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a b s t r a c t 

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. 
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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] ( C D = 24(1 + Re 0 . 687 
p ) /R e p ) 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-
∗ Corresponding author. 
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ral drag correlation is that the wall-normal velocity of the par-

icle is often not zero. As a result, the flow Reynolds number is

ot enough to represent the drag force. The effect of the non-zero

all-normal velocity has been discussed in the previous studies

n porous particles and outflow particles. For a porous particle,

he fluid phase can penetrate into the particle, leading to a non-

ero velocity [40,41] . The governing equation of the flow inside

he porous particle follows the Darcy–Brinkman–Forchheimer ex-

ended model [8] , and the normal component of the velocity at

he rear of the surface is called as “base bleed” [9] . According to

he studies of Bhattacharyya et al. [10] and Yu et al. [11] , the base

leed at the rear of the cylinder has some interaction with the

hear layer, making the recirculation wake detach from or pen-

trate into the cylinder. Therefore, the surface ratio and particle

orosity were used to quantify the effect of the porosity in the

rag correlation [12] . 

A particle with outflow has previously been studied as a sim-

lification of an evaporating droplet or a solid fuel particle with

 Stefan flow [13] , and the outflow velocity condition was imple-

ented at the surface without considering the effect of the species.

 number of studies [13–15] show that the outflow tends to reduce

he drag force. To take this effect into consideration, a blowing cor-

elation was introduced in the study of Stöllinger et al. [16] . The

tefan flow Reynolds number was also used in the drag correlation

17] . In the study of Higuera [18] , a gasification term was added

o the drag force calculation besides the pressure and the friction
. 

https://doi.org/10.1016/j.combustflame.2020.02.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
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o  
erms. Interestingly, the recent study of Luo et al. [19] showed that

he chemical reactions might increase the drag force of a reactive

article, compared with a an inert particle. Moreover, the proper-

ies of the flow in the vicinity of the particle also influence the

rag force. Kurose et al. [20] studied the change in drag force due

o the sphere being either heated or cooled. It was found that the

emperature difference between particles and the inlet flow influ-

nced the drag force, and a heated particle tends to have a larger

rag coefficient. The study of Nagata et al. [21] showed that the

emperature changes the drag force mainly by altering the kine-

atic viscosity coefficient in the vicinity of the sphere. 

Several recent researches also involved surface reactions of solid

uels [22–24] (e.g. pulverized coal combustion and biomass com-

ustion) and droplet evaporation [25 , 26] . However, they all focused

n the heat and mass transfer properties on the interface, and up

o now, the drag force of reactive particle has not yet been well

tudied. Heterogeneous reactions influence the drag force not only

hrough the Stefan flow. When the momentum, heat and mass

ransfer occur simultaneously, the drag force of a reactive particle

ay show a more complex behavior. To explore this phenomenon,

article-resolved simulations of a single burning char particle are

erformed with the immersed boundary method in the present

ork. The influence of the heterogeneous and gaseous reactions

n the drag force during the process of char combustion is inves-

igated in detail. 

The remainder of this paper is structured as follows. The nu-

erical method and simulation setup are described in Section 2 .

he mechanism of how reactions influence the drag force is dis-

ussed in Section 3. The effects of heterogeneous reactions, the

aseous reaction, and the particle temperature are studied, respec-

ively. A new drag force correlation for a burning char particle is

lso formulated. The last section is devoted to the conclusions. 

. Numerical approach and simulation setup 

.1. Numerical method 

Following the study of Luo et al. [19] , a high-order finite differ-

nce solver [27 , 28] is improved and used in the present work. The

overning equations of gas phase read 

Dρ

Dt 
+ ρ∇ · u = 0 , (1)

Du 

Dt 
= 

1 

ρ
(−∇p + ∇ · (2 ρνS)) , (2)

D Y k 
Dt 

= −∇ · J k + ˙ ω k , (3) 

c p − R 

W 

)
D ln T 

Dt 
= 

∑ 

k 

D Y k 
Dt 

(
R 

W k 

− h k 

T 

)

− R 

W 

∇ · u + 

2 νS 2 

T 
− ∇ · q 

ρT 
. (4) 

In the above set of equations, D/Dt = ∂ /∂ t + u · ∇ represents the

onvective derivative. The traceless rate of train tensor is given by

 i j = 

1 
2 (∂ u i /∂ x j + ∂ u j /∂ x i ) − 1 

3 δi j ∇ · u , while J is the diffusive flux,

nd ˙ ω k represents the reaction rate of species k . The reaction rates

nd the diffusive flux are calculated according to the method men-

ioned in [28] . Although the energy equation uses ln T instead of T ,

t can be easily transformed into the commonly used form by mod-

fying D ln T 
Dt into 1 

T 
DT 
Dt and using Dp 

Dt instead of expanding it based

n the equation of state [29] . In the energy equation, the enthalpy

s given by h while W is the molar mass of the gas phase and q is
he heat flux. The ideal gas equation of state, given by 

p = 

ρRT 

W 

(5) 

s used to close the governing equations. 

Because of the heterogeneous reactions at the char particle sur-

ace, the velocity, temperature and the species mass fraction at the

har surface are affected. It is essential to determine these bound-

ry conditions properly. The mass transfer at the interface is a bal-

nce of the convective flux, diffusive flux and heterogeneous reac-

ions, which is given by 

¯
 ·
[
ρY k ( ̄V k + u Ste fan ) 

]
= 

˙ m k (6) 

here n̄ represents the outward wall-normal unit vector, and ˙ m k is

he mass production rate of the k th species. The diffusion velocity

f the k th species is related to the gradient of the species mass

raction as 

¯
 k = 

1 

X k W 

∑ 

j � = k 
W j D k, j ∇ X j (7) 

hile u Stefan represents the velocity of the Stefan flow. The total

pecies diffusion flux is zero 
 

k 

V k Y k = 0 . (8) 

Based on mass transfer balance at the surface, the Stefan flow

elocity can be formulated as 

 · u Stef an = 

1 

ρ

K g ∑ 

k =1 

˙ m k . (9) 

The boundary velocity of the particle is a combination of parti-

le shrinking velocity and the Stefan flow velocity, which is given

y 

 IB = u Stef an + v n = u Stef an + 

∫ 
surf 

˙ m c ds 

sρc 
. (10) 

Here s is the surface area of the particle, and ρc is the density

f the char particle . 
In this study, the temperature gradient within the particle is

eglected. Therefore, the heat transfer at the interface contains

he diffusive flux, radiation, reaction heat and the heat conduction

rom the outside of the particle. The particle energy balance is then

iven by 

 c p,C 

d T p 

dτ
= 

∫ 
sur f 

( 

−σε(T 4 p − T 4 0 ) + 

K ∑ 

k =1 

˙ m k h k + n̄ · λ∇ T gas 

) 

ds (11) 

here V is the volume of the particle, T 0 represents the tempera-

ure of the incoming flow, and c p, C is the heat capacity of the char

article. In the radiation term, ɛ is the emissivity coefficient, and

is the Stefan–Boltzmann constant. Finally, ˙ m k and h k are the re-

ction rate and enthalpy of species k , respectively. The right hand

ide (RHS) of the equation is an integral over the particle surface.

n addition, the pressure gradient at the surface should be zero be-

ause of the no-penetration condition. 

The improved ghost cell immersed boundary method [30] can

e used to enforce the boundary conditions of velocity, species

oncentrations, temperature, and pressure. This method is of a

econd-order accuracy. For more detailed description and valida-

ion of the method for char combustion, please refer to the previ-

us research [19] . 

.2. Assumptions and simplifications 

In this study, a semi-global heterogeneous reaction mechanism

f char conversion and a homogeneous reaction of CO oxidation
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Table 1 

Kinetic Parameters of chemical reactions. 

Chemical reaction B E (J/mol) Reference 

(R1) 2C(s) + O 2 (g) → 2 CO (g) 1.97 × 10 7 1.98 × 10 5 Zhang et al. [31] 

(R2) C(s) + CO 2 (g) → 2 CO (g) 1.291 × 10 5 1.91 × 10 5 Zhang et al. [31] 

(R3) 2 CO (g) + O 2 (g) → 2 CO 2 (g) 2.24 × 10 12 1.6742 × 10 5 Turns [32] 

Fig. 1. Schematic of the computational domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Parameters of the simulation conditions. 

Parameter Values 

p 0 1.01 × 10 5 Pa 

Y O 2 23% (diluted by N 2 ) 

T inlet 1500 K 

Re 5, 10, 20 

T particle 1400 K, 1500 K, 1600 K, 1800 K 

D p 100 μm, 200 μm, 400 μm 

B 0.1 B 0 , 0.5 B 0 , 1.0 B 0 , 1.5 B 0 
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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 2 ,

O 2 , CO, and CO 2 , 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 

F D = 

∫ 
A 

PdA + 

∫ 
A 

τdA . (12)

2.3. Simulation setup 

In the simulations, a two-dimensional cylindrical char particle,

with diameter D p , is fixed in the domain. The computational do-

main has a size of 24 D p × 16 D p , and the position of the parti-

cle is shown in Fig. 1 . The grid resolution is set as �x = 1 / 50 D p .

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
iven by 

e = 

U D p 

υ
. (13)

Here, U and υ are the velocity and kinematic viscosity co-

fficient of the incoming flow. In addition, to analyze the effect

f reaction rate, we arbitrarily change the pre-exponential fac-

or (denoted by B in Table 2 ) of the heterogeneous reactions. B 0 
efers to the original value of pre-exponential factor of the het-

rogeneous reactions. At an identical Reynolds number, different

iameters cause the variation of the time scale of reactions and

iffusion. Therefore, cases with different diameters are also simu-

ated. Each case is simulated until it reaches a quasi-steady state. 

. Results and discussion 

.1. Flow pattern 

As mentioned in Section 2.1 , the heterogeneous reactions

t the surface of the particle result in a Stefan flow, lead-

ng to a nonzero normal velocity. This nonzero normal veloc-

ty will change the structure of the particle boundary layer.

s shown in Fig. 2 , when positive wall-normal velocity occurs, the

tagnation point at the front of the particle becomes detached from

he surface. The position of the stagnation point is farther from the

urface when the Stefan flow increases. 

The specific separation angle at the surface is hard to be de-

ermined because of the Stefan flow. Meanwhile, the recirculation

ake structure also changes. According to the simulations of Bhat-

acharyya et al. [10] , the critical Reynolds number of a cylindrical

article when the separation point first occurs is about 7. This cri-

erion is no longer valid for a cylindrical reactive particle. The Ste-

an flow restrains the formation of the recirculation wake so that

he recirculation wake is detached from the particle. The critical

eynolds number where the recirculation wake occurs depends on

he Stefan flow at the surface. 

To quantify the effect of the Stefan flow, an average Stefan flow

eynolds number over the particle surface is defined and will be

iscussed in the next section, which is given by 

 e ste fan = 

D p 

∫ 
S urf 

∑ K g 
k =1 

˙ m k ds 

ρυ
, (14)

here ρ and ν are the density and kinematic viscosity coefficient

f the incoming flow, and ˙ m k is the reaction rate of the k th species

n the surface (kg/m 

2 s). 
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Fig. 2. The vorticity and flow pattern around the particle with different heteroge- 

neous reaction rates ( T particle = 1500 K, D p = 400 μm, Re = 20). 
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In Fig. 2 , the length of the wake becomes shorter and the front

f the wake is further from the particle when reaction rates in-

rease. The so-called ‘base bleed’ of the porous particle has the

nalogous effect on the recirculation wake [11] . The formation of

he recirculating wake can be explained using Leal and Acrivos’s

ntrainment-detrainment mechanism [9] . According to the mech-

nism, the wake at the rear of the bluff body is formed because

he fluid entrained inside the shear layer gets separated from the

hear layer and reverses itself again to meet the entrainment need

f the shear layer. But for a burning char particle, the wall-normal
ig. 3. The comparison of the particle with heterogeneous reactions and the particle with

a) Drag force coefficient (b) Pressure and friction coefficients. 
elocity meets the entrainment demand of shear layer, hence the

ecirculating wake is weakened. 

.2. Effect of reactions 

In the process of char conversion, heterogeneous and gaseous

eactions happen simultaneously. Not only the flow pattern is

nfluenced, but also the fluid properties are affected because of

he non-uniform temperature and species distribution around the

article. In this section, the effects of heterogeneous and gaseous

eactions are analyzed. To simplify the analysis, the particle tem-

erature is set to be equal to the temperature of the incoming flow.

.2.1. Heterogeneous reactions 

In several previous studies, the effects of heterogeneous reac-

ions and evaporation are simplified as a pure outflow [15 , 42] .

ence, the effect of species distribution resulting from relative rate

f reaction and diffusion, is neglected. It was reported that the Ste-

an flow has little influence on the pressure but attenuates the fric-

ion, and thus tends to weaken the drag force [13–15,17] . To in-

estigate whether heterogeneous reactions have the same effect,

 comparison of particles with heterogeneous reactions and parti-

les with pure outflow is performed. Fig. 3 shows how the drag,

ressure and friction coefficients vary with the Re stefan for a react-

ng char particle and a non-reacting particle with outflow. For the

eacting char particle, the drag force increases slightly with the in-

reasing reaction rate (increasing the Stefan flow). This is in con-

rast to what is found for the non-reacting particle with an out-

ow, in which increase in Re stefan results in an obvious decrease in

he drag coefficient. At the same Stefan flow Reynolds number, the

riction coefficient of the reactive particle is slightly higher than

hat of the particle with the pure outflow. As a result, the differ-

nce in drag force is mainly resultant from the difference in the

ressure contribution which is associated with the species profiles

aused by the heterogeneous reactions. Hence, it is apparent that a

article with heterogeneous reactions cannot be simplified as just
 outflow ( D p = 40 0 μm, Re = 5, T particle = 150 0 K for the char particle). 
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Fig. 4. Local pressure and friction coefficient distribution of particle with different heterogeneous reaction rates ( T particle = 1500 K, D p = 400 μm, Re = 5). 

Fig. 5. Temperature contours in the neighborhood of particles with different reaction rates ( T particle = 1500 K, D p = 400 μm, Re = 5). 
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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 _ local = 

(p − p f ront ) 

1 / 2 ρU 

2 
, C τ_ local = 

∇ · (2 ρνS) · ⇀ 

x 

1 / 2 ρU 

2 
(15)

where p front is the pressure at the front point of the cylinder sur-

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 ρ and U, respectively. In the following discussions, θ
efers to the surface angle of the cylinder, and θ= 0 refers to the

ront of the cylinder toward the incoming flow. 

As the left panel of Fig. 4 (a) shows, at the rear of the particle,

ases with gaseous reactions have larger pressure drops. According

o the ideal gas state equation, the pressure is related to the den-

ity, molar mass and temperature of the gas phase, but according

o the definition of the pressure coefficient, the density term can

e roughly reduced. As a result, the variation of the pressure coef-

cient is mainly associated with the variation of temperature and

he molar mass. Fig. 5 shows that since convection dominates the

ransport in the vicinity of the particle, CO tends to be consumed

t the rear, yielding a high temperature region at a certain dis-

ance from the particle. However, the temperature difference be-

ween the boundary temperature and the particle temperature is

ess than 1 K (within 0.067% of the particle temperature) accord-

ng the simulation results. Considering this negligible difference of

emperature, one concludes that the non-uniformity of molar mass

lays an important role in the remarkable drop of the pressure co-

fficient at the rear of the particle. Fig. 6 shows that with the re-

ction rate increasing, the CO concentration increases at the front

f the particle. But because of the gaseous reaction, CO is trans-

ormed into CO 2 at the rear region. This change of species pro-

le around the particle finally alter the density and molar mass
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Fig. 6. Y CO and Y CO 2 profiles along the particle surface. 

( T particle = 1500 K, D p = 400 μm, Re = 5). 

Fig. 7. Normalized density and molar mass distribution along the particle surface( T particle = 1500 K, D p = 400 μm, Re = 5, normalized by the density and molar mass of the 

incoming flow). 
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Fig. 8. Kinematic viscosity coefficient distribution around a particle with differ- 

ent reaction rates normalized by the viscosity at the inlet ( T particle = 1500 K, 

D p = 400 μm, Re = 5). 

 

o  

c  

i  

c  

c  

s  

fi  
rofiles around the particles, as shown in Fig. 7 . The molar mass

f the gas phase increases at the back side of the particle, which

ccounts for the increase of the pressure drop. 

Meanwhile, Fig. 4 (b) shows that the local drag due to friction

s slightly different from the non-reactive particle at the front and

ear of the particle, but the friction at the side of the particle is

lmost the same. For 0 < θ < 30 ◦, the friction force of a reac-

ive particle is higher than that of a non-reactive particle. To ex-

lore the underlying physics, the kinematic viscosity distribution

ormalized by the parameter of the incoming flow is shown in Fig.

 . It is found that the kinematic viscosity in the boundary layer

round the particle is lower than that of the incoming flow and

he kinematic viscosity decreases with the increase of the surface

ngle of the cylinder. This is related to the species change around

he particle, especially the accumulation of CO 2 at the rear of the

article. As the viscosity around the reactive particle is lower for

 < θ < 30 ◦, the velocity gradient must be higher. Actually, be-

ause the streamwise velocity component of the Stefan flow in

his region is opposite to the incoming flow, the velocity gradi-

nt will definitely be higher. For similar reason, in the region of

50 ◦ < θ < 180 ◦, the reactive particle has a lower velocity gradi-

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

ation of CO causes a high temperature region around the parti-

le, and therefore the kinematic viscosity coefficient increases. As

 result, the velocity distribution is also different from that of a

article with pure Stefan flow, which influences the friction at the

urface too. In addition, it is interesting to find that the normal-

zed temperature and kinematic viscosity peak at around a location

ith a distance of D p from the cylinder, in which gaseous reaction

appens. 
In many previous studies on the drag force of particle with

utflow [13 , 14] , Re stefan is used as the only variable to describe the

hange in the drag force. However, when the gaseous reaction is

ntroduced into the system, the situation becomes more compli-

ated. Fig. 10 shows the correlations between the drag force coeffi-

ient and other variables. The symbol represents the simulation re-

ults, while the solid lines are obtained using quadratic polynomial

tting. When the Reynolds number and particle diameter are fixed,
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Fig. 9. Normalized temperature and kinematic viscosity coefficient (normalized by the values at the inlet) distribution as a function of normalized radial distance from the 

particle surface at θ = 90 ° ( T particle = 1500 K, D p = 400 μm, Re = 5). 

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 p = 400 μm. 

(normalized by the drag force of the inert particle at the same Reynolds number). 
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the drag force has a quadratic dependence on Re stefan . However,

when the diameter of the particle is changed, Re stefan 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

D p = 100 μm is almost equal to that of the non-reactive particle

( Re stefan = 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 τcon v = D p /U and diffusion τdiff = D 

2 
p / D CO 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 μm 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
umber, but decreases with the Reynolds number when the Stefan

ow Reynolds number is fixed. This also suggests that the effect

f chemical reactions can be weakened by the convection. Fig. 11

resents the contours of Y CO in the neighborhood of the particle

ith different diameters at the same Reynolds number. It is

lear that the species of CO shows different profiles around the

article. For the particle with a larger diameter, CO is burnt at the

urface, and the concentration is lower. The smaller particle shows

igher char consumption rate, but CO tends to be transported

nd burnt far from the particle because of the stronger convec-

ion. These results suggest that besides the Reynolds number

nd the Stefan flow Reynolds number, other parameters related

o gaseous reaction also influence the drag force of a burning

article. 
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Fig. 11. Y CO contours in the neighborhood of the particle with different diameters ( T particle = 1500 K, Re = 5, B = B 0 ). 

Fig. 12. Variation of drag force coefficient of a reactive particles with temperature ( D p = 400 μm, Re = 5, B = B 0 ). 
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.3. Effect of the particle temperature 

When the particle temperature is different from the incoming

ow, the change of fluid properties must be taken into account. Ac-

ording to the study of Kurose et al. [20] , the main factor of influ-

nce is the viscosity. While when a reactive particle has a different

emperature from the temperature of the incoming flow, not only

he viscosity, but also the reaction rates are affected, leading to dif-

erent characteristics from the heated/cooled non-reactive particle.

his effect will be discussed in this section. 

Four cases are simulated and the results are presented in

ig. 12 . The incoming flow temperature is fixed (1500 K), and the

emperatures of reactive particles are 140 0 K, 150 0 K, 160 0 K,

nd 1800 K, respectively. With the increase of the particle tem-

erature, chemical reactions are expected to be more intense. It

an be seen that both the pressure and friction terms linearly in-

rease with the enhancement of the particle temperature. As for

ocal distribution, it was found that the pressure of the heated

article is higher than that of the adiabatic particle in the re-
ion of 54 ◦ < θ < 108 ◦, while lower at the rear of the particle

n the study of Kurose et al. [20] . The reason was attributed to

he shift of the separation point. But for a reactive particle here,

he effect of separation point is eliminated by the Stefan flow. As a

esult, this phenomenon could not be observed any more as shown

n Fig. 13 (a). The higher particle temperature leads to larger pres-

ure drop at the wake region of the particle, similar to Fig. 4 (a). For

he friction distribution, it is interesting to note that the friction

eaks around θ= 70 ◦ and the particle of higher temperature shows

arger peak. This indicates that the stronger chemical reactions en-

ance the velocity gradient there as the kinematic viscosity is not

bviously changed ( Fig. 14 ). 

.4. Drag force correlation for a burning particle 

According to the analysis above, reactions cause a difference in

pecies and temperature distributions around a burning particle,

eading to a shift of drag force. To take this effect into considera-

ion, new drag force correlation needs to be developed. 
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Fig. 13. Local pressure and friction coefficient distribution of particle with different temperatures ( D p = 400 μm, Re = 5, B = B 0 ). 

Fig. 14. Kinematic viscosity coefficient distribution around the particle with differ- 

ent temperatures ( D p = 400 μm, Re = 5, B = B 0 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

n  

D  

l

R  

w  

v  

t  

g  

b  

t  

m  

c  

f  

s

 

m  

f  

c  

s  

[  

w  

f

C  

 

f  

r  

b  

R  

r  
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 π 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
umber, the dimensionless gaseous reaction rate, and the diffusion

amköhler number are of relevance and can be expressed as fol-

ows 

e stef an = 

˙ m c D p 

ρυ
, m 

∗
CO = 

˙ m CO D p 

ρU 

, Da diff = 

ρD CO 

D 

2 
p ˙ m CO 

, (16)

here ρ , U , υ are the density, streamwise velocity, and kinematic

iscosity of the incoming flow, respectively. The char consump-

ion rate is given by ˙ m c , while ˙ m CO is the CO reaction rate of the

aseous reaction at the boundary of the particle. For point-particle

ased simulations [46–48] , the char consumption rate can be ob-

ained by using a char combustion model, such as the single-film

odel [49] or the double-film model [50] . As the present work fo-

uses on the effect of chemical reactions on the drag force, the dif-

usion Damköhler number will not be discussed in the next analy-

is. 

For a cylindrical particle, the drag force coefficient has been

easured for cold flows in previous studies. Here to show the per-

ormance of the code, the drag force coefficient of a cold inert

ylindrical particle is calculated from the current particle-resolved

imulations and compared with the experimental data of Tritton

1] . As show in Fig. 15 , the predicted drag force coefficient agrees

ell with the experimental data. Non-linear least square fitting is

urther used to obtain the following correlation: 

 D = 

24 

Re 

(
0 . 382 + 0 . 191 Re 0 . 678 

)
. (17)

To consider the effect of chemical reactions, the average Ste-

an flow Reynolds number and the dimensionless gaseous reaction

ate should be formulated into the correlation. From Fig. 10 , it can

e seen that C D shows an approximately quadric dependence on

e stefan . Assuming the similar quadratic behavior of ˙ m co , the cor-

ection for a burning particle can be formulated as below based
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Fig. 15. Comparison of simulation data, experimental data [1] , and Eq. (17) . 
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Table 3 

Parameters of posterior cases. 

Case Re D p ( μm) Pre-exponential factor 

1 7.5 200 B 0 
2 7.5 400 0 

3 7.5 400 0.5 B 0 
4 7.5 400 1.0 B 0 
5 7.5 400 1.5 B 0 
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C  
n Eq. (17) 

 D = 

24 

Re 

[(
0 . 382 + 0 . 191 Re 0 . 678 

)
+ 

(
a 1 Re 2 stef an + b 1 m 

∗2 
CO 

+ c 1 Re stef an m 

∗
CO + d 1 Re stef an + e 1 m 

∗
CO 

)
+ 

(
a 2 Re 2 stef an 

+ b 2 m 

∗2 
CO + c 2 Re stef an m 

∗
CO + d 2 Re stef an + e 2 m 

∗
CO 

)
Re 0 . 678 

]
. (18) 

For a cold non-reactive particle, both Re stefan and m 

∗
CO are 0,

nd the above equation is reduced to Eq. (17) . To determine the
onstants in the above equation, non-linear least squares fitting of
he particle-resolved results is performed. Finally, the correlation
ecomes 

 D = 

24 

Re 

[(
0 . 382 + 0 . 191 Re 0 . 678 

)
+ 

(
1 . 373 Re 2 stef an + 16 . 715 m 

∗2 
CO 

+6 . 303 Re stef an m 

∗
CO − 0 . 215 Re stef an + 1 . 129 m 

∗
CO 

)
−

(
0 . 144 Re 2 stef an 

+26 . 530 m 

∗2 
CO − 1 . 288 Re stef an m 

∗
CO − 0 . 315 m 

∗
CO 

)
Re 0 . 678 

]
. (19) 

Fig. 16 shows the comparison of the drag force coefficient be- 

ween the particle-resolved simulations and the fitted correlation

t the Reynolds numbers of 5 and 10. The adjusted coefficient of

etermination R 2 [44] of this correlation is 0.99. For all cases used

or fitting, the maximum error occurs at Re = 5 with a value of

.3%. 

To validate the correlation, a posteriori analysis is performed

nd presented in Fig. 17 . Five additional cases at the Reynolds
Fig. 16. Comparison of drag force coefficient between fully-resolved 
umber of 7.5 are used. Parameters of these cases are shown in

able 3 , including different reaction rates and diameters. Results

how that these posterior cases are also in good agreement with

he correlation. The maximum error is about 1.5%, which occurs at

 p = 200 μm. 

For a cylinder with other orientation, or for a spherical particle,

he effect of chemical reactions on the drag force is expected to

how similar trends, but the correlation formula will be different

ecause the reaction rates and species distributions will be differ-

nt for different geometries. Nevertheless, the dimensionless num-

ers may remain to be the same, which lays a solid foundation

or future study. This developed correlation can easily be coupled

ith point-source based simulations. All parameters required to

alculate these dimensionless numbers can be obtained from the

lassic char combustion models [49,50] . The application and per-

ormance evaluation of this new drag force model for a burning

article needs further study in the future. 

. Conclusions 

Particle-resolved simulations are performed to analyze the ef-

ect of chemical reactions on the drag force of a burning char par-

icle by using the ghost cell immersed boundary method. The ef-

ects of heterogeneous reactions, gaseous reactions and the particle

emperature are investigated. It is found that the flow patterns are

hanged due to the Stefan flow induced by the heterogeneous re-

ctions. The recirculation wake becomes shorter and detaches from

he particle, which leads to the change of the pressure, friction

nd drag force. As a result, the reactive particle can not be sim-

lified as a particle with an outflow. The drag force of the reac-

ive particle is obviously higher than the one with an outflow. The

aseous reaction of CO and O 2 also increases the drag force. The

O produced by the gaseous reaction accumulates at the rear of
2 

simulations and the fitted formulation (a) Re = 5, (b) Re = 10. 
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Fig. 17. Comparison of posterior analysis cases and predicted drag force. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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