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Particle rotation plays an important role in gas-solid flow. The particle rotation induced by gas-solid phase
reaction is investigated in this work. The non-uniform gas-solid phase reaction direct results to the rotation of a
non-spherical particle. Based on the random distribution of active sites, the combustion of non-spherical particles
is numerical investigated. According to the numerical results of chemical reaction rate on the particle surface, the
net force and the rotation frequency of non-spherical particle were obtained by post-processing. The bearing
force and rotation of cubic particles caused by gas-solid chemical reactions are systematically numerically
studied. The rotational frequency is basically consistent with the experimental results in the reference. For coal
char particles with an active area ratio of 0.8, the rotational frequency can reach 1000 Hz at side length of 60 pm.
The effects of active area ratio, ambient gas temperature and particle size on the induced thrust and the rota-
tional frequency of coal char particles are analyzed. The unbalanced force on the particle surface increase with
the reaction rates. The rotation velocity increases with the decrease of particle size. And it increases with the

increase of ambient temperature..

1. Introduction

The gas-solid non-catalytic reactions are widely used in chemical
production process, such as combustion [1-3]/gasification [4] of coal,
the reduction of iron ore [5], and the decomposition/oxidation of pyrite
[6-8]. In addition, the regeneration of catalysts deactivated by coke
deposition also includes the gas-solid oxidation/reduction reactions
[9,10]. The operation performance of these chemical productions is
largely determined by the reaction and movement characteristics of
solid particles. The force balance and more complex conservation of
angular momentum of a single particle in reaction process is of great
concern to understand its effects on fluid dynamics in multi-phase flow.
The rotation of particles is obtained from the conservation of angular
momentum. The particle rotation affects the motion characteristics of
particles [11] and turbulence modulation in gas-solid flow [12]. For
coal gasification, the rotation of pulverized coal can avoid its linear
trajectory in the gasifier, increasing the residence time and improving
the carbon conversion. Under high rotation velocities, the centrifugal

force of pulverized coal particle leads to the crushing of coal and the
shedding of ash [13,14]. In addition, the particle rotation effects heat
transfer in entrained flow gasifier, and it tends to decrease the non-
uniformity of the temperature distribution [15]. Particles rotation is
closely related to gas—solid reactions and flow.

The rapid rotation of particles was obviously observed in many
visualization studies, like ignition and combustion characteristics study
of pulverized coal and coal-water fuel aggregates [16-18]. The periodic
variation of particle projection area and particle size in combustion
process reflected the rotation phenomenon of individual particles. And
the rotation velocities were recorded. The rotational frequency was
directly related to the reaction rate which was determined by the
furnace gas temperature, the oxygen partial pressure, and the particle
size [19]. The rotation behavior of particles was usually attributed to the
reaction force induced by volatile matter ejection from pores [19].
However, for anthracite particles with only 3.6% volatile matter, a very
obvious rotation motion with a rotational frequency of 400 Hz has also
been detected [16]. At the same time, particles has shown notable
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Fig. 1. The generating process of thrusts due to the gas—solid surface reactions.

continuous rotating phenomena during all combustion stages including
volatile combustion, particle heat-up and char reaction processes [18].
Therefore, in addition to the ejection of volatile matter, the rotation
mechanism induced by reactions is worthy of further study, especially
for the rotation of anthracite particles and the continuous rotation in the
char reaction process.

Our research group has observed and investigated the fluctuating
motions of petroleum coke particles with low ash and volatile contents
in the experimental process of combustion and gasification [20]. It was
found that the non-uniformity distribution of active site on particle
surface and structural irregularity account for the particle motion
induced by gas-solid phase reactions. Coal contains complex organic
materials and inorganic materials. The reactivity of coal was considered
to be proportional to the number of active sites in the coal [21]. The
formation of coal surface active sites [22-25] determined that the
reactivity of single coal char varies with different micro areas. Each
active micro area on the particle surface reacts and releases gaseous
products to induce a reaction force [20] perpendicular to the micro
surface, forming a net force on the whole particle. When the coal char
particle is not a sphere, all the force components on the micro area of
particle form a net torque, making the particle to rotate.

In this study, we investigated the rotation characteristics of a single
non-spherical particle with gas—solid reactions. The reaction model of
cubic coal char particles was established based on the random distri-
bution of particle surface active sites. The fundamental mechanism of
coal char particle rotation in the reaction process has been analyzed.
And we studied the effects of active area ratio, ambient temperature and
particle size on the induced thrust and rotation characteristic of reacting
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coal char particles.
2. Particle rotation
2.1. Particle rotation mechanism

For the gas—solid surface reaction, the reactant gas diffuses from the
surrounding to the surface of solid particles. Then the heterogeneous
reactions occur on the particle surface to generate gaseous products,
which are released outward. The absorption of reactants and the release
of products both contribute to the impulses of force, forming the induced
thrusts directed toward the interior of the particles at the reaction sur-
face, as shown in Fig. 1. The thrusts at micro areas are directly related to
the reactions rate. When the surface reactivity of a symmetrical solid
particle is the same, the resultant force of these induced thrusts at par-
ticle surface is 0. However, for some solid particles whose surface
reactivity changes with micro areas, such as coal, the net induced thrust
formed by the gas—solid surface reactions depend on the reactivity of the
micro-areas.

The complexity of coal composition results in non-uniform distri-
bution of active sites on the particle surface [21]. As illustrated in Fig. 2
(A), the active sites are non-uniform distributed on the surface, where
red represents the active surface and blue represents the non-active
surface. The gas-solid surface reactions occur on active surface, and
the gaseous products are released, forming a thrust F;, perpendicularly to
the particle surface inward. Integrate the thrusts on the whole particle
surface:

ZF,->0

Therefore, for solid particles with non-uniform surface reactivity, the
gas-solid surface reactions induce a non-zero resultant force.

For spherical particles, the normal directions of the micro areas on
particle surface all cross the centroid of the sphere, resulting in the
translation of particle. For non-spherical solid particles, the thrust
magnitude and its direction on the particle surface are illustrated in
Fig. 2(A). Thus, the torque of the force system on the non-spherical
particle surface to the centroid O is expressed as:

M, (FR) =Y "M, (Fj-) >0

For the solid particle in Fig. 2(A), a clockwise rotation moment My is
obtained. Thus, for non-spherical particles with un-uniform surface
reactivity, the gas—solid surface reactions lead to a non-zero resultant

moment. The solid particle is rotated under this torque. The rotational
angular acceleration and angular velocity are obtained. The particle

(B) M,

Fig. 2. (A) Formation and (B) balance of the torque My induced by gas-solid surface reactions.
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Fig. 3. Morphology characteristics and modeling simplification of coal char particles.

rotation is accompanied by the rotational friction on the particle surface.
The frictional force on the particle surface is opposite to the direction of
particle rotation, forming a frictional resistance torque My. The magni-
tude of this torque is proportional to the rotation angular velocity of
solid particles. With the increase of particle rotation angular velocity,
the frictional resistance torque continues to increase until it is equal to
the thrust torque Mo induced by the gas—solid surface reactions, as
shown in Fig. 2(B). The particle rotational angular velocity reaches
balance.

2.2. Particle rotation speed

In this paper, the steady-state simulation is used to obtain the reac-
tion rate distribution on particle surface during the combustion process
of coal char particles. The net force and its torque on non-spherical
particle are calculated by post-processing. The rotational frequency of
a non-spherical particle is estimated based on the torque to particle
centroid. The pressure on reacting micro-area is contributed by the
gaseous reactants and products fluxes according to the momentum
conversion, which is defined as

dm' dm
pi= vr—d[' + vp—dl” (€]
v @
p-S-7i,-dt

here, v, is the reactants velocity, v, is the products velocity. The velocity
is calculated by diffusion fluxes on particle surface based on the equation
2). ﬁs is the normal unit vector of reacting surface. dm.', /dt (kg/mzs) is
the absorption rate of gaseous reactants, dm;, /dt (kg/m?s) is the release
rate of gaseous products. The mass fluxes of reactants and products to/
from particle surface are obtained by steady-state simulation. The
chemical reaction of solid particles is modeled in section 3.

The thrust on the i-th micro-area of the particle surface is calculated
as follows:

— R Fi,x
Fi=pAin;=|Fy 3
F iz

where p; is the pressure on the i-th micro-region, and A; is the area of i-th
micro-region. For the whole particle, the net thrust can be expressed as:

F=YF, ©

The particle center of gravity O is at the coordinate origin (0,0,0).

Therefore, the torque of the induced thrust 1?'1» at the i-th micro-region
with centroid coordinate of (x, y, z) can be calculated by the following
formula.

N N i j ok
M, (F,.) =ToxF=|x y z (5)
F[x F[v F[z

Thus, the net torque of all induced thrusts on the particle surface to
the centroid O is integrated as follows.

ZiM[X M,
Mo(F) =Y Mo(F) = | S My | = | M, 6)
ZIM'Z M.

‘fwo(fr)‘ = /M + M + M2 %)

The particles rotation is accompanied by the rotational friction on
the particle surface, as illustrated in Fig. 2(B). The rotational friction
torque of whole particle surface is defined as [26]:

here, ¢ is the rotational friction coefficient and @ is the rotational
angular velocity. The influence of particle rotation direction on the
rotational friction coefficient is ignored. And the rotational friction co-

efficient of cubic particles is estimated by the formula of spherical par-
ticles [26].

¢ = nud® 9)

here, d is the equivalent diameter of equal volume sphere of the cubic
particle. The equivalent diameter of equal volume sphere is defined as:

1/3
d= (6/7[) l (10)

When the frictional torque formed by rotational friction is equal to
the thrust torque induced by gas-solid phase reactions, the particle
rotation angular velocity reaches balance.

)

Thus, the balanced angular velocity w and rotational frequency f of
solid particles can be calculated as follows:

o[/
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Fig. 4. Distribution of active sites on cubic particle surface and an enlarged partial schematic view; active sites (red), non-active sites (blue). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

f=w/2r) a3
3. Mathematic modeling
3.1. Active sites modeling

The numerical simulation for a single char particle is carried out in
our study to reveal the rotational phenomenon during combustion
process. Usually, the rotation phenomenon of coal particles has been
widely reported [16-19] in experiments. The surface morphologies and
structures of Zhongmeng (ZM) bituminous coal chars were measured by
the scanning electron microscopy (SEM), as shown in Fig. 3. In this
work, the coal char particle is modeled by the cube with side length of [
to simplify the research and better explain the rotation mechanism of
non-spherical particles, because the cube represents a simplest regular
non-spherical particle. The composition of coal char particles is extreme
complex. In our previous study [27], the ash aggregations with the
characteristic size of 2-6 pm were randomly distributed on the char
particle surface. The random distribution of ash aggregations leads to
the non-uniform distribution of active sites. Based on the random dis-
tribution of ash aggregations, the active site distribution model is pro-
posed for the cubic particle. One distribution of active sites on cubic
particle surface and an enlarged partial schematic view are shown in
Fig. 4. For feasibility of calculation and study, several assumptions and
simplifications for modelling are introduced as follows.

1. A coal char particle consists of reactive carbon and non-reactive
ash. The active area ratio is defined as the active area S, to the whole
particle surface area S.

S,
a=< (14

2. The chemical reactions occur at the active sites (reactive carbon)
on particle surface. The porosity of the particle is ignored to exclude the
intraparticle diffusion.

3. The char particle surface is divided into many uniform square
cells, as shown in Fig. 4. The active sites are the reactive carbon marked
in red in the Fig. 4. The non-active sites are the non-reactive ash marked
in blue.

Table 1
Reaction rates for homogeneous reactions.

Reaction  R; (kmol/m°es) A, E, (J/kmol) B ref

R1 KcolCO] 2.24x 102  1.6736 x10° 0  [28]
[H,0]°[0,]**

R2 K[CO1[H,0] 274 x10° 8368 x107 0  [29]

R3 K°[CO4][Ha,] 9.98 x101°  1.205 x10® 0  [30]

4. Each cell on cubic particle surface is a potential active site. The
probability of each cell to be active site is the same, which is equal to the
active area ratio a.

3.2. Chemical reactions

Based on the active-sites distribution in Fig. 4, the three homoge-
neous and four heterogeneous reactions are considered for char parti-
cles, written as follows:

CO+0.50, + H,0-CO, + H,0 (R1)
CO, +H,—~CO+H,0 (R3)
C+ C0,—2CO (R4)
C+0.50,—-CO (R5)
C+H,0-CO+H, (R6)
Table 2
Reactions rates for heterogeneous reactions.
Reaction Ar E, (J/kmol) Br ref
R4 4.605 m/(seK) 1.751 x 108 1 [31]
R5 3.007 x 10°m/s 1.4937 x 10° 0 [32]
R6 11.25 m/(seK) 1.751 x 108 1 [31]
R7 593.83 m/(seK) 1.4965 x 10° 1 [33]
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The semi-global reactions rates of three homogeneous and four
heterogeneous chemical reactions are listed in Table 1 and Table 2. The
catalytic effect of water vapor on CO combustion was considered [28].
The forward and backward water—gas shift reactions were used [34,35].
The rate constant for each reaction follows the Arrhenius expression:

k, = A, TP e EalRT (15)

where, A, is pre-exponential factor, f3, is temperature exponent, E, is
activation energy for the reaction, and T is temperature.

3.3. Governing equation

The combustion of coal char particles is a transient reaction process
with the continuous consumption of carbon. For the statistical conve-
nience of induced thrusts and torques on particle surface, the Pseudo-
steady-state [28] approach is applied for the combustion of cubic char
particle. The Navier-Stokes equations coupled with the energy and
species conservation equations are used to solve the flow field.

Continuity and momentum equations:

V-(pv) =0 16)
V-(pvv) = = Vp+V-(7) a7
where p is the static pressure, the stress tensor 7 is given by.

- N T 2_ .

T=u|(Vv+Vy )—§V~v1 (18)

here, u is the molecular viscosity, and I is the unit tensor.
The mixture material is modelled by incompressible ideal gas law:

P
p = 19
/ RTSZ 19
here, R is the universal gas constant; Y; is the mass fraction of species
i; M; is the molecular weight of species i.
Species and energy transport equations:

V-(pvY;) = V-(pDinVY:) +Ri (20)

where R; is the net rate of production of species i by chemical reaction,
and D; ,, is the mass diffusion coefficient for species i in the mixture.

R =M, R, 1)

here, ﬁi_r is the Arrhenius molar rate of creation or destruction of species
i in reaction r.
- N h?

V-(pvh) =V-| AVT — — Y —R; 22

(pvh) ( q,) >, (22)
where 1 is the thermal conductivity, h is the sensible enthalpy, k is the
enthalpy of formation of species i. For the radiation heat transfer, the P-1
radiation model is used [30,35], which can be expressed as follows:

VG
_ 2
qr 3 (23)
G
V- (v_) —aG +4an*cT* =0 (24)
3a
—V-q, = aG — 4an*cT* (25)

here, a is the absorption coefficient, G is the incident radiation, n is the
refractive index of the medium, and ¢ is the Stefan-Boltzmann constant.
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The values for y, 4, and D are calculated by kinetic theory [30]. The heat
capacity of the mixture is calculated by polynomial expression.

Inward heat flux:

Based on the steady-state simulation, the particle interior is ignored
[30,34]. The heat flux Q;’ of the particle inward heat transfer has been
proposed and validated in our previous study [27]. It was found that the
numerical particle surface temperature without the inward heat transfer
is 200-300 K higher than the experimental results. The inward heat flux
is estimated by the internal heat capacity and burnout time based on the
combustion of single particle [36].

01 = mc,AT (26)
AT =T, — T, @7
, 01 4/37°8p,c, (T, — To)  1p,cp(Ty — Two)
= =2 _ s = 2
2 S-7, 4rrit, 31, 28
T =0T (29)

where m is the particle mass, r is the particle radius, ¢, is the specific heat
capacity, ps is the coal char density, 1400 kg/m>. T; and T, are the
surface temperature of particle and the ambient temperature, S is the
particle surface area. 7; is the heat transfer time, estimated by the
burnout time. The 7, and 7 are the particle burnout time and the pro-
portion of heat transfer time during the combustion process. According
to the work of Riaza [16], the coefficient # is given as 0.105. The
diffusion-controlled combustion of char particle follows the d*law [36].

3 —d*(1) = k.t (30)

D
k. =2 1n(1 + B) (31)

(32)

vy — 1+ ”‘fwcozm
where d is the particle diameter, v = 44/12 = 3.664, p, is the gas
density, p. is the carbon density, D is the gas mass diffusion coefficient
[37], @0,,0 and wco, « are the mass fraction of Oz and CO2. Nup* equals
2 when the char particle is pure diffusion-controlled combustion without
the influence of convection.

Boundary conditions on particle surface

Species diffusion effects in the energy equation due to wall surface
reactions are included in the normal species diffusion term. The heat flux
of particle inward heat transfer is considered by the wall boundary
conditions based on the equation (28). The convective and diffusive
mass fluxes of the gas-phase species at the surface are balanced by the
production/destruction rates of gas-phase species caused by surface
reactions.

iwarr . =

PuanDi 0;1 L meYiwanr = My iRig (33)
Ng =N

mc = ZMW,[RL: (34)
i=1

where IAZI-,S (kmol/m?s) is the production rate of species i due to the
surface reaction (R4-R7), m. is the net mass flux between the surface and
the gas, the index ,,q refers to the gas side at the wall.

Simulation conditions and methods

A single cubic coal char particle was placed stationarily in the center
of a 266 [ x 266 | x 266 [ cube flow field, where [ is the side length of
cubic particle. The flow field is large enough to avoid blockage effects
and ensure the adequacy of gaseous reactants. The computational
domain and numerical grids around particle are illustrated in Fig. 5. The
boundary condition of particle surface is no slip, and the far field
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Fig. 5. Computational domain and numerical grids around particle.
Table 3 800
Numerical conditions.
Particle Ambient Operating Air (mass fraction) n 31mul'flt10r1
size temperature pressure 0, N, H,0 - - experlment[lé]
1 (um) Ty (K) p (atm) 600
150 1573 1 0.233 0.766 0.001
N n
3000 E WGy s e i sy n
~ [
—m— experiment[38]
—o— simulation 200 |
2700 |
< { 0 - -
g 2400 0.6 0.7 0.8 0.9
& a
ig. 7. The numerical validation against experimen or anthracite
Fig. 7. Th ical validati gainst experi t [16] f thracit
2100 f coal particle.
Fluent. The convection terms were discretized by means of the QUICK
1800 . . scheme. The SIMPLE algorithm was adopted for pressure velocity

0.2 0.3 0.4 0.5
O, mole fraction

Fig. 6. Validation against experimental data [38].

boundary is the pressure outlet. In our previous work [27], we analyzed
the ash distribution on particle surface by field emission scanning
electron microscopy (FESEM). The characteristic size of ash aggrega-
tions was 2-6 pm. The specific size of the cell on particle surface is
consistent with the characteristic size of ash aggregation. Detailed
description of grid dependence can be found in the work [27]. The re-
action property of each cell on particle surface is obtained by a random
function based on the active site distribution model. Then, the active and
inactive sites are defined by multiplying 1 or O by the reaction rate
constant via user defined functions (UDF). The heat flux Q;’ of the in-
ward heat transfer is added in the particle surface as the wall boundary
condition. The basic numerical conditions are shown in Table 3. Char
density is 1400 kg/m>. The governing equations were solved by the
finite volume numerical algorithm based on the commercial software

coupling. The under-relaxation factors were set as 0.7.

3.4. Model validation

3.4.1. Temperature validation

In order to validate the proposed models, we compared our numer-
ical results with the experimental data of particle temperature measured
by Bejarano [38] for 90 pm particles in O2/N2 at 1400 K. All the model
conditions were identical to Bejarano’s experimental conditions. Ac-
cording to the equivalent diameter of equal volume sphere, the side
length [ of the cubic particle is 72 pm. Re was estimated to be 1. The
active area ratio a used in simulation was estimated to be 0.8 based on
the ultimate analysis of the coal in Bejarano’s experiment. Fig. 6 pre-
sents the comparison between our numerical results and experimental
results. The numerical simulation results are in good agreement with the
experiments.

3.4.2. Rotation validation
The rotational frequency f of a single cubic char particle during the
combustion process was simulated for validation. Riaza et al. [16]
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Fig. 8. Frequency histogram of rotational frequency f for different active site
distributions at a = 0.7.

recorded the diameter periodic change of a coal particle with the com-
bustion time in the air with the temperature of 1400 K. Coal in experi-
ments was anthracite with particle diameter of 75-150 pm, and the fixed
carbon of this anthracite was 80% by proximate analysis. We counted
the rotational frequency, about 410 Hz, of anthracite coal particle for the
experiments data published by Riaza [16]. For validation, the average
particle size of 112 pm was used in simulation. Thus, the side length [ of
the cubic particle was 90 pm, according to the equivalent diameter of the
equal volume sphere. The rotational frequency of a single cubic particle
under a = 0.7/0.8 is illustrated in Fig. 7. The simulated results are
basically consistent with the experiment. It should be noted that the
rotational frequency in Fig. 7 is an average result. There are many active
sites distributions for the same active area ratio. For different active sites
distributions with the same a, the temperature and consumption rate of
the particle surface are the same, but the induced thrust and rotational
frequency are greatly affected. Fig. 8 shows the frequency histogram of
rotational frequency f under different active sites distributions at a =
0.7, based on the conditions of Riaza’s experiments [16]. The numerical
results of rotational frequency approximately follow the logarithmic
normal distribution. The induced thrust F and rotational frequency f
discussed in our work are average values, which are calculated as
follows.

F= )Tv\ - m (35
n
f= ¥ (36)

here, n is the number of samples, and i is the i-th sample. As shown in the
inset figure of Fig. 8, the average f tends to be constant with the increase
of calculated samples n.

In the next section of results and discussion, the reaction character-
istics and the influencing factors of induced thrust and rotational fre-
quency for non-spherical particles have been analyzed.

4. Results and discussion
4.1. Particle reaction characteristics

Fig. 9 shows an active site distribution at a = 0.7. The active sites are
randomly distributed on the cubic particle surface, because the active

probability of each site is the same. The reactivity of local micro-area on
the particle surface is different, as illustrated in Fig. 9. The reactivity of
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Lower reactivity

Higher reactivity

Fig. 9. Active sites distribution on particle surface; active sites (red), non-active
sites (blue). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

some micro regions is higher and that of some micro regions is lower,
resulting in the non-uniform distribution of active sites. The gas-solid
surface reactions take place at the active sites. Under the numerical
conditions in Table 3, the reaction rate distribution of R7 on particle
surface is presented in Fig. 10(A). Usually, the surface reactions rate
increases with the increase of the specific surface area [24]. Compared
with spherical particles, the local specific surface area of the cubic
particles is related to the position, where the vertex angle > edge > face.
The position with larger specific surface area has faster reaction rate.
Therefore, the active sites with the fastest reaction rate in Fig. 10(A) is
located on the vertex angle of cubic particle. The combustion of a coal
char particle generates a lot of heat. The temperature of surrounding gas
and the particle are increased rapidly. The temperature distribution on
the particle surface is shown in Fig. 10(B). The temperature at the vertex
angle is the highest, which is 200 K higher than the temperature at the
face center, because the active sites at vertex angle has the fastest re-
action rate.

The heterogeneous reactions consume carbon to produce gaseous
products. The products are released outward at a certain speed. At plane
z = 0, the gas velocity distribution around the cubic particle is shown in
Fig. 11. The gas velocity at the edge of cube is greater, for the reaction
rate on the edge of the particle is faster than the face center. The
maximum velocity at this plane is about 0.45 m/s, but for the whole
particle, the maximum gas released velocity can reach about 0.9 m/s at
vertex angle. With the release of gaseous products from particle surface,
the induced thrusts are formed. The non-uniform distribution of local
active sites contributes to the uneven distribution of induced thrusts at
particle surface. The net induced thrust on the whole particle and the
torque of all induced thrusts to the centroid O are obtained by integra-
tion. Their numerical values are presented in the following sections.

4.2. Influence of particle active area

The proportion of active area varies with different coal rank. For a
single coal particle, the proportion of active area on the particle surface
is also in the process of changing with the reaction progress. Therefore,
the induced thrust and the balanced rotational frequency of particles
have been analyzed for different active area ratios under numerical
conditions listed in Table 3. The reactive area on particle surface de-
creases with the decrease of the active area ratio. Thus, the reaction rate
of the whole particle also reduces. Fig. 12 shows the specific carbon
consumption rate for different active area ratio. The r, increases with the
increase of the active area ratio. At the same time, Fig. 13 illustrates the
numerical results of the induced thrust and the rotational frequency at a
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Fig. 11. Gas velocity magnitude around the particle at plane z = 0.
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Fig. 12. Specific carbon consumption rate r, for different active area ratio.

= 0.0002 ~ 0.9. In order to study the magnitude of induced thrust more
intuitively, the thrust is compared with the particle gravity in this paper.
So, Fr is defined as the ratio between the induced thrust magnitude and
the particle gravity.

Fr= ‘F‘/mg (37)

where, m is the particle mass.

The active area ratio has a great influence on the induced thrust and
rotation of particles. As can be seen from Fig. 13, the induced thrust and
rotational frequency firstly increase and then decrease with the increase
of the active area ratio, which is different with the specific carbon
consumption rate in Fig. 12. Because the net force on a particle is
determined by the effective active area.

F= i: F; (38)

Where, N, is the number of effective active-sites, F; is the force on the
active-site. N, is determined by the total number of active-sites (Ng) and
the non-uniformity index (U) of the active site distribution.

N, =N,-U (39)

With the increase of the active area, the non-uniformity (U) of active
site distribution decreases. The non-uniformity index is O for a = 1. Thus,
the net force decreases with the increase of the active area, and the net
force is 0, when a = 1. However, with the decrease of the active area, the
number of active-sites (N,) reduces. When a = 0, N, = 0, so the net force
is 0. Considering these two factors, the induced thrust and rotational
frequency firstly increase and then decrease with the increase of the
active area ratio. The changing trends of induced thrust and rotational
frequency are the same. The induced thrust and rotational frequency
both reaches the maximum at a = 0.01-0.03. The maximum induced
thrust is about 1.7 times that of gravity. And the maximum value of the
rotational frequency is about 800 Hz.

4.3. Influence of ambient temperature

The temperature is a crucial factor for gas-solid surface reactions.
The effect of temperature on particle rotation is investigated by chang-
ing the ambient temperature of numerical conditions in Table 3. Fig. 14
illustrates the induced thrust and rotational frequency for a = 0.5 ~ 0.8
under different air temperature. Generally, for pulverized coal, the fixed
carbon content is in the range of 50% to 80%. Under a = 0.5 ~ 0.8, the
induced thrust and rotational frequency increase with the decrease of
the active area ratio, as discussed in section 4.2. As the increase of air
temperature, the chemical reaction rates are enhanced. Naturally, spe-
cific carbon consumption rate r. increases, as shown in Fig. 15. There-
fore, the release rate of gaseous products increases, and the induced
thrust on cubic particle is enhanced. In the range of Ty = 1473-1873 K,
the induced thrust and rotational frequency of particles increase linearly
with the increase of ambient temperature, but their growth slopes
decrease slightly with the increase of a. The dimensionless induced
thrust Fr is about 0.3 for particles with a = 0.5 at Tp = 1473 K. When the
temperature increases by 400 k, the Fr of particles with a = 0.5 increases
by 0.097. For particles with a = 0.8, Fr is about 0.17, and it increases by
0.075 when the temperature increases by 400 k. For particle rotation,
the rotational frequency of particles with a = 0.5 increases by 51.6 Hz,
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while that of particles with a = 0.8 increases by 38.8hz.

4.4. Influence of particle size

Particle size is a vital control factor for the gas—solid phase reactions.
Particle size closely affects the reaction rate and time. The influence of
particle size is studied by controlling the side length of the cube in nu-

merical conditions listed in Table 3. The active area ratio is in the range
of 0.5 to 0.8. Fig. 16 presents the average particle surface temperature T
and the specific carbon consumption rate r, for different I in log-log
graph. The specific surface area of a particle is crucial to the surface
reactions. Adschiri [39] found that the gasification reaction rate is
proportional to the BET surface area. The specific surface area for cubic
particles is defined as.

;S 6P
S ="=—=
vV B

=6l! (40)

The specific surface area of particles increases rapidly with the
decrease of particle size. So, the reactions on particle surface are
enhanced. The r, is approximately inversely proportional to the particle
size l. As shown in Fig. 16, the slope in log-log graph is 1.04, which is
comparable to the 0.98 and 0.94 in references [40,41].

T; and r. are maximum at the side length of 60 pm. The T increases
about 35 K for the particle of a = 0.8, when the side length decreases
from 210 pm to 180 pm. While, it increases 96 K when [ decreases from
90 pm to 60 pm. For the specific carbon consumption rate, its increase is
more obvious with the decrease of particle size. r, are between 0.05 kg/
m2es and 0.19 kg/m?es for particles in the range of 60 pm ~ 210 pm.

Fig. 17 (log-log graph) illustrates the numerical results of Fr and f for
different particle size. For 90 pm cubic particles with a = 0.7/0.8, the
induced thrust is equivalent to particle gravity. The thrust reaches
several times of the particle gravity, when the cubic particle size is 60
pm. The particle rotational frequency is as high as 1000 ~ 1500 Hz at the
side length of 60 pm. For the [ of 210 pm, the particle rotational fre-
quency is in the range of 60 ~ 100 Hz. The induced thrust and rotational
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frequency are all exponential to the particle size l. Based on the section
2, the theoretical analysis for induced thrust and rotational frequency is
as follows. Fig. 16 shows the log-log graph between Ts/r, and I. The
relationship between T and [ obtained by fitting is expressed as.

Tl\‘od—l).ll (41)
And, the fitting result between the r, and [ is written as.
el (42)

The induced thrust on particle is contributed by the reactants and
products fluxes according to the momentum conversion. The contribu-
tion of reactants and products to thrust is proportional according to the
chemical equations. Based on the Eq. (1) - (4), the thrust can be defined
as.

F= }ZpiAiﬁs

where, m, and mj, are the mass of the gaseous reactants and products to/
from the particle surface, Ry(kg/s) is the rate of released products. Ac-
cording to the global reaction of carbon consumption, R, is proportional
to the rate of carbon consumption R.(kg/s).

dm, dm,
vt —Lv, R, v,

it (43)

R,&R, = r.-61* (44

The R, can also be related to the flow rate of gaseous products on
particle surface:

R, = Sp,v, = 6F'p,v, (45)

10

RC

Te
Vo — = — (46)
PXe2 e Po
here, v, and pj, are the velocity and density of gaseous products.
The density of gas products follows the ideal gas law:
1 RT,
—_ = SchS (47)
P, PM
According to Eq. (41)-(47):
Fod 019 (48)
Thus, the Fr can be defined as:
o 49
mg  Ppg
Frod 1 (50)

According to the Eq. (5) in section 2.2, the torque of the induced
thrust F can be expressed as.

‘1?40 (7?) ‘chl (51)
Thus,
Y ’M0C<F) )0(5_113 (52)

In our numerical results, the fitting curve between viscosity y and
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Table 4
Comparison between the theoretical results and numerical results.

Theoretical result Numerical result

Fr Frod =319

f f0(172'12

Frod—B.ZO
fod—zvlz

particle size [ is as follows:

ﬂodfom (53)
Thus,
o F
f= 2”0<H120<1 (54)

At the same time, the numerical results of Fr and f for different
particle size are illustrated in Fig. 17 (log-log graph). The direct fitting
equations of Fr and f at a = 0.5 are as follows:

Fr=3.01x10° x [3% (55)

f=4.90x 10° x [ 212 (56)

The comparison of theoretical and numerical results of Fr and f is
listed in the Table 4. The theoretical results are in agreement with the
numerical results. The above theoretical analysis qualitatively reveals
the mechanism of non-spherical particles rotation during the combus-
tion process.

5. Conclusion

The rotation characteristics of non-spherical particles have been
analyzed based on the non-uniform distribution of active sites on the
particle surface. The thrusts on the particle surface are induced by the
gas—solid phase reactions. The induced thrust on different micro regions
changes with the local reactivity. Thus, non-spherical particles rotate
under the uneven induced thrust. The rotation model has been verified
by the rotational frequency of anthracite coal char particles during
combustion process. Numerical simulation results are basically consis-
tent with the experimental results. Reaction characteristics of cubic coal
char particles have been investigated. The induced thrust and the rota-
tional frequency of particles have been analyzed for different active area
ratio, gas temperatures and particle sizes. The numerical results show
that the rotation velocity first increases and then decreases with the
increase of the active area, and it reaches the maximum at the active
area ratio of 0.01 ~ 0.03. Surface reactions rates are strengthened with
the increase of ambient temperature. The induced thrust increases with
the increase of reactions rate. Therefore, the induced thrust and rotation
velocity of particles increase with the increase of ambient temperature.
As the particle size decreases from 210 pm to 60 pm, the rotational
frequency increases significantly. When [ is 60 pm, the rotational fre-
quency can reach 1000 Hz. This paper reveals the rotation mechanism of
non-spherical particles in gas-solid phase reactions. It provides a basis
for particle motion modeling in fluid-particle reaction process.
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