The main research findings on tandem arrangement can be sum-
marized as follows [19, 20, 21]:

(i) the effect of neighboring particles is weakened at high particle Reynolds

number (hereafter, simply referred as Reynolds number),

(ii) the effect of neighboring particles is less on the upstream particle com-
pared 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 down-
stream particle .

This work aims at studying the effect of Stefan flow on closely spaced
particles in a uniform flow at low Reynolds number that is relevant for ap-
plications 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 co-
efficient 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 (Reg))
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.

2. Methodology

Numerical simulations were carried out for a flow around two static, spher-
ical particles with constant size in a tandem arrangement (one behind the
other as shown in Fig. 1). The incoming gas flow is uniform and isother-
mal. A uniform Stefan flow is given as a boundary condition at each particle
surface. Different cases were simulated by varying the Reynolds number
Re = pUs D/, the Stefan Reynolds number Regy = pUgsyD/p and distance
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between the two spherical particles (L/D). In these expressions, p is the fluid
density, Uy, is the fluid velocity at the inlet boundary of the domain (here-
after referred to as slip velocity), D is the particle diameter, u is the dynamic
viscosity of the fluid, Usgy 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, axi-symmetric flow (Re < 210) [22] 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:

V.U =0, (2)

and momentum conservation results in,
(0 - V)W = =Vp+puV, (3)

where 7 is the velocity vector, p is pressure, p is dynamic viscosity and p
is fluid density. Equations (2) and (3) are discretized with the finite volume
method using second-order schemes. Readers are referred to our previous
work for specification of boundary conditions, calculation of Stefan flow ve-
locity and the immersed boundary method [11]. The only difference is that,
there are now two solid particles in tandem instead of one.

Table 1: Parameter variation in the simulations.

Slip velocity | Particle Particle separation L/D | Reynolds

Uso (m/s) diameter D number Re
(mm)

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

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[23, 18]. Details of velocity, diameter and distance be-
tween particles are shown in Table 1. The Stefan flow velocity was estimated
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Figure 1: Computational domain for the simulations, with D denoting the particle diam-
eter, and A;, i = 1 to 5 representing the coarsest to finest mesh. D_, ; is the distance
from the centre of the first sphere to the inlet and D, ; is the distance from the centre
of the second sphere to the outlet (See Table 2). D, ; is the distance from the symmetry
line to the boundary in the lateral direction.



Table 2: The sizes and resolutions of the refinement regions in the computational domain
(See Fig. 1).

i | D_y; | Diwi | Dy, Do | A;y/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

based on data from devolatilization and char conversion of biomass [24, 23].
Three values of the Stefan flow velocity were considered, namely Ugs; = —0.2
m/s (inward Stefan flow), 0 m/s (no Stefan flow) and 0.6 m/s (outward Ste-
fan 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
[22]. 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 [25]. The
numerical simulations were carried out using the same solver as in [11]; the
incompressible, steady-state, immersed boundary code.

Based on the domain size and mesh refinement tests (see supplementary
material), simulations presented in this work used domain 3 as defined in
Table A.3, 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. Figure 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 [11].

2.2. Estimation of the drag coefficient
The drag coefficient is calculated as [11]:

_ FP,z + Fvisc,z

Cp = , 4
P LR .
where the pressure and viscous forces are given as
Fp= ¢ (P — Prey)ids, (5)
5
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and

?visc = f /‘L(Vﬁ + vvt)ﬁd& (6)
S

respectively. Here, the integration is over the surface S of the particle. In the
above, Py, and P,y are the interpolated pressure at the particle surface and
in the far-field, respectively, and 77 is the unit vector in the surface-normal
direction. Only the components F'p and F',;s 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

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

8.1.1. Without Stefan flow

Figure 2 shows the relative pressure field around two neighboring particles
with different separation 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 pressure behind the particle. The effects
of the upstream particle is 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 is 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.

Figure 3 shows the velocity contours in the mean flow direction around
the particles without Stefan flow. Judging from the outer contour line for
0.8 Uy, the width of the velocity boundary layer reaches a maximum some-
where 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 veloc-
ity boundary layer from the two particles merge and resemble the boundary

10
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Figure 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 colormap
is adjusted to display positive pressure in green-to-red ranges and negative pressure in
green-to-blue ranges.
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Figure 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 1Us.

layer around one particle. There is no flow, or negligible fluid flow, between
the particles.

8.1.2. With outward Stefan flow

Figure 4 compares the contour plots of velocity (in the mean flow di-
rection) with and without outward Stefan flow. A clear difference is shown
between the cases with and without a Stefan flow. There is a shared bound-
ary 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 bound-
ary layer significantly larger. This could potentially lower the drag force on
the particles compared to the drag previously found for an isolated particle
[11].

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 shielding effect of the Stefan
flow around the two particles. It shows the stagnation point between the
two particles, which coincide with the point where the velocity magnitude is
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Figure 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 (Usy = 0.62 m/s corresponding to Regy = 2.9). Here
contours start from 0U., contour intervals are in 0.2U, and far-field velocity is 1U.
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zero, as also shown in Fig. 4. These observations suggest that the effect of
neighbouring particles on the viscous force may become less important with
the presence of an outward Stefan flow.

8.1.8. With inward Stefan flow

Figures 6 and 7 compares velocity contours (in the mean flow direction)
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.

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 flow, the zero velocity
zone surrounding the particle surface disappeared. Nevertheless, mergers of
the boundary layers of two particles were avoided with inward Stefan flow
at low L/D ratios (See Fig. 6, 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 outside will
pass the two particles. Due to symmetry, the vertical distance y., of this
separating streamline follows as yo, = (2Uss/Us)Y2D.

3.2. Drag coefficient

Figure 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 iso-
lated particle without Stefan flow is found from our previous work [11]. It
can also calculated from Haider and Levenspiel model [26]:

6880.95,

24
e I €0

Ca= R—(1 + 0.1806 Re™*%) + 0.4251(1 +
€

The data is shown for various Reynolds numbers and Stefan Reynolds num-
bers . 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
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Figure 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 represent the case with
outward Stefan flow (Ugy = 0.62 m/s corresponding to Resy = 2.9).
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Figure 6: Velocity contours in the mean flow direction around the particles at Re = 2.3.
Top half of each figure is velocity in the case without Stefan flow and the bottom half is
the case with inward Stefan flow (Regy = —0.96). Here contours start from 0U, contour
intervals are in 0.2U,, and far-field velocity is 1U.
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Figure 7: Streamlines surrounding the particles at Re = 2.3. Top half of each figure
is the case without Stefan flow and the bottom half is the case with inward Stefan flow
(Regy = —0.96). Streamlines are uniform in the incoming flow but due to inward Stefan
flow condition where volume flow rate interior to the particle depends on R?, downstream
particle reaches less number of streamlines.
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two neighboring particles without a Stefan flow (mimics a non-reacting par-
ticle surrounded by other particles). Downstream particles have lower drag
coefficient than isolated particles even at the largest particle distance inves-
tigated in this study (i.e., L/D = 10). The drag of downstream particles is
affected more significantly by upstream particles at higher Reynolds number.
The drag coefficient of upstream particles starts dropping when the parti-
cle distance is below L/D < 5 although this limit depends on the Reynolds
number.

These results also agree with other studies [20, 21], i.e., when two parti-
cles 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) and the
right (outward Stefan flow). In general, for L/D > 2.5, the results agree
with the previous studies [11, 2], that is; an outward (inward) Stefan flow
decrease (increase) the drag coefficient. Except for the cases with L/D <
2.5, the drag coefficients of both upstream and downstream particles showed
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 Regy. 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 increase the drag of downstream particle and reduce the drag of upstream
particle significantly. This makes the drag of a downstream particle exceed
that of an upstream particle. The point where this change happens depend
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 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 particle behaved
like a single particle and no flow from the bulk gas is observed between
the particles. Therefore, the Stefan flow effect alone come into play in the
volume between the two particles. The outward Stefan flow then results in
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Figure 8: Relative drag coefficient, normalized with the value of an isolated particle with-
out Stefan flow, as a function of the particle separation (L/D). (a-c) Re = 2.3; (d-f) Re =
7; (g-1) Re = 14. (a,d,g) Usy = —0.2m s} (b,e,h) Usy = 0ms™; (c,f,i) Usyp = 0.6 ms™1.
The drag coefficient of an isolated particle without Stefan flow can be calculated using the
model of Haider and Levenspiel [26]: Cyq = 22 (1+0.1806Re®645%) 4+ 0.4251(1 + %)_1.
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high pressure and large velocity gradient between two particles. As a result,
the two particles repulses 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 show 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 neighbouring particles were inde-
pendent from each other. At small particle distances (L/D < 1.5), an inward
Stefan flow increases the drag of the upstream 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 are attracting 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 parti-
cle and both upstream and downstream particle drag coefficients are positive
(drag is in the mean flow direction). Hence, the distance between two par-
ticles 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, repul-
sive 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
higher Reynolds number, resulting in thinner boundary layers. Similarly, the
expansion of the boundary layer by an outward Stefan flow becomes less sig-
nificant 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 num-
ber increases. In addition, downstream particles exhibit longer stagnation
distances than upstream particles, and this effect is enhanced as the parti-
cles 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 approach the stagnation distances.
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Figure 9: Stagnation point distance from the center of upstream and downstream particle
for each Re and L/D with outward Stefan flow (Usy = 0.6 m/s). Solid lines represent
upstream particles and dashed lines represent downstream particles.

3.8. Viscous and pressure forces

3.8.1. Owerall forces

Figures 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 lower the viscous force while an inward Stefan
flow increase 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 starts to increase at L/D < 1.5 with an outward Stefan
flow, instead of following the decreasing trend observed for L/D > 1.5 (Fig.
10 and 11 ¢,f,i). The same effect can be observed on the upstream particle
with an inward Stefan flow (Fig. 10 and 11 a,d,g).

Meanwhile, the relative changes of pressure and viscous force are quan-
titatively different from each other. Effects of neighbouring particles can be
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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 par-
ticle. The effect is less significant at 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 viscous force. This behaviour agrees
with previous studies [11]. 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.

8.83.2. Pressure and viscous stress at different angles

At both Reynolds numbers considered in Fig. 12 and Fig. 13, the lo-
cal 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 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 down-
stream 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 =23 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
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Figure 10: Total pressure force, normalized with the value of an isolated particle without
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than the far-field velocity (Uss > Us).

As we have observed from our previous work, for a single spherical par-
ticle, the effect of Stefan flow mainly affects the viscous force, but not the
pressure force, at Re < 14 [11]. 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, existence of particle in upstream changes the effect of a
Stefan flow on the downstream particle or relevance of a Stefan flow depends
on the distance to other particles.
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Figure 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 (¢) 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.
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Figure 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 (¢) at the particle surface. Angle 0 corresponds to the front of each particle. (a,b)
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lines: downstream particle. Blue lines: without Stefan flow; green lines: outward Stefan
flow; and red lines: inward Stefan flow.
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4. Conclusions

In this study, we have carried out particle-resolved numerical simulations
for two reacting particles in tandem arrangement with different distances
between the particles. Reaction generated flow (Stefan flow) is considered
either outward/inward uniform flow from/to the particle. Particle Reynolds
number (Re), Stefan flow (Ress) 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 num-
bers 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 particle.

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

A deviation from the previous observations occur when L/D < 2.5 since
the fluid flow is blocked between the upstream and the downstream particle.
At these distances, the main role of an outward Stefan flow is to create a high
pressure and viscous forces between the particles. An outward Stefan flow
creates very high pressure in 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.
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AppendixA. Domain size and mesh refinement tests

In our previous work [11], we carried out simulations for an isolated spher-
ical 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 refinemnet 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
domain used in [11] and kept the same transverse length (domain 1 in Table
A.3). Two more domains were also tested as shown in Table A.3. Domain
test simulations were carried out for the lowest Reynolds number (Re=2.3)
and highest outward Stefan flow case (Usy = 0.6), which generates the largest
boundary layer around a particle based on our previous results [11, 12]. Drag
coefficients obtained with the different domains were compared with the cor-
responding 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 coefficient results of different domains are
shown in Table A.4.

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.5.
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
Table A.6).
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Table A.3: Domain test details where L = 10, Re=2.3 and Usy = 0.624. All the distances
are in units of the particle diameter (D)

Domain | D_,1 | Dig1 | Dy1, D2
1 16 48 16
2 35 75 40
3 16 48 32

Table A.4: Domain size test for Re = 2.3, L/D = 10 and Ugy = 0.6 with mesh refinement
0.02D at different domain sizes.

Domain | Cp, front Cppack | Error(% of
domain 2)

1 9.36 8.25 0.8 |19

2 9.28 8.41 - -

3 9.35 8.44 | 0.75 | 0.36

Table A.5: Mesh refinement test for Re = 14, L/D = 2.5 and Ugy = —0.2.

refinement 0.04D 0.02D 0.01D 0.005-
Richardson
extrapola-
tion

particle front | back | front | back | front | back | front | back

Cy 332 | 295 | 343 | 2.34 | 3.47 | 2.37 | 3.48 | 2.38

Error(% 4.34 | 24.75| 1.18 | 1.30 | 0.3 03 |0 0

of

0.005D)
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Table A.6: Mesh refinement test for Re = 2.3, L/D = 1.1 and Ugy = —0.6 and Ugy = 0.

refinement 0.02D 0.01D
particle front ‘ back | front ‘ back ‘
Usf =0

Cy 9.98 | 749 | 10.13 | 7.58

Error(% of 0.01D) 148 | 1.19 0 0
Usy = —0.623

Cy -17.58 | 27.97 | -17.67 | 28.81

Error(% of 0.01D) 0.51 | 2.92 0 0
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Abstract

Drag is one of the most important forces that affects the dynamics of particle-
laden flow. Effects of Stefan flows (i.e., flows generated by chemical reactions)
on the drag are not well known, especially when intra-particle heat and mass
transfer significantly influence the progress of heterogeneous reactions. The
main objective of this work is to study how the effects of Stefan flow on drag
is altered when heterogeneous reactions progress unevenly inside the parti-
cle. Particle resolved numerical simulations were used to solve flow fields,
thermophysical parameters, and reaction rates inside and outside a parti-
cle undergoing a non-equimolar char gasification reaction (C+CO, — 2CO).
The drag coefficient (Cy) of the reacting particles has been calculated and
compared with the same conditions without reactions. Two major findings
are that: (1) the drag coefficients are higher than or close to the same case
without reactions, and (2) the drag coefficients show complex variations at
different stages of char conversion. Increase of the drag coefficient by Stefan
flow is contradictory to the previous studies that imposed a uniform Stefan
flow around a particle. Although the decrease of viscous force shown by pre-
vious studies is still valid in this study, significantly high pressure inside the
particle and localized reactions at the front of particles increased the pressure
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force even further. At later stage of char conversion, the change in particle
size and density (or porosity) also altered the drag coefficient. This effect
is highly dependent on the effectiveness factor due to the difference in how
uniform the reactions inside the particle progress.

Keywords: Char gasification, Drag coefficient, Stefan flow, reacting
particle-laden flows

1. Introduction

Particle-laden flows appear in many important natural phenomena and
technical applications. One example is coal and biomass combustion and
gasification, which is an important conversion technology in energy processes.
There are different factors affecting the interactions between fluid and parti-
cles in such flows. The interactions can be categorized into momentum, heat
and mass exchange. In general, momentum exchange is represented by the
drag coefficient (Cy), heat transfer by the Nusselt number (Nu), and mass
transfer by the Sherwood number (Sh). These parameters (Cy, Nu, and Sh)
are mainly affected by fluid conditions such as Reynolds number, particle
concentration, and particle shapes, but heterogeneous and homogeneous re-
actions also affect them by modifying the fluid conditions in the boundary
layer.

Heterogeneous reactions occur in many different particle-laden flows [1, 2,
3, 4, 5]. When a non-equimolar heterogeneous reaction occurs in a particle,
either an outward or an inward flow is generated. This flow is called a
Stefan flow. There are fewer studies on the effects of Stefan flows on reacting
particles [1, 6] than on evaporating droplets [2, 5, 7, 8, 9]. In most cases,
thermochemical properties of liquid droplets are relatively uniform inside the
droplets and Stefan flows are therefore generated uniformly at their surfaces.
This is not the case for reacting gas-solid flows because gas can penetrate
inside the often anisotropic pore structures and locally non-uniform reactions
potentially result in non-uniform Stefan flow. Therefore, the effect of Stefan
flow on gas-solid interactions should be investigated by resolving both inside
and outside the particles.

This study focuses on the effects of Stefan flow on the momentum ex-
change (represented by Cy). Some studies already investigated the effects
of Stefan flows on isolated particles by numerical analyses [1, 4, 10, 11, 12].
Previous work [10, 12] showed that an outward Stefan flow decreases the



drag coefficient by expanding the velocity boundary layer. This leads to a
low viscous component of the drag force, while the change in the pressure
component of the drag force is negligible. The conditions investigated in
these studies were 0.2 < Re < 14 and 0.2 < Regy < 14, where Re is the
Reynolds number of the particle based on the relative velocity between the
particle and the surrounding fluid and Reg; is the corresponding Reynolds
number based on the velocity of the Stefan flow. Kestel [1] has studied the
effect of Stefan flow on the drag coefficient under pressurized conditions and
developed models for C; and Nu for Re < 200 and Reg; < 20. All the above
studies used the assumption of uniform and isothermal Stefan flow and bulk
fluid flow around the particle. Kurose et al. [11] further showed that the
Stefan flow also affects the lift coefficient in a shear flow. Later, Jayawick-
rama et al. [4] developed models for drag and heat transfer (Cy and Nu)
accounting for Stefan flows and non-isothermal conditions. Here, the Stefan
flow was still considered to be uniform over the particle surface.

Apart from the uniform Stefan flow assumptions, the above studies ne-
glect the multi-species nature of the bulk fluid. Farazi et al. [13] have studied
the effect of Stefan flow on char particle combustion in an oxygen-enriched
oxy-fuel environment. They found that the Stefan flow from the particle
surface yields a lower drag force on the reacting particle compared with a
non-reactive particle. Zhang et al. [14] have carried out particle resolved
simulations for a burning char particle, considering both heterogeneous and
homogeneous reactions. They observed that the drag coefficient increased
with increasing heterogeneous and homogeneous reactions, which contradicts
with previous work where explicit accounts for chemical reactions were not
made. It calls for further investigations on the effects of Stefan flow with
more detailed consideration to develop reliable subgrid models. Here, one
should note that Zhang et al. [14] consider char combustion, which is an
equimolar reaction with respect to gas species (C + Oy — CO,). Therefore,
it represents the effects of species and temperature distributions without a
Stefan flow. In addition, both Zhang et al. [14] and Farazi et al. [13] still do
not resolve the temperature and gas flow inside the particle, which is a over-
simplified assumption for the zone II conditions of char conversion. In most
practical conditions, neither gas species nor reaction rates distribute uni-
formly throughout the particles [15, 16]. Therefore, it is necessary to resolve
the particle interior in order to study the effects of potentially non-uniform
reactions and Stefan flow.

Based on known shortcomings of existing studies identified above, this
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work aims to investigate the effect of a Stefan flow on momentum transfer
between a particle and bulk fluid for conditions relevant for entrained flow
biomass gasification. Particle-resolved direct numerical simulations were car-
ried out for porous particles undergoing heterogeneous reactions. To high-
light the effects of Stefan flow, a non-equimolar heterogeneous reaction (C +
CO; — 2C0) was considered without gas-phase reactions.

2. Methodology

To investigate the effect of Stefan flow in particle-fluid flows during hetero-
geneous reactions, entrained flow biomass gasification (EFBG) is considered
as a case study here. We have chosen to study char gasification process of
EFBG in this work. More details about char gasification modeling can be
found in these references [16, 17, 18, 19]. In this work, only the Boudouard
reaction (C + COy — 2CO), which is a non-equimolar reaction, is considered
as the gasification reaction between particle and gas to study the effects of
the Stefan flow. In EFBG, pulverized particles are suspended in the bulk
gas at particle concentrations below 0.001. Therefore, an isolated particle
immersed in a uniform, non-isothermal bulk gas is considered here. Parti-
cle diameters and slip velocities in EFBG vary within the range of <1 mm
and 0.1 — 3 ms™!, respectively [20]. Therefore, the same ranges are used for
this work. The char particle is modeled as a porous media (See Fig. 1).
Since there is no oxygen in the simulation domain, gas-phase reactions are
neglected. This makes it easier to isolate effects due to the Stefan flow.

Particle Reynolds numbers considered here are equal or less than 3.
Therefore, the flow around the cylindrical particles is axisymmetric and two-
dimensional without flow separation, which is a valid assumption when the
Reynolds number is less than 3.2 [21].

The following assumptions and simplifications were used for the simula-
tions;

1. the particle is an infinitely long cylinder and consists only of ash-free

carbon (no impurities)

2. the bulk fluid flow entering the simulation domain consists of only

nitrogen (N3) and carbon monoxide (CO,).

3. the solid particle is stationary, and only the local porosity is increasing

with the progress of the reaction,

4. the fluid is incompressible (variable density condition was used),
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Figure 1: Overview of the case domain.

5. the gas and solid phases inside the particle are in local thermal equi-
librium (T, = Ty),

6. radiative absorption in the gas phase is neglected (i.e., particles ex-
change radiation directly with the reactor wall).

Inside the particle, the fluid flow follows Navier-Stokes equation with a re-
sistance due to the existence of the solid phase. The resistance is calculated
using Darcy-Forchheimer law [22, 23]. Further details of the equations can
be found in the following section.

2.1. Governing equations outside the particle
The continuity equation is given by

Opy B
P V(57 =0, )

where p, is gas phase density and 7 is the velocity of the gas phase. Mo-
mentum conservation gives:
ﬁ(pgﬁ)
dt

(T V)T = —Vp 4 Vo [VT + V7T — %(v DL @
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where p is pressure, p is dynamic viscosity, and 7 is the identity matrix.
The energy conservation equation reads as

I(pgcp,gT)
dt
where ¢, is specific heat capacity, T' is temperature, and A, is thermal con-

ductivity. Models used for estimation of all the thermophysical and transport
properties are shown in Appendix A.

+V - (pge, UT) = =V -\, VT, (3)

2.2. Governing equations inside the particle
Since the solid phase inside the particle is stationary, the conservation of

momentum is solved only for the gas phase, while the account is made for
the local porosity. Hence, the continuity equation reads as:

d(ep

Xbs) 1 () = Re. 0
where € (= V,/Viu) is the porosity of a cell in the computational domain
where V; is volume of the gas and Vo is total voulme of the cell. R¢ is
char gasification rate due to the Boudouard reaction (in kg m™ s7!). The
momentum equation for the gas phase inside a porous medium is given by

a(%ﬁ) +(pg@ V)T = -Vp+ V- puVUT +VU" ~ g(v )T - Fa

()

where F = L (6)
K )

is the momentum transfer calculated based on Darcy-Forchcheimer law [22,
23] and

d? e
K = pore H
150(1 = 62" @

is the permeability as given by the Carman-Kozney equation with an average
pore diameter dpo. [24, 25].

A single energy equation can be used for the gas and solid phases due to
the assumption of local thermal equilibrium of the two phases (see assump-
tion 5):

Iepycpy + (1 —€)pscy | T
ot

+V(epylpg UT) = V(V e T) +Qraap+Qs; (8)



where ¢, , is specific heat capacity of the gas, ¢, is specific heat capac-
ity of char, p, is the true density of char and A.ss is the effective thermal
conductivity calculated as:

)\eff = E/\g + (1 - 6))\3. (9)

The radiative exchange between the reactor wall and the external particle
surface is given by )

Q'md,p = O'OZ(TZL) - Tp4)’ (10)
where o is Stefan-Boltzmann constant, « is the emissivity of char, T, is wall
temperature and 7}, is particle surface temperature. This term is zero for
the internal cells. Furthermore, the enthalpy change due to the solid phase
reaction reads as

Qs = AHRc, (11)
where AH is the reaction enthalpy and R¢ is the char reaction rate due to
Boudouard reaction. The latter is expressed through the char conversion rate
as

0Xc
Ro=(1- ——, 12
o= €0)p ot (12)
where the char conversion rate reads as
0Xc EaN ,
o Aexp <*ﬁ) Peos-f(Xc). (13)

where A is the kinetic prefactor, F, is the activation energy, pcos is the
partial pressure of CO5 and f(X¢) is the conversion function. Following the
random pore model, the latter read as

Sy _

f(Xe) = 500

(1-Xeo)V1—¢In(l-Xco) (14)
where S;, Sy are the instantaneous and initial local specific surface areas
of the char particle, respectively, and 1) is the structure parameter of the
random pore model. The char conversion rate X¢ is related to the local
porosity, €, via

e=¢ + Xc(1—¢), (15)

where ¢ is the initial porosity of the char.



The gas species equation reads as

d(ep,Y;

XDY) 9 (p,10) = =9 (ipgth) + iR (16)
where Y; is mass fraction of gas species 4, v; is stoichiometric coefficient in
the Boudouard reaction related to species ¢, and v is diffusion velocity of

gas species 7. The calculation of v§ can be found in Appendix B.

— A
Slip wall
y i )

— 16D| | —
Inlet Outlet
Symmetry. .. ... Ax=Ay=0.02D y
< 24D ¢ 33.6D >

Figure 2: The schematic image of the computational domain with the boundary condition,
domain size, and mesh size. Here D is diameter of the cylindrical particle, and Aj is the
size of the mesh in direction j.

2.3. Boundary conditions and initial conditions.

The overall approach of the simulation is summarized in Fig. 1, while
the simulation domain is shown in Fig. 2. The domain has the following
boundaries: inlet, outlet, slip wall, and symmetry. At the inlet boundary,
all the physical, chemical, and transport properties were uniform across the
boundary except for pressure, where the Neumann boundary condition was
used. The temperature was increased from room temperature (300 K) to re-
actor temperature within 10 ms, while the density was decreased accordingly.
Neumann boundary condition was applied at the outlet boundary except for
pressure where a specific value is defined. Slip wall boundary condition was



used on the upper wall of the domain where the surface normal velocity
is zero. The velocity normal to the boundary was zero, and all the other
properties have Neumann boundary conditions for the symmetry plane.

The cases for the simulations were designed to keep all parameters within
EFBG range. Here, the main focus was to investigate the effects of varying
particle Reynolds number (Re), Stefan Reynolds number (Res¢), and effec-
tiveness factor (7).

The Reynolds number is defined as

_ psUd,
L

where U is the relative velocity between the particle and the bulk flow, p, is
fluid density, u is fluid viscosity and d,, is particle diameter. The effectiveness
factor (n) is given by

Re (17)

Actual overall particle consumption rate

"~ Particle consumption rate at particle sur face’ (18)

Finally, the Stefan Reynolds number is calculated by replacing the slip
velocity in Eq. 17 with the Stefan flow velocity. The values of 0.5 or 3 are
chosen for the Reynolds number, while the effectiveness factor (n) is either
considered as low; 0.2-0.3 (cases 1-3) or high; 0.6-0.7 (cases 4-6). Note that
the exact effectiveness factor was not possible to estimate in advance due to
uncertainties in the existing analytical models. Six cases were used for the
analysis as shown in Table 1.

The initial velocity and pressure fields were obtained based on isothermal
simulation results at room temperature (300 K). Initial conditions, boundary
conditions and dimensionless numbers for the cases are shown in the Table 1.
Other constant parameters that are common for all the cases are tabulated
in Table 2. Hereafter, the cases with higher n means cases 4-6 in Table 1 and
cases with lower n means cases 1-3 in Table 1.

2.4. Numerical code validation and solution procedure

Simulations were carried out with the finite volume computational fluid
dynamics (CFD) code OpenFOAM v6 [28] with our own numerical solver
based on the governing equations described above. The pressure-Implicit
with Splitting of Operators (PISO) algorithm was used for the pressure-
velocity coupling. All the finite volume schemes used were second-order
accurate.



Table 1: List of parameters that were varied for different simulation cases. Effectiveness
factor (1), particle Reynolds number (Re), and Stefan Reynolds number (Regy) are the
values estimated from the results of the resolved particle simulation.

Toc P dp Uoo YCOz 00 n Re Resf
Case | (K) (atm)  (um) (m/s) (-)
1 1999  1.807  189.3 0.45 0.512 0.23 0.5 0.09
2 1999  1.807  189.3 2.70 0.512 0.44 3.0 0.03
3 1851  4.201  442.6 0.44 0.512 0.21 3.0 0.04
4 1891  4.506  97.21 0.32 0.512 0.74 0.5 0.08
5 1891  4.506  97.21 1.93 0.512 0.69 3.0 0.02
6 1735  7.672  228.1 0.32 0.99 0.58 3.0 0.03
Table 2: Constant parameters used for the simulations.
Type parameter value unit
Char Ps 1200 kgm™3
As 0.13 Wm2s!
Cp,s 1500 Jkg=ls7!
€0 0.7917 -
To 1.2632 -
dpore 250 x 107 m
v 1 -
Spo [26] 1.267 x 107 m?/m
Reaction kinetics[27]  E4 2.62 x 10° Jmol™!
A 1.19 x 10° sIMPa®
n 0.46 -
AH; 17.78 x 10°  Jkg™!
Radiation € 0.8 -

The initial domain size was selected from previous studies of flow around
a circular cylinder [29, 30, 31, 32] to be 57.6D x 16D. Domain size tests and
refinement tests were carried out by comparing C; and Nu values obtained
with different domains (lateral direction domain sizes of 12D, 16D and 24D)
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and different refinements (0.04D,0.02D and 0.01D). Drag coefficient is;

Fp+Fvis

Cy= L0
4T 0.5p, AU

(19)

where F),, F,; are pressure force and viscous force acting on the particle’s
outer surface, A is the cross-sectional area of the cylinder, which is D. Sim-
ilarly, C}, and C,;, can also calculated by replacing F, + Fi;s by F, and Fy,.
Mesh refinement tests were carried out for the case with the highest Reynolds
and Stefan Reynolds numbers, while the domain size tests were carried out
for the case where the same numbers were the lowest.

Figures 3 and 4 show domain test results and mesh refinement results for
both Cy and Nu. The maximum difference between the domain 16D and 24D
for Cy is around 1.2% (see Fig. 3). The Nusselt number shows a negligible
difference for domains 12D and 16D compared to the largest lateral domain
size of 24D. The maximum error in mesh refinement of 0.02D is about 5.8%
compared to the mesh 0.01D for C,, while it is about 4.4% for Nu. The
error in Cy of 0.01D mesh when compared with the value obtained from
Richardson extrapolation for a mesh of 0.005D is about 3.84% [33]. Since
errors of domain 16D and mesh refinement 0.02D are small errors compared
to the largest domain and most refined mesh, we used lateral domain size of
16D and mesh refinement of 0.02D for the rest of the simulations.

069 ) @

;1/04

Nu

O atX =0.05 O atX_ =0.05
c
+ stX =0.1 + atX=0.1

0 0
12 14 16 18 20 22 24 12 14 16 18 20 22 24

Lateral domain size (x dp Lateral domain size (x dp o

o
() (b)

Figure 3: Domain tests for the lateral width of the domain (y-direction of Fig. 1. (a)
Comparison of drag coefficient (Cy). (b) Comparison of Nusselt number (Nu).

The initial time step for all the simulations were selected based on the
Courant number (Co=0.5) used in the work by Tufano et al. [22]. Some cases

11
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Figure 4: Comparison of Cy and Nu at different mesh refinements. The mesh size is
uniform all over the domain. Cy and Nu at 0.005D mesh are based on Richardson Ex-
trapolation. (a) Comparison of drag coefficient (Cy). (b) Comparison of Nusselt number
(Nu).

created wiggles with time on the Cy with the Courant number 0.5 although
the Nu was stable. Therefore, Courant number was reduced until Cy values
were stabilized for those cases.

The numerical code was further compared with experimental data for coal
particle conversion time in a pressurized entrained flow gasifier (EFG) [27].
Some of the essential information was missing in the source [27] and assumed
from literature (The values used for the simulations are shown in Table C.3).
Simulation data were compared with the full conversion time of the particle
from [27]. For this comparison, the coal char entitled ” coal char SM” in [27]
was selected. Figure 5 shows the char conversion with time. It shows that
the total conversion time agreed well, while a deviation was observed during
the conversion.

3. Results and Discussion

The variation of the drag coefficient (Cy) of a cylindrical particle during
reactions has been compared to a non-reacting case. The main objective is to
see how a Stefan flow created by the reactions affects these parameters. As
shown in Table 1 and Table 2, six cases have been run and analyzed for var-
ious ranges of Reynolds numbers, effectiveness factors, and Stefan Reynolds
numbers. Calculation procedures for Cy are described in Appendices D. Cy
is normalized by the corresponding values obtained from the steady state
values of simulations without reactions.
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Figure 5: Char conversion with time of ’Extreme I’ case. Full char conversion takes 1.52s.
Details of parameters used for the simulation of the case 'Extreme I’ can be found in
Appendix C.

3.1. Effect of Stefan flow on the drag coefficient

Figures 6 and 7 show how the normalized Cy, normalized particle diameter
(d,), normalized particle density (p), and effectiveness factor (n) vary from
start to full conversion of the particle by gasification due to the Boudouard
reaction alone.

The drag coefficients for reactive cases in this study exceeded or equaled
those for the non-reactive cases (Fig. 7a). This is in stark contrast to our
previous work under the assumption of uniform Stefan flows [4, 10], which
showed the reduction of drag coefficient with outgoing Stefan flows. In all
cases, the normalized Cy initially increases to around 1 before the particle
starts to react (X, = 0). This period represents the transient period, where
the flow inside the boundary layer of the particles approaches that is seen
for non-reactive conditions. Thereafter, all the low 7 cases showed very
complicated transitions, while there are only two distinctive phases for high
7) cases.

To explain the different phases of changes in Cy of lower n cases clearly,
Fig. 8 shows the variation of Cy for case 1. Cy initially increases as described
above (up to point "A’). Then, there is an almost constant period of Cy (A-
B) and a peak (B-C), followed by a gradual decrease. Finally, the declining
trends of Cy halt with significant noises being induced in the calculated values
in C4. This instant coincides with the onset of particle shrinkage (Fig. 6b).
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Figure 6: (a) Comparison of normalized average drag coefficient (Cy) of the particles in
cases 1-3 in Table 1 (low 7 cases). Cy is normalized by the steady-state values of the
same case without reactions Cg fiim,nr,s5. (b) Normalized particle diameter variation.
(c) Normalized particle density variation. (d) Effectiveness factor variation of all cases.

The decrease in particle size results in a lower Reynolds number (Eq. 17)
and therefore higher Cy [34, 35]. The source of noise is mainly due to the
discontinuity in particle size due to the limited mesh resolutions. Note that
Cy4 continuously increases from point 'D’ onwards for case 1, but the other
two cases with low 1 end up at constant values of Cy close to one (Fig. 6a).

For high 7 cases (Fig. 7a), Cy gradually decreases as the char conversion
progress. At the end of conversion, when particle diameter starts to decrease,
the declining trend of Cj is interrupted, and the Cy stays almost constant.
The effect of shrinking particle size was similar to that observed in low 7 cases.
The gradual decrease of Cy below 90% of char conversion can be explained
either by the decrease of reaction rate (see Fig. 9) or by the gradual increase
of porosity throughout particles, which is known to reduce the drag [31, 36].

The differences in the effectiveness factors among cases seem to have dom-
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Figure 7: (a) Comparison of normalized average drag coeflicient (Cy) of the particle for
cases 4-6 in Table 1 (high 5 cases). Cj is normalized by the steady-state values of the
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inant effects on how the drag coefficients behave during the char conversion.
Although all the cases are affected by intra-particle transport phenomena to
some degree (zone II), cases 1-3 had relatively low, 7 in the range of 0.1-0.3
(Fig. 6d), which is closer to zone III conditions. Meanwhile, cases 4-6 are
closer to zone I conditions as their effectiveness factors are close to unity (Fig.
7d). The differences are clearly seen in Figs. 6b and 7b where diameter starts
to change much later (X, > 0.75) in the high 7 cases than in low 7 cases
(0.35 < X < 0.5). A more detailed investigation of momentum exchange can
be found in the following subsections separately for low and high 7 cases.
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Figure 8: Normalized drag coefficient (Cy) of the case 1 at different conversion stages.

3.2. Momentum exchange of low n cases

To study the variation of Cy at low n cases, Figure 10a shows the con-
tribution of the pressure and viscous components to Cy separately for each
case. In all cases, two components are in the same magnitude, but the vis-
cous component is smaller than the pressure component except for case 1 at
very low char conversions (X, < 0.2). Furthermore, Figure 10c (comparison
with non-reactive cases) shows that the normalized viscous force is also lower
than unity except X, < 0.2 for case 1 while the normalized pressure force is
above unity. Note that the values here are forces, and the effects of particle
shrinkage seen in the drag coefficient have been eliminated (see Appendix D).
Our previous studies with uniform Stefan flow [4, 10] have also shown a de-
crease in the viscous force with increasing Stefan flow, which dominated the
effects of Stefan flow on the overall drag coefficients. Therefore, the higher
Cy of lower n cases can be attributed to the pressure force, mostly due to
the effects of a non-uniform Stefan flow. The pressure force increases slightly
after the particle starts to react and before the diameter of the particle starts
to decrease.

Particle porosity is known to affect the drag coefficients, especially for
values above 0.8 [31, 36]. It also gives indications about the regions of the
reactions inside the particle because the porosity increases due to the hetero-
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geneous reactions (Eq. 15). In Fig. 11, contour plots of porosity for cases 1
(low ) and 4 (high n) are compared for char conversions ranging from 0.1 to
0.8. The figure also depicts the particle size and shape variation at different
conversions. The figures show that the porosity inside the particles, except
for the areas close to the external surface, hardly increases from the initial
value of ¢g = 0.7917 for low n cases. It means that, for the low 7 cases,
the increase in the particle porosity can be ruled out from affecting the drag
coefficient. The figures also show that the particle starts shrinking at the con-
version between 0.3 and 0.4, and from there, it constantly decreases in size.
This result can partially explain the gradual decrease of the viscous force at
the later stage of the conversion (X, > 0.4). Asshown in Fig. 9, the reaction
rate stayed almost constant for conversion less than 0.75 (X, < 0.75). The
decrease in particle size at the later stage of conversion means that the Ste-
fan velocity increases as the external surface area decreases while the total
volume of Stefan flow stays constant, as observed in Fig. 12. The viscous
force has likely been reduced due to the expansion of the boundary layer as
observed in the previous work [4, 10]. However, the potential effect of a non-
uniform distribution of the Stefan flow should be investigated. In fact, Fig.
11a shows that the upstream side (left in the figure) seems to react faster
than the downstream side, which is illustrated by the center of the particle
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Figure 10: Comparison of the pressure component of the drag coefficient (solid lines) and
the viscous component of the drag coefficient (dashed lines) for (a) low 7 cases and (b)
high 7 cases. Comparison of normalized pressure force and viscous force (c) low 7 cases
and (d) high 7 cases. Forces are normalized with the pressure force and viscous force of
the same case without reaction at a steady state.

moving rightward as the conversion progresses.

From Fig. 13a, we see the temporal bump in pressure force; the pressure
force of case 1 starts to increase around X, = 0.12, reaches the highest value
at around X, = 0.24, and the bump settles around X, = 0.36. Therefore, the
porosity and temperature field around the particle were examined at X=0.12,
0.24, and 0.36. Figure 14 shows the boundary of the particle and pressure,
temperature, and mass fraction profiles during the five conversions. There
is a clear connection between the high-pressure force region and localized
particle conversion, which can be seen from the temperature contours at
the front side of the particle. Localized particle conversion can be further
identified through the Stefan flow velocity around the particle surface. Stefan
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(b)

flow velocity at the particle surface vs. angle from the front to the back of
the particle is shown in Fig. 13b at three conversions: a, b and c. We can
see from the figures that there is a high velocity at the front of the particle
compared to the back of the particle at a and b and almost balanced surface
velocities at the front and back at c. This will lead to a higher pressure force
compared to what would be found due to a uniform Stefan flow around the
particle. According to previous studies [4, 10], it was observed that a uniform
Stefan flow around a particle does not affect the pressure force. Apart from
that, the particle boundary also shows that the pressure force is reduced
when the particle starts to react all around the particle (compare Fig. 14c
points a-b with ¢). Therefore, we could say that the high-pressure region
in Fig. 14b is due to the localized non-equimolar reaction producing more
product gas than reactant gas.

To find out the reason for the low viscous force at the same region of high-
pressure force, viscous force at the surface of the particle is plotted against
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for case 1.

the angle from front to the back of the particle in Fig. 13c. The figure
shows that the lowest average viscous force of the particle at b is due to the
positive and negative force at the particle surface’s front and back, which
cancels each other in average viscous force. From a-b average viscous force is
decreasing, and from b-c, it is increasing, which can be decided based on the
area under each curve for a-c in Fig. 13c. Since the average viscous force is
settling around the char conversion of ¢, where the particle starts to produce
symmetric Stefan flow velocities, we could say that the reason for the low
viscous force range is the localized reaction at the front of the particle.

3.3. Momentum exchange of high n cases

Even with higher 7, the normalized Cjy is higher than, or equal to, unity for
X, < 0.6 for all cases (see Fig. 7). Figures 10b and 10d confirms that this is
due to the pressure force. According to Fig. 15a, the increase of pressure force
is closely related to the magnitudes of normalized Stefan Reynolds number
(Regy/Re). Together with the low 71 cases, it highlights the importance
of pressure components for the Stefan flow effects on the drag coefficient.
Moreover, high 1 cases do not exhibit strong variations in conversion at
the front and back of the particle. It implies that the increase of pressure
components in drag may not be due to non-uniform Stefan flows due to
the localized reactions. Instead, this is probably due to the increase in the
pressure inside particles, which was not considered in previous work, e.g.,
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Figure 13: Normalized pressure force acting on the particle during conversion for case 1
(a). Char conversion at point a is 0.12, point b is 0.24, point ¢ is 0.36, point d is 0.6 and
point e is 0.9. Normalized velocity (U, s/Us) (b) and viscous force (c) at the particle
surface with the angle from the front of the particle to the back of the particle. Velocities
and viscous forces are at three char conversions: a, b, and c.

[4, 10], because they do not resolve the particle interiors in the simulation.
The viscous force slightly decreases when the particle starts to react and
continue at almost a constant value until the particle shape starts to change
(see Figure 10d). As mentioned earlier, the viscous force is reduced by the
boundary layer expansion due to an outwards Stefan flow [4, 10]. The con-
stant viscous force for high 7 cases cannot be explained by the variation of
Stefan flow alone since Regy and Ugy are not constant with conversion (see
Fig. 15). Between the char conversion of 0.1 to 0.7, Stefan flow velocity
decreases monotonically, which should increases the viscous force. However,
the porosity of the char particles simultaneously decreases throughout the
particle as shown in Fig. 11b. Therefore, the constant viscous force can be
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Figure 14: Variation of particle boundary (a), pressure contours (b), temperature con-
tours (c), carbon monoxide contours (d) and carbon dioxide contours (e) at different char
conversion stages.

explained as a combined effect of Stefan flow velocity and porosity increase
at the surface of the particle [31, 36].

4. Conclusions

A numerical platform was developed for a reacting particle with a het-
erogeneous reaction immersed in a uniform, incompressible bulk flow. The
particle is considered to be a porous, infinitely long cylinder that has resis-
tance to the flow inside it. The values of drag coefficients (Cy) from the
simulations were compared with the values of the same case without reac-
tions at the steady state. Results showed complex variations throughout the
conversion of the particle. In general, Cy is higher than or close to the case
without reactions for all the cases. The reason for the higher drag coefficient
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Figure 15: Comparison of normalized Stefan Reynolds number, Res¢/Re, (a) and nor-

malized Stefan velocity, Ugs/Us, (b) for cases 4-6 (high 7 cases) as a function of char
conversion.

is the pressure force, while the viscous force was less than the case without
reactions almost throughout the conversion. The increase in pressure force
was observed both at low and high effectiveness factor cases. The most likely
reason for the active role of pressure force observed in this study is the fact
that the particle interior has several orders of magnitude higher increase of
pressure than the variation outside the particle. Apart from that, there is a
region of a bump in pressure force and a pothole in viscous force for low ef-
fectiveness factor cases due to localized conversions. The lower viscous force
of the particle during conversion agrees with our previous findings of low
viscous force under the uniform Stefan flow around a particle. However, the
reduction of viscous forces cannot be attributed to the Stefan flow alone in
high effectiveness factor cases where an increase of porosity also contributes
to lowering viscous force. For high effectiveness factor cases, the porosity
changes throughout the particle as the reactions progress, which has effects
to lower the drag. These effects are usually not considered when model-
ing gas-solid reacting flows, which calls for the development of more general
models of the Drag coefficient.
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Appendix A. Thermophysical property calculation

Appendixz A.1. Dynamic viscosity
Dynamic viscosity of a gas component @ (), is calculated using Suther-

land formula:
As,i \/T

(A1)

i =

where A, and T are constants. Viscosity of the gas mixture is calculated as
follows;

~  Xip
= (A.2)
zzl: ENS J¢1J

where X; is molar fraction of gas component i, Ny is number of gas compo-
nents and ¢;; is calculated as follows;

1 Mi\ V2 A2\ A 2
N RO N T

where M; is molar mass of gas component i.

Appendiz A.2. Density of the fluid
Density is calculated using state equation for the gas mixture:

pM

P=RT (A4)

where p is the pressure at the outlet boundary of the simulation domain and
M = EZ o mi X

Appendix A.3. Thermal conductivity
Thermal conductivity of a gas component i ();) is calculated using:

>\i = ch (CL()J' -+ CLLZ‘T -+ a2,iT2 + agﬁiTs -+ a4ﬂ-T4)., (A5)
and mixture gas density (),) is calculated based on molar averaging :

(ZX)\ + M) (A.6)

i=1

NJ\»—k
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Appendiz A.4. Specific heat capacity
Specific heat capacity of gas component ¢ (¢, ;), is calculated using JANAF

tables [37]:
Cpi = boi + 01T + by T? + by, T + by, T* (A7)

where by ;, b1, ba;, b3, ba,; are constants for each gas. Specific heat capacity
of gas mixture (¢, ,) is calculated based on mass averaging :

tpg = B(Yicp;). (A-8)
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Appendix B. Velocity correction factor calculation

o=+, (B.1)
Dirri
— effi
r o _Zelligy B.2
] v VY, (B.2)
of = —o7, (B.3)

where Dy, is effective diffusion coefficient of gas component 4, calculated
by molecular diffusion and Knudsen diffusion as follows:

1 1

Deffi = = + =] .=, B.4
erri = | ortD ZKTJ . (B.4)
where 7 is tortuosity and DX™ is Knudsen diffusion coefficient for gas com-

ponent 7, due to pore diffusion inside the porous particle:

dpore [SET
3 V7,

Dim = (B.5)

where dpor. is average diameter of the pores, M; is molecular mass of gas
component i. Diffusion coefficient of i (D) is [38] :

1-Y;
D= —"— " (B.6)
Y B0 Xi/ Dy
where Y; is mass fraction of gas component ¢ and X; is the molar fraction
of gas component j. Binary diffusion coefficient (D;; in m?/s) is calculated

based on Fuller-Schettler-Giddings equation [39]:

0.10317*7, /5 + ]%,j
Dij = (B.7)

Prot((S0)F + (Sw)3)?

where Y is diffusion volume of i-th gas in 107°m?®/mol, M; and M; in g/mol,
Piot 18 total pressure in pascal.
Tortuosity 7 is considered to be varying linearly with solid phase conver-
sion:
T =1+ Xc(1 = 70), (B.8)

where 79 is initial tortuosity.
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Appendix C. Comparison study-Property values

Data is not available for porosity (e), initial pore diameter range (dpore0),
density of char (ps), relative velocity of air entering (U), initial tortuosity
(70), thermal conductivity of char (\,) and heat capacity of char (c,s). The
range of values for each property obtained from literature were used for the
simulations, which are shown in Table C.3. Information available in [27] is
also shown in Table C.3. Two cases with highest and lowest possible con-
version time based on porosity (¢) and average pore diameter (d,or.) selected
for the validation is shown in the Table C.4.

Table C.3: Values used for properties in simulations: from [27] and for the data not
available in [27] other values from literature is used. Here pore diameter is in nm, pressure
is in atm, temperature is in K, Activation energy is in kgm?s~2/mol and pre-exponential
factor is in kg =0-46m0-465-0.08,

Property Values from Values This
literature from [27] work

Porosity (e) 0.02-0.4 [40, 41] 0.4

Pore diameter range 1-250 [42] 1

(dpore (nm))

Density of char 1800-2200 [42] 1800

(ps (kgm~?))

Relative velocity of air 0.1-1.0 [43] 0.1

(U (ms))

Initial tortuosity (7o) 1.414 [44] 1414

Thermal conductivity 0.13 0.13

of char (A,)

Heat capacity of char (¢, ) 1500 1500

Diameter of the particle (D 44 44

()

Pressure (p (atm)) 5 5

Temperature of inlet (7; 1673 1673

(K)

Structure parameter (1)) 1 1

Activation energy (E4) 2.62 x 10°  2.62 x 10°

Pre-exponential factor (Ap) 1.19 x 10°  1.19 x 10°
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Table C.4: Parameter variation in 2 cases simulated for the comparison with [27].

Parameter Value Unit Extreme I Extreme II
Ds 1800-2200 kg/m3 1800 2200
dporeo 1-250 [42] nm 250 1
U 1.0-0.1 m/s 0.1 0.1
€ 0.1-0.4 1.0 0.4 0.1

Appendix D. calculation of drag coefficient

The drag coefficient can be calculated as

Cd _ ?{91 + ?vis,x./ (D].)
3pUZ(dy)

when the pressure and viscous forces are given as
?P = ‘%(psur - pref)ﬁdsa (DQ)
5

and

Fos = — f w(VU + V) ds, (D.3)
S

respectively. Here, the integration is over the surface S of the particle. In the
above, pg, and p,.r are the interpolated pressure at the particle surface and
in the far field, respectively, and 7 is the unit vector in the surface-normal
direction. Only the components F', and F'y; 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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Appendix E. calculation of Nusselt number

ot = D(dA X \,VT,) — V.(pU ey T)p,
V.(pileyyT), = ]{pﬁcnng.ndA = Z(ppﬁnpcp,gvapdA)

Qtot

Ap (Too - Tsurfave)

hfthew“mdp
Ny = ~thermTe
" A

htherm =
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On the inaccuracies of point-particle approach for char
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Abstract

Char conversion is a complex phenomenon that involves not only hetero-
geneous reactions, but also external and internal heat and mass transfer.
Reactor-scale simulation often uses a point-particle approach (PPS) as sub-
models for char conversion because of its low computational cost. Despite
a number of simplifications involved in the PPS, there are very few stud-
ies that systematically investigate the inaccuracies of the PPS. This study
aims to compare and identify when and why the PPS deviates from resolved-
particle simulations (RPS). Both PPS and RPS have been carried out for a
char particle undergoing CO, gasification under zone II conditions (i.e., pore
diffusion control). Results showed significant deviations between RPS and
PPS for the effectiveness factor, gas compositions, particle temperature, and
particle diameter. The most significant sources of inaccuracies in the PPS are
negligence of the non-uniform temperature inside the particle and inability
to accurately model external heat transfer. At low effectiveness factor, the
errors of intra-particle processes were dominant while the errors of external
process became dominant at the effectiveness factor close to unity. Because
it ignore non-uniform temperature, the PPS always predicted higher effec-
tiveness factor than the RPS despite its accurate estimation of intra-particle
mass diffusion effects. As a cosequence, the PPS failed to predict the particle
size changes accurately. Meanwhile, no conventional term for external heat
transfer could explain the inaccuracy, indicating other sources of errors such
as 2D /3D asymmetry or penetration of external flows inside the particles.
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1. Introduction

Biomass is a source of renewable energy that is carbon neutral, since it
absorbs COy from the atmosphere during photosynthesis. Therefore, it is an
attractive option for replacing fossil fuels to mitigate climate change effects.
However, biomass is cumbersome to use directly as a source of energy. Gasi-
fication is a convenient way of utilizing biomass and other solid fuels and gas
produced from the process has a wide range of applications. Entrained flow
gasification has the highest share of large-scale gasifiers of coal in the world
[1], and the process can produce high-quality syngas, which is favorable for
the synthesis of biofuel [1, 2, 3]. However, entrained flow biomass gasification
is still not at the industrial level due to some barriers [2, 4].

One way to study gasification is by using numerical simulations. A major
challenge of numerical simulations is the large variation of time and length
scales existing in the gasification process. As an example, particle sizes are
very small (O(1076 — 1073) m) compared to the reactor size (O(10° — 10%)
m) of an entrained-flow gasifier. Due to the wide gap, not only in length
scales but also in time scales, fully resolved simulations of entire gasifiers are
not, practical with contemporary computational resources and methods. In
entrained flow biomass gasification, particles are suspended in the fluid, and
the particles can therefore interact with the fluid or neighboring particles
through momentum, heat, and mass transfer. The current state-of-the-art
is to use sub-grid models to mimic small-scale phenomena (such as particle-
fluid interactions) such that larger mesh sizes and time steps can be used.
Therefore, the fidelity of simulations is highly dependent on the accuracy of
the sub-grid models. One such method is the so-called point-particle (PP)
method, where every particle is considered as a point in space occupying a
zero volume. The momentum, heat, and mass transfer between a particle and
the fluid are calculated through drag coefficient (Cp), Nusselt number (Nu),
and Sherwood number (Sh) models, respectively. Furthermore, it is essential
to have models to calculate the variation of particle diameter, density, and
evolution of internal particle surface area with the progress of the heteroge-
neous reactions. As particles are considered as points in space (in the PP
approach), properties such as temperature and gas compositions throughout



the particles are considered uniform. The change of reaction rates due to
internal mass diffusion is often accounted for through the Thiele modulus
and the associated effectiveness factor.

The most widely used constitutive models for C'p, Nu and Sh of a par-
ticle immersed in a bulk fluid were developed under simplified conditions,
such as non-porous particle, isothermal conditions, neglecting neighbor par-
ticle effects, and neglecting effects of Stefan flow [5, 6, 7]. Recently, a lot of
improvements in the models for Cp [8, 9, 10], Nu [8, 10, 11] and Sh [12] in
terms of different shapes, the effect of porosity, the effect of Stefan flow, and
effect of neighboring particles have been made. However, most recent works
such as [13, 14, 15, 16] consider the constitutive models with an improve-
ment for Stefan flow effects based on a model developed for Stefan flow in
a quiescent environment. More surprisingly, no previous study has consid-
ered additional transport mechanisms in the boundary layer, such as Stefan
flow-driven advection and Dufour effects. Therefore, it is vital to know how
these models perform for the simulation of reactive particles in convective
flows using PP methods[17]. Especially it is important for model improve-
ments to elucidate what models predict better and the reasons for deviations.
Such studies are possible only through the comparison of PP method results
with results produced from fully particle-resolved simulations (both particle
interiors and the boundary layer), which are rare in the literature.

Char gasification is the rate-limiting step during gasification. Apart from
that, char gasification usually occurs in zone II, where the gasification reac-
tion is controlled by both pore diffusion inside the char particle and chemical
kinetics [18, 19, 20]. This makes the process harder to model in comparison
with zone I and zone III processes. Zone I is where the reaction rate is con-
trolled by chemical kinetics (diffusion is fast). Therefore, the reaction rate
can be modeled by the kinetics rate. The particle density is varying and the
diameter of the particle is constant. Zone III is where the reaction rate is
controlled by diffusion. Here, the kinetics are fast, and diffusion rates are
low, such that reactions occur only at the surface of the particle. Therefore,
the density is constant, and the diameter varies in zone III. The reaction rate
can be modeled by the mass transfer coefficient at the external surface of the
particle. In zone II, both particle diameter and density decrease with the
progress of the reactions. The apparent reaction rate of a char particle in
zone II depends on many parameters, such as particle size, porosity, pore size
distribution, diffusion rates of the gases into the pores, and intrinsic reac-
tion rate [21]. Therefore, detailed studies of char conversion in zone II would

3



provide deeper insights into important parameters and modeling approaches.

The objective of this study is to identify and quantify the origins of in-
accuracies in the point-particle approach for char gasification modeling. We
carried out particle-resolved simulations of char particle gasification under
different conditions. Both the exterior and interior of the particle are re-
solved. A non-equimolar gasification reaction is considered to create a Stefan
flow. The results of simulations are compared with the point-particle ap-
proach. Then, we try to identify the differences between the two approaches
and the reasons behind the differences. Suggestions for improvements of the
point-particle approaches are made.

2. Methodology

2.1. Simulation case setup

Figure 1 shows the overall arrangement of the simulation cases. Particle-
resolved simulations were carried out for a particle undergoing on single
heterogeneous reaction (C + CO, — 2CO). The particle is considered an
infinitely long cylinder immersed in a uniform flow of bulk fluid consisting
of Ny and CO,. Homogeneous reactions in the fluid are neglected. The
particle is stationary and the bulk fluid enters the domain at slip velocity
between the particle and the bulk fluid. Simulations were carried out for 6
cases representing the combinations of high and low values of the; Reynolds
number, Stefan Reynolds number, and effectiveness factor. The upper and
lower limits for these parameters were selected based on the realistic ranges
in entrained-flow biomass gasification (EFBG). Table 1 shows details of the
six cases. Table 2 shows the common parameters for all the simulation cases.
The same parameters were later used also in the point particle simulations.
The details of particle-resolved simulations are described in our previous work
[22]. Therefore, only the point-particle calculation methodology is discussed
in this paper.

2.2. Point particle model

2.2.1. Conservation of enthalpy and mass of the particle

Enthalpy of the particle varies due to diffusion of heat in the boundary
layer (convective heat transfer), radiative heat transfer with the walls of the
reactor, enthalpy changes due to the Boudouard reaction, advective heat
transfer due to the Stefan flow and enthalpy transfer due to diffusion of gas
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Figure 1: Overview of the simulation domain.

Table 1: List of parameters that were varied for different simulation cases. Effectiveness
factor (1), particle Reynolds number (Re), and Stefan Reynolds number (Regy) are the
values estimated from the results of the resolved particle simulation.

Tw Poo d, Uy Yoo,00 | 1 Re Regy
Case | (K) (atm)  (um) (m/s) (-)

1999  1.807  189.3 0.45 0.512 023 0.5 0.09
1999  1.807  189.3 2.70 0.512 044 3.0 0.03
1851 4.201 4426 0.44 0.512 021 3.0 0.04
1891  4.506  97.21 0.32 0.512 0.74 0.5 0.08
1891 4.506  97.21 1.93 0.512 069 3.0 0.02
1735 7.672 2281 0.32 0.99 0.58 3.0 0.03

O T W N~

species (Dufour effect), such that the particle temperature evolution is given
by:



Table 2: Common parameters used for all the simulation cases.

Type Parameter Value Unit
Char Pe 1200 kg m—3
Ae 0.13 Wm2g!
Cpe 1500 Jkgts™!
€0 0.7917 -
To 1.2632 -
dpore 250 x 107 m
v 1 -
Reaction kinetics [23]  E4 2.62 x 10° J mol ™!
A 1.19 x 10° s~ MPa™
n 0.46 -
AH, 17.78 x 10° J kg™t
Radiation o 0.8 -

dT,
[epgcpg + (1 — e)PcCp,C]V;oTtp = hA, (T — T,) + 00 Ay(T,, — T:)
_RCAH - QSf - QDufoum

where p, is the gas density inside the particle, c,; are specific heat of gas
(i = g) and char (i = c) inside the particle, h is heat transfer coeflicient, A,
is the external surface area of the particle, T,, and T,, are far-field gas and
wall temperature, o is Stefan-Boltzman coefficient, and « is the emissivity.
Heat of reaction is temperature dependent, and expressed as:

(1)

w; [T
AH = AH, + zi:(yi,BoudWC To Cpi dT), (2)

where AH, is the heat of reaction at the standard temperature, v; is the
stoichiometric coefficient of species 7, W; is the molar mass of species i and
W, is the molar mass of char. The advective transport of heat by the Stefan
flow is expressed as:

Wg,rp o
Qsy = Re We /T CpgdT,. (3)
0



The dofour term is the enthalpy transfer due to gas species diffusion to/out
of the particle;

Tp
QDufou’r = Z maxr {07 hmfi(ci,p - C’Loo)Ap/ CPdT}
i To
T (4)
_ Z max {O7 Poni(Ci o0 — Ci,p)Ap/ cpdT}
i To

where h.,,; (see Eq.14 for details) is the mass transfer coefficient of gas species
i, and C;,, and Cj «, are gas concentration of species 4 at particle surface and
far-field, respectively.

The mass fraction of gas species inside the particle was calculated from
the species balance considering convective mass transfer, consumption or
generation by reactions, and advective transport by Stefan flow as:

dy; W
Epg‘/}# = Ny WiAp(Cioo — Cip) + Vi,BoudWCRC — M; sy, (5)

where Y, ,, is the mass fraction of species ¢ inside the particle, h,, ; is the mass
transfer coefficient of species ¢ on a molar basis, C; is the concentration of
species i, and the advective transport of species by the Stefan flow is given
by:

W
M; g5 = <Zl: Vi,Boud) Re Wg; Yip (6)

2.2.2. Heat and mass transfer coefficients

Heat transfer coefficient without the effect of Stefan flow was calculated
by:

ho = Nul; »/d,, (7)
where the Nusselt number was calculated based on Whitaker [6] as:
1 2 4, Moo\ 1
Nu = (0.4ReZ + 0.06Red )Py (7)4 (8)
P

Reynolds and Prandtl numbers were calculated from:

Rey, — M7 (9)
oo



and ool
~p,00 Moo
Pro, = Zp,o0l700

Ao
where subscript co represents the gas properties based on far-field conditions
and p based on particle conditions.

Mass transfer coefficient without the effect of Stefan flow was calculated
by:

(10)

R — 11
b, (1)

in m s7!, and D;p» is the binary diffusion coefficient between Ny and species
i. The Sherwood number is also calculated based on the Whitaker model:

hmO,i -

1 2
Sh; = (0.4ReZ + 0.06Re,) S04 (K227, (12)
P

where Schmidt number was calculated from:

fhoo

_ 13
pooDiNz,oo ( )

Sci,oo =
Parameters with sub-script co are calculated based on temperature (T),
CO, mass fraction (Yoo,.00), and CO mass fraction (Yoo o), all at far-field
conditions.
The effects of Stefan flow were considered for both heat and mass transfer
coefficients as [24]:

_ Dstfi

where the correction term for the heat transfer coefficient was calculated as:

1 Rccpﬂg

- 15
Pstf,h ho wd, (15)

and that for mass transfer coefficient was calculated as:

¢Stf,mass,i = M (16)

)
hO,mass,i

where

. Re
Notal = m (2; Vi,Boud) . (17)



2.2.3. Reaction rate

The rate of carbon consumption by the Boudouard reaction, R¢ in kg
s71, is calculated from the particle conversion, X,, the initial void fraction of
the particle, ¢, the true density of char, p., and the volume of the particle,
Vp, as:

RC = W = (1 —GQ)pC‘/p . %

The conversion rate considers the effects of intra-particle diffusion via the
effectiveness factor as [23, 25]:

x,

b= ke f(X,), (19)

where 7 is the effectiveness factor. An Arrhenius type expression with n-th
order model was applied for the rate constant, k., as:

E T
k. = Aexp (*Tz; )pcown (20)
p

(18)

where A is the pre-exponential factor, F, is the activation energy, R is
the ideal gas constant, 7, is particle temperature, and pco,p is the partial
pressure of COy at the particle surface. The structure-function, representing
the change of the specific surface area from the initial value is given by:

FX) = 22 1= Glog (”—) (21)

p.0 Pp,0

where 1) is the structure parameter determined form the initial pore structure.
The effectiveness factor for the cylinder particles can be calculated as:

ALY
¢ 1o(20)

where f. is the correction factor as suggested in [26] and I;(a) is the modified
Bessel function of é-th kind [27]. The Thiele modulus, ¢, is calculated as [27]:

¢ = dp\/ (n+1) kef (Xp)penar(1 — €0) RT 23)

n:fc

(22)

4\l 2D, co, We Pco,’

where D, is the effective diffusion coefficient of the porous particle. Calcula-
tion of D, is shown in Appendix B.



2.2.4. Variation of particle diameter and density

The particle diameter is constant until the conversion at the surface of
the particle is converted to a critical value of 99%. The surface conversion
was calculated in parallel through the integration of local conversion rate at

the particle surface as:
dX
= =k f(Xy). 24
= ke J(X)) (29

Once X reached critical conversion (95% in this study), the particle size is
calculated based on [19]:

dr, dm, 1—n

= —= , 25
dt dt 2mr,p,’ (25)
where the particle density is calculated as:
dpp _ dmy 1
2P . 26
dt dt mr? (26)

2.2.5. Calculation procedures

After deciding the time step for the point-particle calculations, tempera-
ture and gas species mass fractions were calculated using Eq.1 and 5. Then all
the time-varying parameters were calculated using the Euler-explicit method
at each time step. The more detailed sequence of point-particle calcula-
tions can be found in Appendix D. The point-particle results were compared
with volume-averaged parameters from particle-resolved simulations for the
6 cases in Table 1.

3. Results and Discussion

3.1. The comparisons of the point-particle and resolved-particle approaches

Simulation results from the point-particle approach (PPS) and resolved-
particle approach (RPS) were compared with respect to particle diameter
(d,), particle temperature (7)), gas composition (Y;,,), char conversion (X,,),
char conversion rate (%) and the effectiveness factor (n). The data from
RPS were averaged over the entire particle volume (volume-averaged) and
over the external curved surface of the particle (surface-averaged). Changes
in particle diameter from RPS were evaluated as the average distances be-
tween the initial center of the particle and the surface at the front, side, and
back of the particle. It should be noted that cases 1 — 3 have lower n values

10



(0.2 —0.4) than cases 4-6 (0.6 — 0.7). Here, we call the cases 1 — 3 as "low 7
cases” and the cases 4 — 6 as "high 7 cases” .

Figure 2 shows char conversion plotted against time and char conversion
rate plotted against char conversion for all the cases as a comparison between
the RPS and the PPS. All the cases show a significant difference between two
approaches. The predictions by the PPS and the RPS are closer to each other
in high 7 cases (Fig. 2c) than in low 71 cases (Fig. 2a). Moreover, the PPS
underestimate conversion rates for high n cases while they overestimate the
conversion rates for low 1 cases. It indicates the existence of at least two
sources of errors in the PPS.
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Figure 2: Time vs. char conversion (a and ¢) and char conversion vs. conversion rate (b
and d). Solid lines - RPS; Dashed lines - PPS.

Another interesting observation is that the deviation of the PPS from
the RPS is most profound for cases 1 and 4. The common properties of the
case 1 and the case 4, apart from the particle Reynolds number, are high

11



ratios of Stefan Reynolds number to particle Reynolds number (Regs/Re ~
0.16 —0.18). The ratios for other cases were Regy/Re ~ 0.007 —0.013, which
are one order of magnitude lower than cases 1 and 4.

Figure 3 shows the effectiveness factor plotted against char conversion.
The effectiveness factor of RPS here was calculated as the ratio between
the sum of the local reaction rates from the simulations and the reaction
rate based on the surface averaged temperature, mass fractions of the gas
species, and average particle conversion (see Appendix E for more details).
It clearly depicts that the PPS overestimate the effectiveness factors. The
relative differences become more pronounced at lower 7 cases. It explains the
overestimation of the conversion rate by the PPS at low ) cases as it directly
affects the conversion rates as shown in Eq. 19. Several potential reasons
exist for overestimating the effectiveness factors in the PPS. Firstly, the PPS
do not consider the change of temperature inside the particles even though it
considers mass diffusion resistance. Reactions in this study are endothermic,
and they can lower the internal particle temperatures. Therefore, in reality,
the effectiveness factor can result in a much lower value than the model in the
PPS with uniform temperature assumption. Secondly, the effectiveness factor
in the PPS was developed based on the mass diffusion through quiescent
gas inside the pores. In reality, the non-equimolar reactions create the net
outgoing flows, which can increase the diffusion resistance.

o
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o
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o
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Figure 3: Effectiveness factor variation as a function of char conversion for low 7 cases (a)
and high 7 cases (b). Solid lines - RPS; Dashed lines - PPS.

As previously discussed in our studies [19, 18], the errors in the esti-

mations of the effectiveness factor may result in the error in particle size
prediction. Figure 4 shows the change of particle diameter at different char

12



conversions as the comparison of the PPS and RPS. The onset of particle
shrinkage in the PPS was much later in char conversion than the RPS. This is
reasonable because the PPS overestimated the effectiveness factors (Fig. 3),
which delays the start of shrinkage with respect to char conversion [19, 18].
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(a) (b)
Figure 4: Normalized particle diameter variation with char conversion for low 7 cases(a)
and high n cases (b). Solid lines - RPS; Dashed lines - PPS. The diameter is normalized
with the initial diameter of each case. Each case has three plots based on the diameter

variation of the front, side, and back of the particle. In the future, diameter is referred to
as the average of the three diameters.

Figure 5 shows the normalized particle temperature, 0 = T,/T,,, as a
function of char conversion. The temperature was normalized because each
case has a different far-field temperature. The volume-averaged temperature
was calculated based on the temperature field over the particle of the RPS.
All the data show a similar general trend; the particle temperature quickly
rose to around 90% of the far-field temperature and slowly increased toward
the far-field temperature toward the end of the conversion. In all the cases,
the particle temperatures from the PPS are lower than those from RPS.
The difference was more significant for the cases with low 7, which tends to
have higher temperature difference inside the particle. The results clearly
show that the heat of the reaction was large enough to affect the particle
temperature. The difference in the particle temperature is quite important
for the estimation of conversion rate as it is very sensitive to the temperature
(Eq. 20). In fact, conversion rates of the high 7 cases from the PPS are lower
than the RPS (Fig. 2d) despite overestimating the effectiveness factors by
two-fold (Fig. 3b).

The PPS calculates the effectiveness factor to account for the effects of
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Figure 5: Volume averaged temperature variation with char conversion. Solid lines - RPS;
Dashed lines - PPS. Temperature is normalized with a far-field temperature of each case.

mass diffusion resistance under the assumption that the particle temperature
is uniform. To have a better understanding of the gasification conditions in-
side the particle, contour plots of temperature from RPS are studied. Figure
6 shows the temperature contours for cases 1 and 4 at different char conver-
sions. These cases have high Regy/Re ratios while case 1 has low 7 and case
4 has high 7. It is apparent that there are non-negligible temperature gradi-
ents within the particle at all the conversion stages (X, = 0.1 —0.8) for both
cases. In addition, case 1 (low 7) shows asymmetric temperature distribution
with the front side of the particle having lower temperature, indicating more
intense reaction zones there. It is also an indication that the consumption of
reactant gas (CO,) at the front of the particle may affect the reactions at the
back of the particle. Such phenomena have not been considered even with
three-dimensional particle models in recent studies [28] because the direction
of bulk gas flows are not considered in such studies. Case 1 (Fig. 6a) has
about 50 K, and case 4 (Fig. 6b) has about 70 K of temperature difference
within the particle, which results in the variation of local rate constant by
60 — 80%. All the cases in Table 1 have shown temperature differences close
to or more than 50 K within the particle at the char conversions of 0.1 —0.8.
Temperature contours of the other 4 cases are presented in Appendix C.
Figure 7 shows the contours of CO, mass fraction (Y¢e,) for the cases 1
(low n) and 4 (high 7). It is very clear that CO5 mass fraction inside the
particle is almost zero for case 1. We could say that there is strong diffusion
resistance, and all the CO, that reaches the particle surface is consumed by
reactions near the particle surface, which is similar to the zone III conditions.
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Figure 6: Temperature contours of case 1 (a) and case 4 (b) of the normalized temperature
(T'/Tw, where T is the temperature at each point of the particle surface). Both cases have
similar Reynolds numbers. Case 1 has low values of effectiveness factor, and case 4 has
high values.

In fact, there is a low-temperature region near the particle surface (see Fig.
6) because of the heat of the reaction. To get a clearer idea about what
is happening inside the particle with the reaction, Fig. 8 shows CO mass
fraction (Yoo) contours for the cases 1 and 4. CO (reaction products) is
most likely generated near the external surface of the particle for case 1.
The uniform CO distribution in case 1 shows that it has not only produced
outward Stefan flow but also diffused inward and accumulated inside the
particle.

Case 4 (high n) has non-zero but lower Yo, inside the particle than at the
particle surface. CO (reaction products) is most likely generated throughout
the particle. The CO generated at the outer region of the particles may
diffuse or advect outward from the particle and create a non-uniform Ygo
profile inside the particle.

The PPS assumes uniform temperatures within the particle, which did
not happen in the RPS for the cases simulated in this work. In addition,
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(b)

Figure 7: COy mass fractions contours of case 1 (a) and case 4 (b). Both cases have
similar Reynolds numbers. Case 1 has low values of effectiveness factor, and case 4 has
high values.

effectiveness factor (1) correlations do not consider the convective effects due
to reactions (Stefan flow) inside the particle. Finally, the 3D effects (asym-
metrical thermophysical parameters inside the particles) are not considered
in the PPS. These assumptions can be identified as potential sources of de-
viations between the results of the RPS and PPS. In addition, the deviation
of particle temperature between the RPS and PPS (see Fig. 5) throws doubt
upon the accuracy of external heat transfer models. The next section is ded-
icated to studying possible deviations between the two approaches in detail.

3.2. Origins of deviations between RPS and PPS

The simulation with a point-particle approach (PPS) applies various sub-
models and assumptions. Simulation with resolved particle approach (RPS)
eliminates the use of some of the models and solves directly by numerical
simulations, which are much closer to reality than the PPS. Therefore, the
RPS results can be used to identify the sources of inaccuracies of the PPS.
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Figure 8: CO mass fractions contours of case 1 (a) and case 4 (b). Both cases have similar
Reynolds numbers. Case 1 has low values of effectiveness factor, and case 4 has high
values.

When used to model a reacting particle with a Stefan flow, the possible error
sources can be listed as follows based on findings of the previous section and
by studying the PPM equations:

1. 3D/2D asymmetry within the particle due to the effects of external
flows

2. non-uniform temperature within the particle

3. neglecting the effects of convective flow inside the particle

4. external heat and mass transfer from/to the particle

In order to gain insights into these potential errors, we have carried out the
following procedures to test the significance of some of the uncertainties:

1. RPS with significantly high thermal conductivity of char to examine
the effects of non-uniform temperature within the particle,

2. PPS using particle surface-averaged temperature from the RPS results
instead of solving Eq. 1 to examine the effects of the uncertainty in
external heat transfer models,



3. PPS using particle surface-averaged Yo, from the RPS instead of solv-
ing Eq. 5 to examine the effects of deviations due to external mass
transfer models of COs,

4. PPS using both particle surface-averaged temperature and Yoo, to ex-
amine the uncertainty in internal particle phenomena independent of
external processes except for the 3D asymmetry

Remaining uncertainties, such as the effects of intraparticle convective flow
due to Stefan flow and 3-D/2-D asymmetry due to the interaction between
internal and external phenomena, were set to be outside the scope of this
work, and they will be addressed in future work by comparing the results
with, for example, 1D particle models. The above 5 tests were carried out for
case 4 (high n case with highest Regs/Re ratio). Char conversion was plotted
against time while other parameters such as conversion rate, effectiveness
factor, normalized particle diameter, particle temperature, and CO and CO,
mass fraction were plotted against char conversion.

3.2.1. Non-uniform temperature inside the particle

Figures 9 and 10 show the comparisons between an ordinary RPS, a RPS
with 100 times higher thermal conductivity of char, and PPS for case 4.
The high conductivity RPS made an almost uniform temperature within the
particle, which is in line with the underlying assumption of the PPS. However,
the conversion rates of the high conductivity RPS (green-dashed-dot line in
each figure) deviated more against the PPS than the ordinary RPS (black-
solid line in each figure). The surface temperature of the ordinary RPS
is higher than the average particle temperature, and reduces the external
heat transfer due to conduction through the boundary layer. Therefore,
the high conductivity RPS gives higher particle temperature (see Fig. 10a).
Meanwhile, the effectiveness factor of the ordinary RPS, when considering
only the distribution of Y¢0,, is slightly higher but comparable to that of the
high conductivity RPS. When the effects of the temperature is considered,
the effectiveness factor of the ordinary RPS becomes significantly lower than
the high conductivity RPS. Hence, the high conductivity RPS results in a
faster char conversion rate (see Fig. 9a and 9b).

When looking closely at the particle temperature and mass fractions of
CO4 and CO (Fig. 10), the PPS underestimates the particle temperature
and Yco while it overestimates Yoo,. The application of high conductivity
RPS makes the deviation between the RPS and PPS even larger. It means
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Figure 9: Comparison of resolved-particle approaches (RPS) with ordinary conductivity
for char, RPS with high conductivity for char, and point-particle approach (PPS). (a) Time
vs. char conversion. (b) Char conversion vs. char conversion rate. (c¢) Char conversion vs.
effectiveness factor. Black-dashed lines is 7,cq; and black-solid line is nco, ,,.., for RPS
(Appendix E for more details). (d) Char conversion vs. normalized particle diameter.

that the external heat transfer models used in the PPS underpredict the heat
transfer rates while the external mass transfer models for the PPS overpredict
the mass transfer rates.

In summary, uniform particle temperature assumption alone cannot ex-
plain the reason why the PPM cannot reproduce the conversion rates pre-
dicted from the RPS. It is highly likely that the two sources of errors, that is,
the underestimation of external heat transfer rates and the uniform particle
temperature assumptions, cancel their effects on conversion rates. Therefore,
the current test does not give an individual insight of non-uniform tempera-
ture effects. Therefore, we will look further on the performance of PPS when
removing the inaccuracies of external heat and mass transfer models.
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Figure 10: Comparison of resolved-particle approaches (RPS) with ordinary conductivity
for char, RPS with high conductivity for char, and point-particle approach (PPS). (a)

Char conversion vs. volume-averaged particle temperature. (b) Char conversion vs. COq
mass fraction. (¢) Char conversion vs. CO mass fraction.

3.2.2. External heat transfer

When we use the average surface temperature from the RPS results in
the PPS instead of solving the energy equation (Eq. 1), we can remove
the inaccuracies created from the errors in the model terms for external heat
transfer. The terms in question are heat transfer coefficient (h), the advective
term due to Stefan flow (Qsy), and Dufour terms (Qpyfour). Figures 11
and 12 examine how the PPS results improve by using the surface averaged
temperature from the RPS results.

The largest improvement is in gas mass fractions (see Fig. 12b and 12¢)
although it can simply be the coincidence, considering the large deviation
in the prediction of char conversion (Fig. 1la). High consumption (over-
prediction) of the CO; and CO production in the particles is most likely
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Figure 11: Comparison of the resolved-particle approach (RPS), the point-particle ap-
proach (PPS), and the PPS using average surface temperature from the RPS instead of
Eq. 1. (a) Time vs. char conversion. (b) Char conversion vs. char conversion rate. (c)
Char conversion vs. effectiveness factor. Black-dashed lines is 7),..q; and black-solid line
IS 00y paees for RPS (Appendix E for more details). (d) Char conversion vs. normalized
particle diameter.

compensated with the previously discussed overprediction of external mass
transfer rates. When looking at particle temperature (Fig. 12a), the particle
average temperature of the RPS is slightly lower than that of the surface-
averaged temperature used in the PPS. The PPS with the given surface
temperature shows a comparable effectiveness factor (Fig. 11c) to the RPS
with the consideration of Yo, variation only. It is still higher than the effec-
tiveness factor of the RPS with the consideration of both temperature and
mass fraction variations inside the particle. From these results, we can in-
terpret that the deviation of the conversion rate originated from the failure
of the PPM in considering the drop in the temperature inside the particle.
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Figure 12: Comparison of the resolved-particle approach (RPS), the point-particle ap-
proach (PPS), and the PPS using average surface temperature from the RPS instead of

Eq. 1. (a) Char conversion vs. volume-averaged particle temperature. (b) Char conver-
sion vs. COg mass fraction. (c) Char conversion vs. CO mass fraction.

Then, questions about the external heat transfer rates arise. The inac-
curacies must be originated from the errors in h, Qsy, or Qpufour- We can
examine the contribution of terms Qsys, @pufour; Misy by removing them
from Equations 1 and 5. The effect of the Nusselt number (Nu) can be ex-
amined by replacing model-based Nu with Nu calculated from RPS. Figure
13 shows the volume-average temperature when the terms are removed (Qsy,
Qbufour, Misy) or replaced by values from RPS (Nu). It shows that the ef-
fects of terms Qsf, Q@pufours Mi sy are negligible compared to the effect of
the Nusselt number. This can be seen from the improvement in the particle-
averaged temperature by using Nu from RPS. We could say the rest of the
deviation of the temperature could be due to hot gas entering the particle or
something missing in the calculations.
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Figure 13: Comparison of the particle temperature from resolved-particle approaches
(RPS) with point-particle approach (PPS) using different approaches. The exclusions
of heat and mass transfer by advection due to Stefan flow, PP-w/o (Qss+M; s¢), the ex-
clusion of Dufour term, PP-w/0 Qpufour, and the use of Nusselt number extracted from
the RPS, PP-Nuq, rp, in Eq. 1 and Eq. 5 were considered.

8.2.3. FExternal mass transfer

As discussed in the previous section, the PPS seems to tend to overpredict
mass transfer rates of CO,. By eliminating the inaccuracy of external mass
transfer rates, we can evaluate how errors of PPM in external heat transfer
and uniform temperature assumption inside the particle compensate each
other. Hence, we compared the PPS and RPS results with PPS results using
the surface-averaged mass fraction of COy from the RPS instead of solving
Eq. 5 for COy in this section. Figures 14 and 15 shows the comparison of
results from the RPS and PPS with the PPS using given CO5 mass fraction.

Instant observation is that the PPS results with the given mass fraction
of CO, show a very close char conversion rate and particle temperature to
those from RPM results. However, a large deviation from the RPS remains
for the effectiveness factor, CO gas composition, and particle size changes.
The deviation of CO is relatively expected because overprediction of the
mass transfer rates of CO is not adjusted in the model. The PPS with the
given mass fraction of CO, showed a higher effectiveness factor than the
RPS, while their conversion rates showed similar values. This can be due to
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Figure 14: Comparison of resolved-particle approaches (RPS), point-particle approach
(PPS), and PPS using the average surface mass fraction of COy from RPS instead of
solving Eq. 5. (a) Time vs. char conversion. (b) Char conversion vs. char conversion rate.
(c) Char conversion vs. effectiveness factor. Black-dashed lines is 7.4, and black-solid line
IS 00y paees for RPS (Appendix E for more details). (d) Char conversion vs. normalized
particle diameter.

the compensation of the high effectiveness factor in PPS with non-uniform
temperature in RPS. In conclusion, it is a coincidence that the reaction rates
of the two simulation results show a negligible difference in this case. The
difference in conversion rates may become apparent under different reaction
conditions, especially at different effectiveness factors.

3.2.4. Intra-particle heat and mass transfer

When the PPS is carried out by using both surface-averaged particle
temperature and COy mass fraction from the RPS, we can eliminate the in-
accuracy of external heat and mass transfers. The comparison of PPS results
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Figure 15: Comparison of resolved-particle approaches (RPS), point-particle approach
(PPS), and PPS using the average surface mass fraction of COy from RPS instead of
solving Eq. 5. (a) Char conversion vs. volume-averaged particle temperature. (b) Char
conversion vs. COy mass fraction. (¢) Char conversion vs. CO mass fraction.

with such treatment with the RPS results can highlight the inaccuracies in
the intra-particle transport phenomena. Figures 16 and 17 show the results
of such simulation cases, i.e., the PPS using the pre-determined particle tem-
perature and CO, mass fraction as surface averaged values in RPS results.
The effectiveness factor from the PPS using the given temperature and
Yco, shows a relatively similar value as the effectiveness factor of the RPS
considering only the variation of Ygo, inside the particle (i.e., no considera-
tion of the effects of the temperature or local conversion variation). Never-
theless, the effectiveness factor of the PPS is slightly higher than that of RPS
without temperature consideration. One potential reason for this deviation is
the outward convective flow inside the particle. The effectiveness factor used
in the PPS was developed based only on mass diffusion and without convec-
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Figure 16: Comparison of resolved-particle approaches (RPS), point-particle approach
(PPS), and PPS using the average surface mass fraction of COs and average surface
temperature from RPS instead of solving Eq. 5 and Eq. 1. (a) Time vs. char conversion.
(b) Char conversion vs. char conversion rate. (¢) Char conversion vs. effectiveness factor.
Black-dashed lines is 7,cq; and black-solid line is nco, ,,.., for RPS (Appendix E for more
details). (d) Char conversion vs. normalized particle diameter.

tive flows due to non-equimolar equations. When the real effectiveness factor
of the RPS is used as a reference, the difference becomes more significant,
which indicates that the effect of non-uniform temperature is larger than the
effects of internal convective flows.

The PPS results do not indicate any onset of the decrease in particle
size for this condition as well. The point particle approach does not include
the effect of the non-uniform temperature inside the particle. This intrinsic
inaccuracy makes the effectiveness factor of PPS always deviate from that of
reality (or RPS) as long as the heat of the reaction is not zero. Therefore, it
is reasonable that the PPS overestimates the critical conversion for the onset
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Figure 17: Comparison of resolved-particle approaches (RPS), point-particle approach
(PPS), and PPS using the average surface mass fraction of CO2 and average surface
temperature from RPS instead of solving Eq. 5 and Eq. 1. (a) Char conversion vs.
volume-averaged particle temperature. (b) Char conversion vs. COy mass fraction. (c)
Char conversion vs. CO mass fraction.

of particle shrinkage.

None of the tests discussed in sections 3.2.2-3.2.4 did not improve the
prediction of variation in particle diameter. One reason is the inability of
PPS to consider the effects of non-uniform porosity inside the particles caused
by earlier stages of reactions for zone II conditions. When the effectiveness
factor is significantly lower than unity, the porosity near the particle surface
becomes higher than the particle core. Therefore, the inherent assumption
of the effectiveness factor, that is, the uniform porosity inside the particles,
increases the effectiveness factor at the later stage of conversion than the
reality. This deviation can result in a delay in the onset of particle shrinkage
by PPS.
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4. Conclusions

A series of simulations using the resolved particle and point particle ap-
proaches highlighted a few important sources of inaccuracies when applying
the point particle approach. None of the tests made the results of resolved
particle approach (RPS) and point particle approach (PPS) match perfectly.

Analyses of external heat and mass transfer showed that existing models
of external heat transfer underestimate and those of external mass transfer
overestimate their rates. The overall effects of external heat and mass transfer
are dominated by the low particle temperature prediction, mainly due to the
strong temperature dependence of reaction rates.

Dominant source of inaccuracies for the intra-particle heat and mass
transfer is the effects of non-uniform temperature distribution, i.e., lower
particle temperature due to endothermic reactions. Since the effectiveness
factors commonly applied in char conversion models do not consider the
effects of non-uniform temperature, the PPS always overestimates the ef-
fectiveness factor. The inaccuracy in predicting the effectiveness factor also
results in the inability to predict the particle size changes.

When the inaccuracies of both external and internal heat and mass trans-
fer are considered, the eventual outcome is dependent on the effectiveness
factor because of the shift in their relative importance. When the effective-
ness factors are relatively large (close to zone I conditions), the errors in
external heat transfer dominate the overall conversion rates. When the ef-
fectiveness factors are smaller (near zone III conditions), the inaccuracy of
using uniform particle temperature becomes more important, and the PPS
tends to overestimate the conversion rates. Interestingly, this study sheds
light on many occasions when one or more parameters from the PPS results
agreed very well with the RPS, solely by the coincidence of two or more
errors canceling each other. It strongly suggests that the accuracy of the
point particle approach shall be examined thoroughly by comparing several
parameters, preferably at a wide range of reaction conditions.

Other potential sources of errors, such as the 2D/3D asymmetry and
intra-particle convective flows, were also identified. Future studies should
include comprehensive comparisons of several different modeling approaches,
such as the point particle approach, one-dimensional particle model, and
multi-dimensional resolved-particle model with and without the direct solu-
tion of external flows.
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Appendix A. Thermophysical property calculation

Appendiz A.1. Dynamic viscosity
Dynamic viscosity of a gas component ¢ (4;), is calculated using Suther-

land formula:

Ts,i’

,1+T

(A1)

i

where Ag and Ty are constants. The viscosity of the gas mixture is calculated
as follows;
N
=~ Xy
T . (A2)
; 221 X0

where X; is molar fraction of gas component ¢, N, is number of gas compo-
nents and ¢;; is calculated as follows;

1 Mi\ V2 i Y2/ r\ 14 2
o= (1+31) {”(u-) (Gz) | w9
J ] i

where M; is molar mass of gas component i.

Appendiz A.2. Density of the fluid
Density is calculated using state equation for the gas mixture:
pM
P=Rrr (A4)

where p is the pressure at the outlet boundary of the simulation domain and
M = SNm X

Appendiz A.3. Thermal conductivity

Thermal conductivity of a gas component i ();) is calculated using:

>\i = RCP (a()’i + al,iT + CLgyiTQ + a37iT3 + a4,iT4) (A5)

and mixture gas density (),) is calculated based on molar averaging :

N, 1
Xihi+ ——— |- A6

=1

A\ =

N | —
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Appendiz A.4. Specific heat capacity
Specific heat capacity of gas component ¢ (¢, ;), is calculated using JANAF

tables [29]:
Cpi = boi + 01T + by T? + by, T + by, T* (A7)

where by ;, b1, ba;, b3, ba,; are constants for each gas. Specific heat capacity
of gas mixture (¢, ,) is calculated based on mass averaging :

tpg = B(Yicp;). (A-8)
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Appendix B. Effective diffusion coefficient

1 1
Dejpi = [ + =

rl.;, (B.1)

where 7 is tortuosity and DX™ is Knudsen diffusion coefficient for gas com-
ponent 7, due to pore diffusion inside the porous particle:

dpore [SRT
D = 22 B.2
! 3V M, (B:2)

where dpor. is average diameter of the pores, M; is molecular mass of gas
component i. Diffusion coefficient of ¢ (D) is [30] :

1-Y
2 X5/ Dij
where Y; is mass fraction of gas component ¢ and X; is the molar fraction

of gas component j. Binary diffusion coefficient (D;; in m?/s) is calculated
based on Fuller-Schettler-Giddings equation [31]:

0103177 /- + M%
Dij = (B.4)

P (B0) + (Sv)?)?

D = (B.3)

where Y is diffusion volume of i-th gas in 107%m?/mol, M; and M; in g/mol,
Piot 18 total pressure in pascal.
Tortuosity 7 is considered to be varying linearly with solid phase conver-
sion:
T=1+ Xc(1—79), (B.5)

where 79 is initial tortuosity.
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Appendix C. Temperature contours inside the particle

(®)

Figure C.18: Temperature contours of case 5 (a) and case 2 (b). Both cases have similar
Re. 7 is in high range for case 5 and low range for the case 2.
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Figure C.19: Temperature contours of case 6 (a) and case 3 (b). Both cases have similar
Re. 7 is in high range for case 6 and low range for the case 3.

Appendix D. Calculation procedure of the point-particle method

The below sequence is carried out for the point-particle calculations. Dif-
ferent time steps (At) were tested for convergence of results.

1. Define time step (At), initial conditions (e.g., d,, p,) and values (e.g.,n, (X)),
far-field conditions (e.g., Us, Two) and all constants necessary for calcu-
lations,

2. calculate all the thermo-physical properties using the models

3. calculate heat transfer coefficients and using enthalpy conservation of
the particle, calculate the new T, at At x i,

4. calculate mass transfer coefficients and using mass conservation of the
particle (each specie), calculate the new Yoo, Yoo, at At X 4,

5. calculate new effectiveness factor (1) based on analytical methods of
Thiele modulus, (Th) at At x i,

6. calculate the mass conversion (X.) at At X 1,

7. calculate the new diameter (d,) at At x i,
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8. calculate the new density (p,) at At X i,
9. go to step 2 and repeat until step 8 for time, At x (i + 1).
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Appendix E. Calculation of effectiveness factor
Effectiveness factor (n) is:

Actual overall particle consumption rate

n= . E.1
! Particle consumption rate at particle sur face (1)
7 can be calculated as follows based on RPS:
by Xce kc cel 5 ce.
Threal = f( ”) . ”pCO% L N (E2)

ncellsf ()(avg)kc,su'r’f—avgprclfo2 Jsur f—avg

where surf — avg is values based on averaging over the outer surface of the
particle. When it is important to know only the effect of gas composition,
we can calculate 7 as follows:

E(Xavg) ke surs-avgPEoy ce

ncellsf (Xavg)kc,surffavgngQ ,sur f—avg

NCOs basea = (E3)
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