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Abstract

The force exerted on particles is of great significance to the flow and reaction charac-
teristics of particles in gasifier. In this study, the unbalanced thrust, especially its mag-
nitude, of a single char particle induced by chemical reactions during combustion
process is investigated numerically, based on the random distribution of active sites.
It is revealed that the nonuniform distribution of active sites directly leads to the
nonuniform absorption of reactants and release of products, which accounts for the
net induced thrust on particles. The effects of active site ratio, ambient gas tempera-
ture and particle diameter on the induced thrust of reacting particles were investi-
gated. The results show that the induced thrust on particles could be equal to the
magnitude of particle gravity. The induced thrust is determined by the nonuniformity
of carbon distribution on char surface. The net thrust is enhanced with the increase

of specific carbon consumption rate.

Grant/Award Number: 19XD1434800
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1 | INTRODUCTION

The efficient and clean utilization of coal is essential to reducing car-
bon dioxide emission. Entrained flow gasification has become an
important method of coal gasification technology because of its wide
adaptability of coal and high efficiency.! The synthesis gas from
entrained flow gasifier is widely used in chemical production and poly-
generation system.?® In entrained-flow reactors, the char conversion
is mainly in pore-diffusion controlled regime. The char conversion pro-
cess plays a very important role in the operation of reactor. The
movement of coal particles in the gasifier has a great influence on the
heat and mass transfer of the chemical reaction.*

The movement of particles in entrained flow gasifier mainly con-
siders the gravity and drag force.>”” The force on pulverized particles
directly caused by chemical reactions is not involved at all. In previous
studies, the motion phenomenon (such as particle rotation) of coal

8-10

particles was recorded in some visualization studies, like the igni-

tion and combustion characteristics study of coal in a drop tube

active sites distribution, chemical reaction, coal char particle, induced thrust

furnace. Recently, particle fluctuating motions! were recorded during
combustion and gasification process of petroleum in experiments of
our research group. Liu et al.!* found that the nonuniform release of
gaseous products directly accounts for particle motion. Coal particles
feature the complex physical structure and the chemical composition.
The irregularity of coal's shape,'? the nonuniformity of pore distribu-
tion and material composition®® on particles surface all lead to the
movement of particles during chemical reaction process. Coal particles
consist of unreactive inorganic component and reactive organic por-
tion. The distribution of chemical substances in coal is nonuniform, as
shown in Figures 2 and 3. The chemical reactivity of particles varies
with the surface micro-regions. The active sites and reactivity of coal
particles have been widely studied.'**® The pyrolysis of oxygen-
containing functional groups in coal-generated active sites.'?22 In
addition, the generation of active sites during isothermal pyrolysis fol-
lows an exponential compound function with pyrolysis time.*? The
number of active centers is related to the internal surface area and

porosity of particles.?® Breakdown of C—H contributes to the
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formation of C active sites.>* The active sites usually exist at the crys-
tallite edges of macropores and mesopores of char. The crystallite
edges have the defects of carbon crystallite or catalytic minerals.242°
For individual particle, the distribution of active sites on surface is ran-
dom. The reactivity varies with different micro areas.

The simulation studies of a reacting single coal particle usually
focus on the conversion characteristics and the reaction dynamics.
Richter?® and Nikrityuk?”2® respectively studied carbon consumption
rates and influence of heterogeneous kinetics under different condi-
tions through the steady-state simulation of char particle surface.
They assumed that the coal particle was ash-free nonporous carbon.
Sadhukhan??° analyzed the dynamics of nonporous coal char by
shrinking sphere model and shrinking core model. Random pore model
is often used to consider the influence of pore structure in the evolu-
tion of coal char. Sadhukhan®! studied the combustion characteristics
of porous coal char particles by the volume reaction model.
Beckmann®? studied the oxidation process of coal char and measured
the kinetic parameters for heterogeneous reactions. Dierich®® and
Nguyen®* respectively explored the influence of particle velocity on
the dynamics of particle porosity and the morphology evolution of
porous char particles. Xue®>3® and Richter®” established real pore
structures in the physical model. All the researches of coal char parti-
cles focus on the consumption characteristics and morphology evolu-
tion of particles. The study of chemical reaction on particle dynamics
is vacant.

The particles randomly moved!! and rotated®® during the gasifi-
cation/combustion process. These studies on pulverized coal motion
during chemical reactions were only focused on experimental phe-
nomena. The force on reacting micro-area is contributed by gaseous
reactants and products fluxes according to momentum conversion, as
shown in Figure 1. Coal char is an irregular porous particle with com-
plex composition. The nonuniform gas-solid phase reactions caused a
net force and torque on irregular particles. The magnitude of net force
and its influencing factors are still unknown and worth further investi-

gation. The numerical investigation for the force magnitude on

- Reactants

e

Products

FIGURE 1 Schematic of the nonuniform reactivity on particle
surface and the formation of force on active micro-area during gas-
solid phase reaction process, ash (gray), carbon (black). The
nonuniform reactivity directly leads to the formation of a net force on
particle

nonporous particle induced by nonuniform gas-solid phase reactions
(first proposed by Liu et al.}?) is carried out in our work to further
reveal the movement characteristics of reacting particles. This net
force is defined as induced thrust in this paper.

In this work, the force magnitude is investigated numerically for
the difficulty of experimental measurement. The random distribution
model of active sites on the surface is innovatively provided to
explore the effect of chemical reactions on particle dynamics. A com-
prehensive model including inward and outward heat transfer of
reacting particles is developed to calculate the induced thrust of com-
bustion char particle. The magnitude of induced thrust produced by
chemical reactions is quantitatively studied by numerical simulation
method. The effects of active site ratio, ambient gas temperature, and
particle diameter on the induced thrust of reaction particle are

investigated.

2 | PHYSICAL AND MATHEMATICAL
MODELS

21 | Formation of induced thrust

The petroleum coke particles have fluctuating motions during com-
bustion and gasification process.!* The nonuniform gas-solid phase
reactions directly account for the unbalanced force on particles. The
surface reactions mainly occur at the active sites.?? As illustrated in
Figure 1, the reactive-area bears a momentum from gaseous reactants
and products during the gas-solid reaction process. The thrust F; is
perpendicular to the reactive area and point to the centroid O for
spherical particles. The net force on the whole particle results from
the nonuniform reactivity of particle surface. The thrust F; on reacting
surface is contributed by the reaction reactants and products fluxes

according to the momentum conversion.

th:d(mv) =mdv + vdm, (1)
v=—_1 dm 2)
pAsn; dt

The first term, mdv, on the right-hand of Equation (1) is second order.
Thus, Equation (1) is expressed as

- _dm
F:vE. (3)

The dm/dt (kg/s) is the reaction rate, which is obtained by the numeri-
cal simulation. The gaseous reactants/products to/from particle sur-
face are also calculated. Based on Equation (3), the pressure on

reacting surface is defined as

_vdm,’_~_v dm,’
Po=Vr gy TV g
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FIGURE 2 Micrographs of two char
samples (A) and (B) by field emission
scanning electron microscopy (FESEM)
and carbon/ash analyses on particle
surface, carbon (red), ash (other). (The
distribution of ash aggregations is
nonuniform)

FIGURE 3 Main elements of
ash distribution on micro-area of
char sample A, Si (orange), Al
(yellow), Na (blue), O (green). (Ash
is composed of different
minerals)

here, dm /dt (kg/m?/s) is the absorption rate of gaseous reactants,
dm;, /dt(kg/ m?/s) is the release rate of gaseous products. The net force
induced by gas-solid phase reactions is defined as induced thrust in
this article. The induced thrust E is obtained by integrating pressure

at particle surface and can be expressed as:

—_ n .
F=> pAsns, (5)
i=1

AI?BIFJ R NALJL”S

@ ash aggregation

Q 2.5 ym

where p; is the pressure on reacting surface, A is area of reacting sur-

face, n, is the normal unit vector of reacting surface. In order to study
the magnitude of induced thrust more intuitively, this thrust is com-
pared with the particle gravity in this article. F is defined as the ratio

between the induced thrust magnitude and the particle gravity.

F= ‘E‘/msg. (6)

85U80|7 SUOWIWOD 3A eI 3|l dde 8Ly Aq peusenob e ssjolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUe-SW.R/Woo" A3 M Afelq 1 [pul|UO//:SdNY) SUORIPUOD pUe swiB 1 8y} 89S *[£202/20/60] Uo ARiqiTauliuo A1 ‘Aseaiun Bueibyz Aq 02T 21./Z00T 0T/I0p/W0d 8| iM Areiq Ul juoayde//Sdny Woi) papeo|umod ‘. ‘2202 ‘S06GLYST



ZHOU ET AL.

MAI?BEJ RNAL

2.2 | Active sites modeling

The nonuniformity of particle reactivity is a necessary condition for
the generation of induced thrust, as shown in Figure 1. In general
modeling of coal char particles, the particles are assumed to be isotro-
pic spheres. The elements composition of char particle is complex. In
order to study the distribution characteristics of reactive micro-area on
the char particle surface, the morphologies and structures of
Zhongmeng (ZM) bituminous coal char (composition as shown in
Table 1) were measured by field emission scanning electron micros-
copy (FESEM), as shown in Figure 2. With the FESEM, the qualitative
elements analysis on different micro areas of particle surface was
obtained. Si, Al, and Na are the main inorganic components of ash on
the char surface as shown in Figure 3. Ash is locally enriched on the
particle surface. The ash aggregation is randomly distributed on the
surface, and its characteristic size is 2-6 pm. The random distribution
of ash aggregations leads to the nonuniform distribution of reactive
micro-area on the particle surface.

Based on the characteristic size and the random distribution of
ash aggregations shown in Figures 2 and 3, the active sites distribu-
tion model is proposed. For calculation feasibility and study simplifica-
tion, several assumptions for the active site distribution model are
introduced as follows. (1) The char particle consists of carbon and ash
because the proximate analysis of coal char (as shown in Table 1)
shows that volatile matter is merely about 2%. The volatile matter of
particles is not considered. The pore structure development is a typi-
cal characteristic during char conversion process. Sadhukhan®® stud-
ied the porous structure characteristics of coal char and proposed a
modified random pore model to define the active surface area. Con-
sidering the complexity of particle evolution process, the porosity of
the particle is not taken into account, thus the interparticle diffusion
is neglected. Chemical reactions only occur at active sites (carbon) on
particle surface. (2) The char particle surface is divided into many cells,

as shown in Figure 4A. Each cell is a potential reaction site, which can

Proximate analysis (wt.%, air-dried basis)

Ultimate analysis (wt.%, air-dried basis)

be set as active or inactive site. (3) Each cell has the same probability
to be an active site. The probability is equal to the ratio of active sur-
face area and particle total surface area. The proximate analysis of
coal char (as shown in Table 1) shows that fixed carbon accounts for
about 70% of the total weight. The active area ratio 0.7 is estimated
by the ratio of fixed carbon for this coal char. Figure 4A shows the
active sites distribution for active area ratio 0.7. It should be noted
that for the same active area ratio, there are many kinds of active sites
distributions on particle surface. Figure 4A is only one of random dis-
tributions of active sites. The induced force on particle discussed in
our work is a statistical average value for different active sites distri-
butions at the certain active area ratio. Detailed instruction of statisti-
cal average value is shown in Section 4.1. The active area decreases
with the consumption of carbon during reaction proceeding. At the
same time, the active area ratio varies with different coal char. In our
work, the ratio of active sites is varied in the range of 0.1-1 to sys-
tematically investigate the influence of active sites. Thus, the real
active area ratio in the process of evolution is within the scope of this
study. Figure 4B1,B2 shows active site distributions for a = 0.7 and
0.5 respectively to visually show the distribution difference for differ-
ent active site ratios. Although the probability of reactivity is the same
for each cell, for a single particle, the distribution of active sites on the
particle surface is not absolutely uniform. Thus, the particle bears a
net force as illustrated in Figure 1.

2.3 | Mathematical modeling

The chemical reaction process on the char particle surface is very
complex, including the distribution of combustible materials, the
diffusion of chemical reactants, heat transfer, and species conserva-
tion. The reaction model, heat-transfer model, and the flow model
near particles are established based on the active site distribution

model.

TABLE 1 Proximate and ultimate

analysis of the char sample

Moisture  Volatile matter  Ash Fix carbon  Carbon

0.94 211 2676 70.19 63.88 0.40

Higher reactivity

Lower reactivity

Hydrogen

Nitrogen  Sulfur
0.72 0.92

FIGURE 4 (A) Active sites distribution on particle surface, active sites (red), nonactive sites (blue). (B) Partial schematic of active sites
distribution on particle surface for different active surface area ratio. (B1) 0.7-higher active surface area ratio; (B2) 0.5-lower active surface area

ratio
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2.3.1 | Chemical reactions

The chemistry is modeled by semiglobal reactions, with three homo-

geneous and four heterogeneous reactions, written as follows:

CO+0.50, + H,0 — CO, + H,0, (R1)
CO+H,0—CO,y+Hy, (R2)
CO, +Hy — CO+H,0, (R3)

C+CO, —2CO, (R4)
C+0.50, —CO, (R5)
C+Hy0— CO +Hy, (R6)
C+0, —CO;. (R7)

26,39,40

The semi-global reaction rates of three homogeneous and

41-43 chemical reactions are showed in Tables 2

four heterogeneous
and 3. The catalytic effect of water vapor on CO combustion was con-
sidered.” The forward and backward water-gas shift reactions were
selected.?®3” The rate constant for reaction r follows the Arrhenius

expression:
k, = A TPe Ea/RT, (7)

here, A, is pre-exponential factor, f3, is temperature exponent, and E,

is activation energy for the reaction.

2.3.2 | Particle inward heat-transfer model

In this article, the steady-state approach is applied for char burning.
The internal entity of particle is neglected.2672%37 The surface exo-
thermic reactions of particles generate a lot of heat, including inward

and outward heat transfer. The chemical reactions produce heat Q. Q4

AI?BIFJ R NALJLHS

AT=Ts-Tw, (10)

Ql’ _&:4/3”r53pscp(-r$ _ TOO) :rspsCP(TS — TOO)7 (11)

TSt Axrly 3¢

where m is the particle mass, r; is the particle radius, c, is the specific
heat capacity, p; 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, which can be

modeled as following formula:

Tt =1n"Tp, (12)

where 7, and 7 are the char particle burning time and the proportional
of heat transfer time during the particle combustion process.
According to the work of Riaza,® the rapid heating time of coal parti-
cles accounts for 0.09-0.12 of the burnout time. So, the coefficient 5
is given as 0.105. For the 17y, it is mainly affected by particle size, tem-
perature, and gas composition in the flow field. The diffusion-
controlled combustion of char particle follows the d?-law,** which can

be expressed as:

do? — d?(t) =kt, (13)
kczwln(l-&-B), (14)
Pc
2Wo, o — L 2w
B= 0> " v, MCOs (15)

ve—1+ "i,:lwcoz,S
where vg = 44/12 = 3.664, p is the gas density, p. is the carbon den-
sity, D is the gas mass diffusion coefficient,*> W0, and weo, s are the
mass fraction of O, and CO,. Nup* equals 2, when the char particle is
pure diffusion-controlled combustion without the influence of con-
vection. The burnout times calculated by Equations (13)-(15) for dif-
ferent diameters are compared with Makino's*® values, when the

is the heat transfer to particle interior from particle surface. Q. is the TABLE 3  Reactions rates for heterogeneous reactions
heat transfer to the gas in flow field. The heat flux Q' of inward heat Reaction A E,, (J/kmol) b Ref
transfer is calculated as follows: R4 4.605 m/(s/K) 1751 x 10° 1 41
R5 3.007 x 10°> m/s 1.4937 x 108 0 42
Q=Q1+Q,, (8)
R6 11.25 m/(s/K) 1.751 x 108 1 41
Q1 =mc,AT, 9) R7 593.83 m/(s/K) 1.4965 x 10° 1 43
TABLE 2 Reactl.on rates for Reaction R; (kmol/m%/s) A E, (J/kmol) Br Ref
homogeneous reactions
R1 KcolCOI[H,0]1%%[0,]%% 2.24 x 10*? 1.6736 x 108 0 39
R2 K [COI][H,0] 2.74 x 10° 8.368 x 107 0 40
R3 KP[CO,][H,] 9.98 x 10*° 1.205 x 108 0 26
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120 v (pVY,-) =V (pDimVY:) +R;, (20)
—H=—Makino A
s =@ This work
g 90 - . . L .
E where R; is the net rate of production of species i by chemical reac-
;‘Q / tion, and D;,, is the mass diffusion coefficient for species i in the
0O
g 60 L i / mixture.
= / o
2 n / i -
= o Ri=M;» R, (21)
=] + i i ir
Z2 30 :/ =i
0 ) ) . . ) where R;, is the Arrhenius molar rate of creation or destruction of
40 50 60 70 80 species i in reaction r.
dy (um) o
A(ovh)=V. _qa.)— iR
v <pvh) v (NT q,) ; iR (22)

FIGURE 5 Burnout time for different diameters

ambient temperature is 1400 K and the mass fraction of O, is 0.4. The
average deviation is 9.6%, as shown in Figure 5. The estimation of
burnout time is valid. The heat flux Q4 of inward heat transfer is con-

sidered on the particle surface according to Equation (11).

2.3.3 | Flow field and heat-transfer process

In this work, the Pseudo-steady-state approach is adopted, because
the consumption time scale of the particle is always long compared to
the diffusion and convective time of the gas phase.® The buoyancy
effect on the particle is ignored. The Navier-Stokes equations
coupled with the energy and species conservation equations are
applied to solve the flow field.

Continuity and momentum equations:
V. (pv) =0, (16)
V. (pvv) —_Vp+V-(3), (17)
where p is the static pressure, the stress tensor 7 is given by

%:,{(vﬁvf)%v-vl}, (18)

here, y is the molecular viscosity and [ is the unit tensor.
The mixture material is modeled by incompressible ideal

gas law:

p
= , 19
"R )
3

here, R is the universal gas constant, Y; is the mass fraction of species
i, and M; is the molecular weight of species i.

Species and energy transport equations:

where 1 is the thermal conductivity, h is the sensible enthalpy, h? is
the enthalpy of formation of species i. The first two terms on the
right-hand side of Equation (22) represent energy transfer due to con-
ductive and radiation, and the last term is the heat of chemical reac-
tion. For the radiation heat transfer, the P — 1 radiation model is

d,26’37

use which can be written as follows:

VG

ar= 3 (23)

v- (V—G) —aG+4an’6T* =0, (24)
3a

—V-q, =aG —4an’6T*. (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. The values for u, A are calculated by kinetic
theory. The heat capacity of the mixture is calculated by polyno-

mial expression.

2.34 | 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 bound-
ary conditions based on Equation (11). 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 sur-

face reactions.

aY: . ~
pwaIIDi at,rv;/all - mCYi,waII = Mw,iRi,s’ (26)
Ng
mc= Z M Ri,s: (27)
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where ﬁ,»,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 4 refers to the gas side at the wall.

3 | SIMULATION CONDITIONS AND
METHODS

A single spherical coal char particle was placed stationarily in the cen-
ter of a 266d x 266d x 266d cube flow field. The computational
domain and numerical grids are presented in Figure 6. The flow field is
large enough to ensure that the gaseous reactants diffuse to the parti-
cle surface. The basic numerical conditions are shown in Table 4. The
ambient air is quiescent and nearly dry. Char density is 1400 kg/m?>.
The char particle size used in this work varies from 60 to 210 um. The
governing equations were solved by the finite volume numerical algo-
rithm based on the commercial software Fluent. The convection terms
were discretized by means of the QUICK scheme. The SIMPLE algo-
rithm was adopted for pressure velocity coupling. The under-
relaxation factors were set as 0.8. The reaction properties of each sur-
face cell were defined as an active site or inactive site by a random
function. Then, the active and inactive sites were obtained by multi-
plying 1 or O by the reaction rate constant via user-defined functions,
as illustrated in Figure 4A.

4 | RESULTS AND DISCUSSION

4.1 | Model analysis and validation

As shown in Figure 6, it is difficult to divide the spherical particle sur-

face into regular quadrilateral with equal area. The cell area on the

AI?BII:'J R NALM

particle surface is slightly different. The active cell ratio and active
area ratio are introduced. They are respectively defined as Equa-
tions (28) and (29).

7N,‘

a_m, (28)
_Sr

bfg, (29)

here, N, is the number of active cells, N; is the total number of cells on
particle surface, S, is the active area, and S is particle surface area. In
order to assess the uniformity of surface cells, the relative variance §
between a and b is defined as:

_|b—a

="

(30)

b is calculated according to a certain a. For a = 0.5, the relative vari-
ance § for different cells numbers of particle surface is shown in
Figure 7A. Relative variance decreases with the increase of cells num-
ber on particle surface. The maximum deviation is less than 0.3%. Sec-
ondly, the relative variances are displayed for different active area
ratios at the surface cells number of 2400, as illustrated in Figure 7B.
The relative variance is less than 2% at a = 0.01. In the following
work, the active sites proportion and distribution are represented by
the ratio of the active cells number instead of the active area.

The distribution and number of active sites affect the magnitude
of induced thrust on particle. The gravity in the flow field is ignored to
exclude its disturbance on the induced thrust. For the same active
area ratio, like a = 0.5, there are many kinds of active sites distribu-

tions. The distribution of active sites decides the position of

(A)

gl |
Y
L
PR
e
SHNANRE

FIGURE 6 (A)Computational

(B)

133d

1334

domain and (B) numerical grid I

TABLE 4 Numerical conditions

Particle diameter
d (um)

150

Ambient temperature
To (K)

1573

. Air (mass fraction)
Operating pressure

p (atm) (o) N2
1 0.233 0.766

H,O
0.001
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FIGURE 8 Frequency histogram of F (a = 0.5)

heterogeneous reactions. The induced thrust differs with different
active sites distributions. The statistical average value of induced
thrust is obtained by calculating the net forces for different active
sites distributions at the same a. Figure 8 shows the frequency histo-
gram of F for different active sites distributions at a = 0.5 at the sur-
face cells number of 2400, based on the numerical conditions in
Table 4. As shown in the inset figure of Figure 8, with the increase of

samples, the average F tends to be constant. The numerical results of

1 1

0.2 0.3 0.4 0.5

0O, mole fraction

FIGURE 10 Validation against experimental data*’

particle-induced thrust approximately follow the logarithmic normal
distribution. The induced thrust discussed in our work is a statistical
average value. The precision of particle surface grids has a direct influ-
ence on the induced thrust. Figure 9 illustrates the average F for dif-
ferent surface cells number. The average F and its standard deviation
decrease with the increase of surface cells. The average F is basically
steady when the surface cells number reaches 2400. In addition, when
the particle surface grids are 2400, the size scale of the active site for
the 50-200 pm particles is several microns, which is equal to the scale
of ash aggregations in Figures 2 and 3. Therefore, the mesh with a
surface cells number of 2400 is chosen for the following numerical
study.

For the numerical simulation of thrusts induced by chemical reac-
tion, the accuracy is affected by the surface reaction model, flow
model, and heat-transfer model. In order to validate the proposed
models, Figure 10 shows the comparison between our numerical
results and experimental data of particle temperature published by
Bejarano®” for 90 um particles in O,/N, at 1400 K. All the simulation
conditions are identical to Bejarano's experimental conditions. Re was
estimated to be 1. Active cells number used in simulation was esti-

mated by the ratio of fixed carbon in the experiments.*” The
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agreement is relatively good between the numerical results and exper-
iments; the numerical results are within the experimental accuracy
range. In addition, it can be found that the inward heat transfer has a

great influence on the heat balance.

4.2 | Particle reaction characteristics

The heterogeneous reactions occur on the particle surface and pro-
duce gaseous products to form a net thrust. The reaction characteris-
tics and the induced thrust of a single particle were analyzed by the
numerical result of one active sites distribution at a = 0.5 with the
numerical conditions in Table 4. Figure 11 shows the reaction rates of
R4, R5, and R7. The R5 and R7 are dominant in the particle surface
reactions. The reaction rate at sparsely distributed active sites is faster
than that at densely distributed active sites. The consumption of gas-
eous reactants at densely distributed active sites is faster, and the
concentration of gaseous reactants is lower. Heterogeneous reactions
consume carbon and produce large reaction heat. The carbon con-
sumption rate on particle surface and the temperature distribution
around the particle are shown in Figure 12. Corresponding to the
reaction rates, the carbon consumption rate at active sites aggrega-
tions is also lower. The average carbon consumption rate m' is

0.1 kg/ m?/s. The average surface temperature T, is 2118 K.

(A)

kmol/m?/s
B I B
0.0009 0 0.004

FIGURE 11

FIGURE 12 (A) Surface consumption
rate of carbon and (B) temperature
distribution

0.002 0 0.019

AI?BIFJ R NALJ9;f15

As carbon was consumed, the gaseous products (CO and CO,)
were released outward perpendicularly at each active micro-area, for-
ming Stefan flow on the particle surface. The gas velocity in flow field
at plane z = 0 is shown in Figure 13. The velocity distributions in
x and y directions are also depicted. The gas velocity decays gradually,
tending to O at about x = 4d. Because of the nonuniform distribution
of active sites as illustrated in Figure 11, the velocity magnitude varies
with micro area. According to the momentum conservation, the non-
uniformity of gas-solid phase reactions results in a net thrust at parti-
cle surface. The pressure distribution on particle surface is illustrated
in Figure 14. The net induced thrust is obtained by integrating pres-
sure on the whole particle surface. The magnitude of induced thrust is
0.25 of a single particle gravity in this simulation condition. The thrust
induced by chemical reactions is a new force, which is worthy of fur-

ther study and analysis.

4.3 | Influence of active area

The proportion of active area differs with different coal. In addition,
carbon is constantly consumed with the reaction proceeding for a sin-
gle coal particle. The proportion of active area on particle surface is
changing during reaction process. The effect of active area ratio on
the induced thrust was studied, based on the simulation conditions in

Reaction rates on particle surface (A) R4, (B) R5, and (C) R7

®)

2080

1960

1840

1720

1600
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FIGURE 14 Pressure distribution on particle surface

Table 4. Figure 15A shows average induced thrusts of a single particle
for different active area ratios (varying between 0.01 and 1). It can be
noted that the active area has a great influence on the induced thrust.
The F decreases exponentially with the increase of the active area
ratio, when a is between 0.01 and 0.9. When a = 0.1, the thrust
begins to exceed particle gravity, and it is 1.5 times of particle gravity
ata =0.01.

As discussed in Section 2.1, the net thrust is due to the uneven
distribution of active sites. According to probability theory, the non-
uniformity of active sites distribution on char particle surface varies

with different active area ratios. For the local area of particles with

001 1 L 1 1

0.0 0.2 0.4 0.6 0.8 1.0
a

FIGURE 15 (A) The induced thrusts on particles and (B) the
nonuniformity (m = 96) of active sites distribution for different active
area ratios
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FIGURE 16 Demonstration of the division of sample m;

cells number n x n, as shown in Figure 16, a nonuniformity index U is
introduced to describe the nonuniformity of active sites distribution.
Based on nearest neighbor algorithm, the n x n cells could be evenly
divided into m samples. The nonuniformity index U is calculated as

follows*®:

where g; is the local active cells ratio in sample m;, and a is the active
cells ratio of the whole particle surface. When the active sites are uni-
formly distributed, U is 0. U increases with the increase of the non-
uniformity of active sites distribution. Figure 15B shows the
nonuniformity of active sites distribution for different active area
ratios. With the increase of the active area ratio, the nonuniformity
index U follows exponential decay. The change of induced thrust is
basically consistent with the decay trend of the nonuniformity of
active sites distribution. In addition, the thrust is also affected by the
reaction rate. When a = 1, the induced thrust is equal to O as shown
in Figure 15, because U is 0. The reactions on particle surface are uni-

form for a = 1, forming a force balance.

4.4 | Influence of ambient temperature

Temperature is a crucial factor for chemical reaction. The effect of
ambient temperature on the induced thrust was investigated at parti-
cle diameter of 150 pm and active area ratio of 0.5. The ambient air
temperature was varied in the range of 1473-1873 K. Figure 17 pre-
sents the induced thrusts of a single particle and their standard devia-
tions at different ambient temperatures. The F and its standard
deviation increase exponentially with the increase of ambient air tem-

perature. For char combustion, the reaction rate accelerates with the
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FIGURE 17 (A) The induced thrusts and (B) their standard

deviations at different temperature

increase of temperature. Naturally, the release velocity of gaseous
products on the particle surface increases. The net force on reacting
particle induced by nonuniform gas-solid reactions is enhanced with
the increase of ambient air temperature, corresponding with experi-
ments.!? At To = 1473 K, the ratio of induced thrust to single particle
weight is about 0.22. At To = 1873 K, the F is about 0.28.

4.5 | Influence of particle diameter
451 | Induced thrust with different particle
diameter

Coal particle size is a vital control condition in entrained flow reactors,
which is closely related to particle burnout time and carbon conver-
sion. The qualitative and quantitative effects of particle size on
particle-induced thrust are studied at a = 0.5, under the working con-
ditions in Table 4. As illustrated in Figure 18, the average surface tem-
perature and the specific carbon consumption rate of particle increase
continuously with the decrease of particle size. The specific surface
area of particles increases rapidly with the decrease of particle size.
The chemical reactions are strengthened?® for particle with higher

specific surface area. The average surface temperature decreases
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(é times of gravity. In order to explain the variation of thrust with par-
Y ticle size, the theoretical analysis is as follows. Figure 18 shows the
§ \ fitting curve between average surface temperature and particle
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FIGURE 18 (A) The average particle surface temperature T, and
(B) the specific carbon consumption rate m' for different diameters

about 30-60 K, when the particle diameter increases by 30 um. The
particle consumption rates are between 0.07 and 0.26 kg/m?/s.
Naturally, the induced thrust is enhanced with the decrease of
particle diameter, as illustrated in the inset of Figure 19. The gravity
force on a single particle decreased with the decrease of the particle
size. Therefore, the F dramatically increased with the particle diame-
ter decreased from 210 to 60 pum, as shown in Figure 19. The F is
about 0.1 at 210 pm. For 100 pm particles, the induced thrust is equiv-
alent to particle gravity. The thrust reaches several times of the parti-
cle gravity, when the particle size is reduced to 60 pm. Liu*! found
that the particle motion frequency decreases with the increase of par-
ticle size. When the particle size is 250 um at To = 1473 K, no particle
fluctuation phenomenon can be observed. For the particle of 250 pm
at 1473 K, the numerical result F should be much smaller than 0.1.
This thrust magnitude is too small to overcome the particle friction at
sapphire slip in experiments. Our numerical results in this work are in

good agreement with the experiments.*!

45.2 | Analysis for the effect of particle diameter

Particle size is the most important parameter affecting particle

motion. As mentioned above, the thrust of 60 pm particles is several

The global reaction rate Ry on particle surface can be defined as:

Ry =k[Oq], (33)

where k is rate constant for global reaction. If the effect of O, concen-
tration for different particle size is ignored, the relationship between
the specific carbon consumption m' and the global reaction rate is as

follows:
m’ o Rg k. (34)

The rate constant of global reaction at particle surface follows the

Arrhenius equation:

k =Aexp <7%> (35)

Thus:
m' =A'exp _E (36)
RT)"

The fitting result between the specific carbon consumption m' and
particle surface temperature is shown in Figure 20.
According to Equations (32) and (36) based on the fitted equation

shown in Figure 18, the specific carbon consumption is as follows:

m ocd™14, (37)
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FIGURE 20 The numerical results of specific carbon
consumption and particle surface temperature are fitted by the
Arrhenius equation

The induced thrust on reacting surface is contributed by the reaction
reactants and products fluxes according to the momentum conver-
sion. The contribution of reactants and products to thrust is propor-

tional. According to Equations (1)-(5),

F=(m;-Av,+mp-Avp) occmp - Avy, (38)

where m, is the rate of gaseous reactants to the particle surface, m, is
the rate of released products. According to the global reaction of car-
bon consumption, the rate of carbon consumption m, is proportional

to the rate of released products.

Mme ox mp. (39)

The rate of products released from the particle surface can be related

to the gas flow rate:

me =m'zd® cmy, =zd*-p-vp, (40)
vpoc e M (41)
X =—.
? ﬂ.’dz/) P

The density of gas products follows the ideal gas law:

= bwi (42)

The gas velocity on the particle surface is 0, thus:

Av, =V, (43)

According to Equation (32) and Equations (37)-(43):

Focd 0%, (44)

AICBE R AL 1201

The ratio F between the induced thrust and the weight of a single
particle can be defined as:

F=F/msg= (45)

Yerdp,g’
Focd 33, (46)

The ratio F is exponential to the particle diameter d. The expo-
nential constant is —3.38 by theoretical derivation and —3.43 by
direct fitting for numerical results illustrated in Figure 19. The relative
error between theoretical analysis and direct fitting is 1.5%. With the
decrease of particle size, the ratio of thrust to particle gravity
increases rapidly, so the thrust plays a decisive role in the motion of
small particles. The above theoretical analysis qualitatively reveals the
mechanism of particle-induced thrust during the combustion process

in this article.

5 | CONCLUSION

In this study, the magnitude of induced thrust on reacting char parti-
cles was investigated, based on the nonuniform active site distribution
during combustion process. The gaseous products are released non-
uniformly outward perpendicularly at different active micro areas,
directly resulting in the unbalanced induced thrust on a whole particle.
The induced thrust of particles with different active areas, ambient
gas temperature, and particle size were investigated. The numerical
results demonstrated that the thrust magnitude on particles could be
equal to that of particle gravity. It is revealed that the induced thrust
of a single particle decreases exponentially with the increase of the
active area. The net thrust is enhanced with the increase of specific
carbon consumption rate. The thrust dramatically increased with the
particle diameter decreased from 210 to 60 pm. The ratio between
the induced thrust and the particle gravity is exponential to the parti-
cle diameter d. This work reveals the mechanism for the net force
induced by chemical reactions.

In the present work, coal char is modeled as a spherical particle.
When the coal char particles are modeled by nonspherical particles,
such as cube, a net torque on particle will be obtained. The non-
spherical particles rotate under this net torque. The force induced by
nonuniform gas-solid phase reactions affects the motion and rotation
of particles. This force can be considered in the modeling of gas-solid

reactor, which may make the numerical results more accurate.
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