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ABSTRACT

Fully-resolved simulations of a burning char particle are performed to understand the effects of chemical
reactions on the drag force by using the ghost cell immersed boundary method. The momentum, heat
and mass transfers at the interface are all considered. Reactive particle with different reaction rates, tem-
peratures and diameters are simulated and compared with a non-reactive adiabatic particle and a particle
with an outflow. The results show that both the heterogeneous reactions and the gaseous reactions in-
crease the drag force, which is converse to the effect observed for a non-reactive particle with a pure
outflow. This difference indicates that the species and temperature distributions caused by the chem-
ical reactions around the particle play an important role in shaping the drag force. To consider these
effects, the Stefan flow Reynolds number and the non-dimensional gaseous reaction rate are introduced
to formulate a new drag force correlation for a burning particle based on the fully-resolved simulations.
Good performance of the correlation has been demonstrated in the current conditions, and more evalua-

tion might be required for future work.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

In numerical simulations of multiphase flows, accurate descrip-
tion of the momentum, heat and mass exchanges between the car-
rier phase and the dispersed phase is essential. Therefore, various
models have been developed to close the conservation equations.
The interphase momentum exchange is usually described by the
drag force coefficient, which is generally regarded as a function of
the Reynolds number. Numerous researches have studied the drag
force and relevant empirical drag correlations for cold-state flows.
For instance, Tritton [1] and Dennis and Chang [2]| measured the
drag force of a circular cylinder at low and high Reynolds number,
respectively, and proposed corresponding drag force correlations.
The empirical drag force correlation for a spherical particle was
proposed by Clift et al. [3] (Cp = 24(1 + Re)87) /Rep) and has been
widely used for multiphase flow simulations. Another widely used
drag force correlation was put forward by Schiller and Nauman [4].
These drag correlations are of great importance for describing the
momentum transfer in dilute cold multiphase flows [5-7].

However, the above drag correlations are influenced by chem-
ical reactions and usually not applicable for reactive multiphase
flows. For a reactive particle, one of the difficulties to draw a gen-
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eral drag correlation is that the wall-normal velocity of the par-
ticle is often not zero. As a result, the flow Reynolds number is
not enough to represent the drag force. The effect of the non-zero
wall-normal velocity has been discussed in the previous studies
on porous particles and outflow particles. For a porous particle,
the fluid phase can penetrate into the particle, leading to a non-
zero velocity [40,41]. The governing equation of the flow inside
the porous particle follows the Darcy-Brinkman-Forchheimer ex-
tended model [8], and the normal component of the velocity at
the rear of the surface is called as “base bleed” [9]. According to
the studies of Bhattacharyya et al. [10] and Yu et al. [11], the base
bleed at the rear of the cylinder has some interaction with the
shear layer, making the recirculation wake detach from or pen-
etrate into the cylinder. Therefore, the surface ratio and particle
porosity were used to quantify the effect of the porosity in the
drag correlation [12].

A particle with outflow has previously been studied as a sim-
plification of an evaporating droplet or a solid fuel particle with
a Stefan flow [13], and the outflow velocity condition was imple-
mented at the surface without considering the effect of the species.
A number of studies [13-15] show that the outflow tends to reduce
the drag force. To take this effect into consideration, a blowing cor-
relation was introduced in the study of Stéllinger et al. [16]. The
Stefan flow Reynolds number was also used in the drag correlation
[17]. In the study of Higuera [18], a gasification term was added
to the drag force calculation besides the pressure and the friction

0010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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terms. Interestingly, the recent study of Luo et al. [19] showed that
the chemical reactions might increase the drag force of a reactive
particle, compared with a an inert particle. Moreover, the proper-
ties of the flow in the vicinity of the particle also influence the
drag force. Kurose et al. [20] studied the change in drag force due
to the sphere being either heated or cooled. It was found that the
temperature difference between particles and the inlet flow influ-
enced the drag force, and a heated particle tends to have a larger
drag coefficient. The study of Nagata et al. [21] showed that the
temperature changes the drag force mainly by altering the kine-
matic viscosity coefficient in the vicinity of the sphere.

Several recent researches also involved surface reactions of solid
fuels [22-24] (e.g. pulverized coal combustion and biomass com-
bustion) and droplet evaporation [25,26]. However, they all focused
on the heat and mass transfer properties on the interface, and up
to now, the drag force of reactive particle has not yet been well
studied. Heterogeneous reactions influence the drag force not only
through the Stefan flow. When the momentum, heat and mass
transfer occur simultaneously, the drag force of a reactive particle
may show a more complex behavior. To explore this phenomenon,
particle-resolved simulations of a single burning char particle are
performed with the immersed boundary method in the present
work. The influence of the heterogeneous and gaseous reactions
on the drag force during the process of char combustion is inves-
tigated in detail.

The remainder of this paper is structured as follows. The nu-
merical method and simulation setup are described in Section 2.
The mechanism of how reactions influence the drag force is dis-
cussed in Section 3. The effects of heterogeneous reactions, the
gaseous reaction, and the particle temperature are studied, respec-
tively. A new drag force correlation for a burning char particle is
also formulated. The last section is devoted to the conclusions.

2. Numerical approach and simulation setup
2.1. Numerical method
Following the study of Luo et al. [19], a high-order finite differ-

ence solver [27,28] is improved and used in the present work. The
governing equations of gas phase read

0 4 pVu=0 (1)
o %(—Vp+ V. (2pv5)), 2)
p%:_v.1k+wk, (3)
(co- 2y 2T DYk<R_hk)
P~ W) Dt — Dt \W, T
_%v.uﬁ‘f _%. (4)

In the above set of equations,D/Dt = d/dt + u - V represents the
convective derivative. The traceless rate of train tensor is given by
Sij = 5 (Qu;/0x; + du;/0x;) — 18;;V - u, while ] is the diffusive flux,
and w,, represents the reaction rate of species k. The reaction rates
and the diffusive flux are calculated according to the method men-
tioned in [28]. Although the energy equation uses InT instead of T,
it can be easily transformed into the commonly used form by mod-
ifying 27 into 1 BT and using 2P instead of expanding it based
on the equation of state [29]. In the energy equation, the enthalpy

is given by h while W is the molar mass of the gas phase and q is

the heat flux. The ideal gas equation of state, given by
__ PRT
P=w

is used to close the governing equations.

Because of the heterogeneous reactions at the char particle sur-
face, the velocity, temperature and the species mass fraction at the
char surface are affected. It is essential to determine these bound-
ary conditions properly. The mass transfer at the interface is a bal-
ance of the convective flux, diffusive flux and heterogeneous reac-
tions, which is given by

e [pyk(vk + uStefan)] = iy (6)

where n represents the outward wall-normal unit vector, and my, is
the mass production rate of the kth species. The diffusion velocity
of the kth species is related to the gradient of the species mass
fraction as
V= ——

X W

(3)

> WDy ;VX; (7)
J#k

while ug,p, represents the velocity of the Stefan flow. The total
species diffusion flux is zero

> ViYe=0. (8)
k

Based on mass transfer balance at the surface, the Stefan flow
velocity can be formulated as

18
n- Ustefan = — ka . (9)
p k=1

The boundary velocity of the particle is a combination of parti-
cle shrinking velocity and the Stefan flow velocity, which is given
by

fsurfmfds
spe

Here s is the surface area of the particle, and p. is the density
of the char particle,

In this study, the temperature gradient within the particle is
neglected. Therefore, the heat transfer at the interface contains
the diffusive flux, radiation, reaction heat and the heat conduction
from the outside of the particle. The particle energy balance is then
given by

T,
V —_—=
nC dt -/surf

where V is the volume of the particle, Ty represents the tempera-
ture of the incoming flow, and ¢, ¢ is the heat capacity of the char
particle. In the radiation term, ¢ is the emissivity coefficient, and
o is the Stefan-Boltzmann constant. Finally, rand hy, are the re-
action rate and enthalpy of species k, respectively. The right hand
side (RHS) of the equation is an integral over the particle surface.
In addition, the pressure gradient at the surface should be zero be-
cause of the no-penetration condition.

The improved ghost cell immersed boundary method [30] can
be used to enforce the boundary conditions of velocity, species
concentrations, temperature, and pressure. This method is of a
second-order accuracy. For more detailed description and valida-
tion of the method for char combustion, please refer to the previ-
ous research [19].

Up = uStefan +Un= uStefan + (10)

K
—oe(T) =T + ) riyhy + - AVTys |ds (11)
k=1

2.2. Assumptions and simplifications

In this study, a semi-global heterogeneous reaction mechanism
of char conversion and a homogeneous reaction of CO oxidation



190 H. Zhang, K. Luo and N.E.L. Haugen et al./Combustion and Flame 217 (2020) 188-199

Table 1
Kinetic Parameters of chemical reactions.

Chemical reaction B E (J/mol) Reference

(R1)  2C(s) + 0,(g) — 2CO(g) 1.97 x 107 1.98 x 10° Zhang et al. [31]

(R2)  C(s) + CO,(g) — 2CO(g) 1291 x 105 191 x 10° Zhang et al. [31]

(R3)  2CO(g) +05(g) — 2C0x(g)  2.24 x 10'2  1.6742 x 105  Turns [32]

€ 24Dp Table 2
periodic Parameters of the simulation conditions.
— iodi
_ p = 1.01x 105pa Parameter  Values
Tl Yo,=23% Po 1.01 x 10°Pa
—s| Tair =1500K Yo, 23% (diluted by N,)
— Tintet 1500 K
—
— Re 5, 10, 20
—
Toarti 1400 K, 1500 K, 1600 K, 1800 K
- id resolution=1/50 D, particle ) , ,
- @ Grid resolution=1/ b 16Dp D, 100 pm, 200 pm, 400 pm
::<_ 8Dp ! B 0.1By, 0.5By, 1.0By, 1.5By
—)
—)
— NSCBC
— .
— given by
—4
— e uD
—] periodic Re — P (13)
v

Fig. 1. Schematic of the computational domain.

are used for the simulation. The heterogeneous reactions are es-
sentially from the study of Zhang et al. [31], which have also been
validated in our previous study [19]. The kinetic parameters of
chemical reactions are shown in Table 1.

Several simplifications and assumptions are made to simplify
the task and focus on the key problem. Firstly, the solver we
used is fully transient, but it will take too much time to resolve
the whole conversion process of the char particle. Therefore, the
pseudo-steady-state (PSS) assumption [33] is utilized, according to
which we can use the steady condition to represent the transient
burning char particle if the characteristic time scales of the convec-
tion and diffusion are much shorter than the conversion time scale
of the char particle. As a result, the particle temperature and radius
can be fixed, and the simulation can reach the quasi-steady state
faster. Secondly, the particle is fixed in the flow field and the inlet
flow is uniform, which has been a common assumption in many
previous studies [34-37]. Thirdly, the gas phase only contains N,
0,, CO, and CO,, and the effect of water gas shift is neglected. The
kinematic viscosity is calculated using Wilke’s method [38] which
considers the effect of species, instead of the Sutherland’s temper-
ature dependence viscosity [39].

The drag force on the particle contains two parts, namely the
pressure and the friction contributions, as given by the two terms
on the RHS in the equation below

FD:/PdA+/tdA. (12)
A A

2.3. Simulation setup

In the simulations, a two-dimensional cylindrical char particle,
with diameter Dy, is fixed in the domain. The computational do-
main has a size of 24D, x 16D, , and the position of the parti-
cle is shown in Fig. 1. The grid resolution is set as Ax = 1/50Dp.
The Navier-Stokes Characteristic Boundary Condition (NSCBC) [45]
is used at the inlet and outlet boundaries. Meanwhile, periodic
boundary conditions are used in the spanwise direction. Parame-
ters of the incoming flow and the char particle are summarized in
Table 2. Different cases of particle Reynolds numbers and particle
temperatures are analyzed. Here the particle Reynolds number is

Here, U and v are the velocity and kinematic viscosity co-
efficient of the incoming flow. In addition, to analyze the effect
of reaction rate, we arbitrarily change the pre-exponential fac-
tor (denoted by B in Table 2) of the heterogeneous reactions. By
refers to the original value of pre-exponential factor of the het-
erogeneous reactions. At an identical Reynolds number, different
diameters cause the variation of the time scale of reactions and
diffusion. Therefore, cases with different diameters are also simu-
lated. Each case is simulated until it reaches a quasi-steady state.

3. Results and discussion
3.1. Flow pattern

As mentioned in Section 2.1, the heterogeneous reactions
at the surface of the particle result in a Stefan flow, lead-
ing to a nonzero normal velocity. This nonzero normal veloc-
ity will change the structure of the particle boundary layer.
As shown in Fig. 2, when positive wall-normal velocity occurs, the
stagnation point at the front of the particle becomes detached from
the surface. The position of the stagnation point is farther from the
surface when the Stefan flow increases.

The specific separation angle at the surface is hard to be de-
termined because of the Stefan flow. Meanwhile, the recirculation
wake structure also changes. According to the simulations of Bhat-
tacharyya et al. [10], the critical Reynolds number of a cylindrical
particle when the separation point first occurs is about 7. This cri-
terion is no longer valid for a cylindrical reactive particle. The Ste-
fan flow restrains the formation of the recirculation wake so that
the recirculation wake is detached from the particle. The critical
Reynolds number where the recirculation wake occurs depends on
the Stefan flow at the surface.

To quantify the effect of the Stefan flow, an average Stefan flow
Reynolds number over the particle surface is defined and will be
discussed in the next section, which is given by

Ky
Dy fours 2421 Micds

pu ’
where p and v are the density and kinematic viscosity coefficient

of the incoming flow, and m,, is the reaction rate of the kth species
on the surface (kg/m?s).

Restefan = (14)
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Fig. 2. The vorticity and flow pattern around the particle with different heteroge-
neous reaction rates (Tpqrice = 1500 K, D, = 400 pm, Re = 20).

In Fig. 2, the length of the wake becomes shorter and the front
of the wake is further from the particle when reaction rates in-
crease. The so-called ‘base bleed’ of the porous particle has the
analogous effect on the recirculation wake [11]. The formation of
the recirculating wake can be explained using Leal and Acrivos’s
entrainment-detrainment mechanism [9]. According to the mech-
anism, the wake at the rear of the bluff body is formed because
the fluid entrained inside the shear layer gets separated from the
shear layer and reverses itself again to meet the entrainment need
of the shear layer. But for a burning char particle, the wall-normal
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velocity meets the entrainment demand of shear layer, hence the
recirculating wake is weakened.

3.2. Effect of reactions

In the process of char conversion, heterogeneous and gaseous
reactions happen simultaneously. Not only the flow pattern is
influenced, but also the fluid properties are affected because of
the non-uniform temperature and species distribution around the
particle. In this section, the effects of heterogeneous and gaseous
reactions are analyzed. To simplify the analysis, the particle tem-
perature is set to be equal to the temperature of the incoming flow.

3.2.1. Heterogeneous reactions

In several previous studies, the effects of heterogeneous reac-
tions and evaporation are simplified as a pure outflow [15,42].
Hence, the effect of species distribution resulting from relative rate
of reaction and diffusion, is neglected. It was reported that the Ste-
fan flow has little influence on the pressure but attenuates the fric-
tion, and thus tends to weaken the drag force [13-15,17]. To in-
vestigate whether heterogeneous reactions have the same effect,
a comparison of particles with heterogeneous reactions and parti-
cles with pure outflow is performed. Fig. 3 shows how the drag,
pressure and friction coefficients vary with the Reg,r,, for a react-
ing char particle and a non-reacting particle with outflow. For the
reacting char particle, the drag force increases slightly with the in-
creasing reaction rate (increasing the Stefan flow). This is in con-
trast to what is found for the non-reacting particle with an out-
flow, in which increase in Regf, results in an obvious decrease in
the drag coefficient. At the same Stefan flow Reynolds number, the
friction coefficient of the reactive particle is slightly higher than
that of the particle with the pure outflow. As a result, the differ-
ence in drag force is mainly resultant from the difference in the
pressure contribution which is associated with the species profiles
caused by the heterogeneous reactions. Hence, it is apparent that a
particle with heterogeneous reactions cannot be simplified as just

- 2.10
[ pressure coefficient
----- friction coefficient y
- 2.05
)
- 2.00
- 1.95
2.50 |
'|.|.|.|.|]_90
0.0 0.1 0.2 03 0.1
esrcffan
(b)

Fig. 3. The comparison of the particle with heterogeneous reactions and the particle with outflow (D, = 400 pm, Re = 5, Tpgqice = 1500 K for the char particle).

(a) Drag force coefficient (b) Pressure and friction coefficients.
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Fig. 4. Local pressure and friction coefficient distribution of particle with different heterogeneous reaction rates (Tpgrice = 1500 K, D, = 400 um, Re = 5).
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Fig. 5. Temperature contours in the neighborhood of particles with different reaction rates (Tyqrice = 1500 K, D, = 400 um, Re = 5).

a particle with an outflow. The drag force of a particle with hetero-
geneous reactions might be obviously larger than that of a particle
with an outflow.

3.2.2. Gaseous reaction

The species distribution and fluid properties are also affected
by the gaseous reaction. This effect is little mentioned in previous
studies of the particle drag force. According to the above discussion
in Section 3.2.1, the effect of species distribution offsets the effect
of the outflow on the drag force. Similarly, the gaseous reaction
makes this effect more pronounced.

Based on the definition of drag force (as shown in Section 2.2),
here we define a local pressure coefficient and a local fric-
tion coefficient to describe the distribution of the drag force
components;

(p_pfront) V. (2,01)5) X
1/2pU2 1/2pU2

where Py, is the pressure at the front point of the cylinder sur-

CP_local = > Cr_local = (15)

face in the streamwise direction, and x is the streamwise unit vec-
tor. The density and the streamwise velocity of the incoming flow
are given by p and U, respectively. In the following discussions, 6

refers to the surface angle of the cylinder, and 6= 0 refers to the
front of the cylinder toward the incoming flow.

As the left panel of Fig. 4(a) shows, at the rear of the particle,
cases with gaseous reactions have larger pressure drops. According
to the ideal gas state equation, the pressure is related to the den-
sity, molar mass and temperature of the gas phase, but according
to the definition of the pressure coefficient, the density term can
be roughly reduced. As a result, the variation of the pressure coef-
ficient is mainly associated with the variation of temperature and
the molar mass. Fig. 5 shows that since convection dominates the
transport in the vicinity of the particle, CO tends to be consumed
at the rear, yielding a high temperature region at a certain dis-
tance from the particle. However, the temperature difference be-
tween the boundary temperature and the particle temperature is
less than 1 K (within 0.067% of the particle temperature) accord-
ing the simulation results. Considering this negligible difference of
temperature, one concludes that the non-uniformity of molar mass
plays an important role in the remarkable drop of the pressure co-
efficient at the rear of the particle. Fig. 6 shows that with the re-
action rate increasing, the CO concentration increases at the front
of the particle. But because of the gaseous reaction, CO is trans-
formed into CO, at the rear region. This change of species pro-
file around the particle finally alter the density and molar mass
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Fig. 7. Normalized density and molar mass distribution along the particle surface(Tyqrie = 1500 K, D, = 400 um, Re = 5, normalized by the density and molar mass of the
incoming flow).

profiles around the particles, as shown in Fig. 7. The molar mass Lok
of the gas phase increases at the back side of the particle, which o
accounts for the increase of the pressure drop.

Meanwhile, Fig. 4(b) shows that the local drag due to friction
is slightly different from the non-reactive particle at the front and
rear of the particle, but the friction at the side of the particle is
almost the same. For 0 < 6 < 30°, the friction force of a reac-
tive particle is higher than that of a non-reactive particle. To ex-
plore the underlying physics, the kinematic viscosity distribution
normalized by the parameter of the incoming flow is shown in Fig.
8. It is found that the kinematic viscosity in the boundary layer
around the particle is lower than that of the incoming flow and
the kinematic viscosity decreases with the increase of the surface
angle of the cylinder. This is related to the species change around
the particle, especially the accumulation of CO, at the rear of the
particle. As the viscosity around the reactive particle is lower for
0 < 6 < 30°, the velocity gradient must be higher. Actually, be-
cause the streamwise velocity component of the Stefan flow in 6 (degree)
this region is opposite to the incoming flow, the velocity gradi-
ent will definitely be higher. For similar reason, in the region of

LI B L L L L N

Fig. 8. Kinematic viscosity coefficient distribution around a particle with differ-
ent reaction rates normalized by the viscosity at the inlet (Tpgrce = 1500 K,

150° < 6 < 180°, the reactive particle has a lower velocity gradi- D, = 400 pm, Re = 5).

ent, so the friction is lower. Meanwhile, as Fig. 9 shows, the oxi-

dation of CO causes a high temperature region around the parti- In many previous studies on the drag force of particle with
cle, and therefore the kinematic viscosity coefficient increases. As outflow [13,14], Restefan is used as the only variable to describe the
a result, the velocity distribution is also different from that of a change in the drag force. However, when the gaseous reaction is
particle with pure Stefan flow, which influences the friction at the introduced into the system, the situation becomes more compli-
surface too. In addition, it is interesting to find that the normal- cated. Fig. 10 shows the correlations between the drag force coeffi-

ized temperature and kinematic viscosity peak at around a location  cient and other variables. The symbol represents the simulation re-
with a distance of Dp from the cylinder, in which gaseous reaction  sults, while the solid lines are obtained using quadratic polynomial
happens. fitting. When the Reynolds number and particle diameter are fixed,
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Fig. 10. Correlations between drag force coefficient and other variables (a) Variation of drag force coefficient with particle diameter and the Stefan flow Reynolds number
when Re = 5 (b) Variation of drag force coefficient with the Reynolds number and the Stefan flow Reynolds number when D, = 400 pm.

(normalized by the drag force of the inert particle at the same Reynolds number).

the drag force has a quadratic dependence on Regsr,,. However,
when the diameter of the particle is changed, Regs,, is no longer
enough to describe the drag force, as demonstrated in Fig. 10(a). In
addition, it is found that the drag force of the reactive particle with
Dp=100 pm is almost equal to that of the non-reactive particle
(Regteran=0), indicating that the heterogeneous and gaseous reac-
tions can even be neglected when the diameter is relatively small.
The reason is that when the diameter becomes smaller, the time
scales of convection Tcony = Dp/U and diffusion 74 = D%,/DCO both
decrease so that the accumulation of products at the rear of the
particle is attenuated. Fig. 10(b) confirms that when the particle di-
ameter of 400 pum is fixed, the drag force coefficient correlates well
with the Reynolds number and the Stefan flow Reynolds number.
The drag force coefficent increases with the Stefan flow Reynolds

number, but decreases with the Reynolds number when the Stefan
flow Reynolds number is fixed. This also suggests that the effect
of chemical reactions can be weakened by the convection. Fig. 11
presents the contours of Yo in the neighborhood of the particle
with different diameters at the same Reynolds number. It is
clear that the species of CO shows different profiles around the
particle. For the particle with a larger diameter, CO is burnt at the
surface, and the concentration is lower. The smaller particle shows
higher char consumption rate, but CO tends to be transported
and burnt far from the particle because of the stronger convec-
tion. These results suggest that besides the Reynolds number
and the Stefan flow Reynolds number, other parameters related
to gaseous reaction also influence the drag force of a burning
particle.
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Fig. 11. Yo contours in the neighborhood of the particle with different diameters (T,qrice = 1500 K, Re = 5, B = By).
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3.3. Effect of the particle temperature

When the particle temperature is different from the incoming
flow, the change of fluid properties must be taken into account. Ac-
cording to the study of Kurose et al. [20], the main factor of influ-
ence is the viscosity. While when a reactive particle has a different
temperature from the temperature of the incoming flow, not only
the viscosity, but also the reaction rates are affected, leading to dif-
ferent characteristics from the heated/cooled non-reactive particle.
This effect will be discussed in this section.

Four cases are simulated and the results are presented in
Fig. 12. The incoming flow temperature is fixed (1500 K), and the
temperatures of reactive particles are 1400 K, 1500 K, 1600 K,
and 1800 K, respectively. With the increase of the particle tem-
perature, chemical reactions are expected to be more intense. It
can be seen that both the pressure and friction terms linearly in-
crease with the enhancement of the particle temperature. As for
local distribution, it was found that the pressure of the heated
particle is higher than that of the adiabatic particle in the re-

gion of 54° < O < 108°, while lower at the rear of the particle
in the study of Kurose et al. [20]. The reason was attributed to
the shift of the separation point. But for a reactive particle here,
the effect of separation point is eliminated by the Stefan flow. As a
result, this phenomenon could not be observed any more as shown
in Fig. 13(a). The higher particle temperature leads to larger pres-
sure drop at the wake region of the particle, similar to Fig. 4(a). For
the friction distribution, it is interesting to note that the friction
peaks around 6=70° and the particle of higher temperature shows
larger peak. This indicates that the stronger chemical reactions en-
hance the velocity gradient there as the kinematic viscosity is not
obviously changed (Fig. 14).

3.4. Drag force correlation for a burning particle

According to the analysis above, reactions cause a difference in
species and temperature distributions around a burning particle,
leading to a shift of drag force. To take this effect into considera-
tion, new drag force correlation needs to be developed.
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For a burning char particle, besides the convection, the heat
and mass transfer at the solid-fluid interface is related to three
other processes, namely the heterogeneous reactions, the gaseous
reaction and the diffusion. The effect of heterogeneous reactions
is represented by the average char consumption rate on the sur-
face, and the effect of gaseous reaction is described by using
the reaction rate CO since only one gaseous reaction is involved
in the present study. The process of diffusion is represented by
the diffusion coefficient. According to the Buckingham 7 theorem
[43], three more dimensionless variables can be deduced besides
the Reynolds number and the temperature ratio. The temperature
ratio is usually close to unity when char of pulverized coal parti-
cle burns in furnace. As a result, the average Stefan flow Reynolds
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number, the dimensionless gaseous reaction rate, and the diffusion
Damkdohler number are of relevance and can be expressed as fol-
lows

mcon

D
Restefan = ,Oiv’ o= oU p=co

)
Dlzjmco

s Dad,-ff: (16)

where p, U, v are the density, streamwise velocity, and kinematic
viscosity of the incoming flow, respectively. The char consump-
tion rate is given by m¢, while mcg is the CO reaction rate of the
gaseous reaction at the boundary of the particle. For point-particle
based simulations [46-48], the char consumption rate can be ob-
tained by using a char combustion model, such as the single-film
model [49] or the double-film model [50]. As the present work fo-
cuses on the effect of chemical reactions on the drag force, the dif-
fusion Damkéhler number will not be discussed in the next analy-
sis.

For a cylindrical particle, the drag force coefficient has been
measured for cold flows in previous studies. Here to show the per-
formance of the code, the drag force coefficient of a cold inert
cylindrical particle is calculated from the current particle-resolved
simulations and compared with the experimental data of Tritton
[1]. As show in Fig. 15, the predicted drag force coefficient agrees
well with the experimental data. Non-linear least square fitting is
further used to obtain the following correlation:

Cp = 24 (0.382 + 0.191Re°'578).

Re (17)

To consider the effect of chemical reactions, the average Ste-
fan flow Reynolds number and the dimensionless gaseous reaction
rate should be formulated into the correlation. From Fig. 10, it can
be seen that Cp shows an approximately quadric dependence on
Restefan- Assuming the similar quadratic behavior of Mg, the cor-
rection for a burning particle can be formulated as below based
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on Eq. (17)
24 5 191Re0678 Re2 bym
Cp = [ (0-382 + 0.191Re”%) + (a1Re o, + b1

+C1Restefanméo + dl Restefan + € mzo) + (aZReztefan

+ mez% + CaRestefanMeo + dZRestefan + eZméo)Reo'G’]g]- (18)

For a cold non-reactive particle, both Regf, and mg, are O,
and the above equation is reduced to Eq. (17). To determine the
constants in the above equation, non-linear least squares fitting of
the particle-resolved results is performed. Finally, the correlation
becomes

24

CD = % [(04382 + 0-191R60'678) + (1 -373Resztefan

+6.303RegiefanMy — 0.215Regiefan + 1.129m¢) — (0.144Re

stefan

+26.530mg — 1.288ResieganMyy — 0.315mg, )Re®S72]. (19)

+16.715m,

Fig. 16 shows the comparison of the drag force coefficient be-
tween the particle-resolved simulations and the fitted correlation
at the Reynolds numbers of 5 and 10. The adjusted coefficient of
determination R? [44] of this correlation is 0.99. For all cases used
for fitting, the maximum error occurs at Re = 5 with a value of
0.3%.

To validate the correlation, a posteriori analysis is performed
and presented in Fig. 17. Five additional cases at the Reynolds

Table 3
Parameters of posterior cases.

Case  Re D, (wm)  Pre-exponential factor
1 7.5 200 By

2 7.5 400 0

3 7.5 400 0.5B,

4 7.5 400 1.0By

5 7.5 400 1.5Bg

number of 7.5 are used. Parameters of these cases are shown in
Table 3, including different reaction rates and diameters. Results
show that these posterior cases are also in good agreement with
the correlation. The maximum error is about 1.5%, which occurs at
Dp = 200 pm.

For a cylinder with other orientation, or for a spherical particle,
the effect of chemical reactions on the drag force is expected to
show similar trends, but the correlation formula will be different
because the reaction rates and species distributions will be differ-
ent for different geometries. Nevertheless, the dimensionless num-
bers may remain to be the same, which lays a solid foundation
for future study. This developed correlation can easily be coupled
with point-source based simulations. All parameters required to
calculate these dimensionless numbers can be obtained from the
classic char combustion models [49,50]. The application and per-
formance evaluation of this new drag force model for a burning
particle needs further study in the future.

4. Conclusions

Particle-resolved simulations are performed to analyze the ef-
fect of chemical reactions on the drag force of a burning char par-
ticle by using the ghost cell immersed boundary method. The ef-
fects of heterogeneous reactions, gaseous reactions and the particle
temperature are investigated. It is found that the flow patterns are
changed due to the Stefan flow induced by the heterogeneous re-
actions. The recirculation wake becomes shorter and detaches from
the particle, which leads to the change of the pressure, friction
and drag force. As a result, the reactive particle can not be sim-
plified as a particle with an outflow. The drag force of the reac-
tive particle is obviously higher than the one with an outflow. The
gaseous reaction of CO and O, also increases the drag force. The
CO, produced by the gaseous reaction accumulates at the rear of

e Simulation cases
Drag correlation

(a)

(b)

Fig. 16. Comparison of drag force coefficient between fully-resolved simulations and the fitted formulation (a) Re = 5, (b) Re = 10.
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the particle and causes a increase of the molar mass, leading to a
larger pressure drop. Besides, the drag force is also influenced by
the temperature difference between the particle and the incoming
flow, not only through the viscosity but also through the chemical
reactions. Based on the fully-resolved simulations, a new drag force
correlation for a burning particle is developed. Two dimensionless
numbers are introduced to represent the effects of the heteroge-
neous reactions and the gaseous reaction respectively. The corre-
lation shows good performance in the current configurations, and
need more evaluation in the future work.
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