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Abstract 
Pyrolysis gas jets out from the surface of a solid fuel particle when heated. 
This study experimentally observes the occurrence of gas jets from heated 
solid fuel particles. Results reveal a local gas jet occurs from the particle’s sur-
face when its temperature reaches the point at which a pyrolysis reaction oc-
curs. To investigate the influence of the gas jet on particle motion, a numerical 
simulation of the uniform flow around a spherical particle with a nonuniform 
outflow or high surface temperature is conducted, and the drag force acting 
on the spherical particle is estimated. In the numerical study, the magnitude 
of the outflow velocity, direction of outflow, and Rayleigh number, i.e., par-
ticle surface temperature, are altered, and outflow velocities and the Rayleigh 
number are set based on the experiment. The drag coefficient is found to de-
crease when an outflow occurs in the direction against the mainstream; this 
drag coefficient at a higher Rayleigh number is slightly higher than that at a 
Rayleigh number of zero. 
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1. Introduction 

Pulverized coal is mixed with air and burned in pulverized coal combustion de-
vices in power plants and ironworks. When a solid fuel particle such as coal is 
heated, the flammable gas generated by the pyrolysis reaction jets out from a 
part of the surface, and combustible components that are not gasified burn at the 
surface. Although the reaction rate and yields of each component in such a 
combustion process have been frequently investigated [1]-[6], few studies have 
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examined the fluid-dynamic behavior of the gas jet and the effects of the gas jet 
on the surrounding flow and solid fuel particle motion. 

In a numerical simulation of a gas-particle flow, an equation has been solved 
for the motion of a particle in which drag, gravitational, and other forces are in-
cluded [7] [8]. An equation of the drag coefficient is important to accurately es-
timate particle trajectories, and many studies have been conducted on drag 
forces acting on a particle in a flow field. For example, Haider and Levenspiel 
proposed equations for the drag coefficient of spherical and nonspherical par-
ticles [9], and numerical simulations have been conducted to investigate the drag 
forces acting on a nonspherical particle [10] [11]. Lee and Balachandar estimated 
drag forces on a translating and rotating particle in a wall-bounded linear shear 
flow [12], and drag forces on a particle with a uniform outflow from the surface 
were studied by Kurose et al. [13]. Furthermore, Katoshevski et al. experimen-
tally investigated the relation between particle temperature and drag forces; the 
results showed that the drag force acting on a heated particle increased due to 
free convection around the particle [14]. 

The aims of the present work are to clarify the flow around a burning solid 
fuel particle and to estimate the drag coefficient of the particle. In this paper, a 
gas jet from a heated coal particle is observed and the gas velocity of the jet and 
surface temperature of the particle are measured. In addition, the effect of the 
gas jet and surface temperature on the drag coefficient of a particle are numeri-
cally investigated; the numerical simulation supposes a particle Reynolds num-
ber for micron-sized particles in pulverized coal combustion and is therefore 
conducted at low Reynolds numbers (Re = 10 and 200). 

2. Experimental Observation of Coal Particle Combustion 
2.1. Experimental Apparatus 

Figure 1 shows (a) the schematic of the experimental apparatus and (b) a pho-
tograph of a coal particle set on a pedestal. The coal particle was placed on a cir-
cular pedestal with a diameter of 40 mm and heated using a spot-type halogen 
lamp heater (Fintech Co., Ltd., HSH-30/f30/24V-75W, spot diameter of 7 mm, 
power density of 40 W/cm2). The distance between the coal particle and the ha-
logen lamp heater was 30 mm. Table 1 shows the characteristics of the coal. A 
high-speed camera (DITECT Co., Ltd., HAS-D71), macro zoom lens (Kowa 
Optical Products Co., Ltd., LMZ45T3), YVO4 laser (KATOKOKEN Co., Ltd., 
PIV Laser G1000, wavelength of 532 nm), and an interference filter 
(SIGMAKOKI Co., Ltd., center wave-length of 530 nm, half-value width of 10 
nm, lower limit of transmittance of 55%) were used to observe gas jets from the 
coal particle and measure the gas jet velocity using a spatial resolution of 480 × 
640 pixels for an area of approximately 30 × 40 mm and a frame rate of 4000 fps. 
Gas jet velocity vectors were measured by particle image velocimetry (PIV) using 
commercial software (DITECT Co., LTD., Flownizer 2D). Prior to measuring 
the gas jet velocity, the uniform flow velocity was measured by PIV, and the  
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(a)                                       (b) 

Figure 1. (a) Experimental setup and (b) a coal particle. 
 
Table 1. Characteristics of coal. 

Type Senakin coal (bituminous coal) 

Water 3.9% 

Ash 12.2% 

Volatile Component 43.3% 

Fixed Carbon 40.5% 

 
velocity obtained was compared to that measured with a Pitot tube; the differ-
ence between both values was 7% or less and thus velocity measurements were 
deemed to be valid. At the point at which gas jetted out from the coal, the tem-
perature of the coal particle was measured using infrared thermography (Nippon 
Avionics Co., Ltd., InfRec Thermo GEAR G120EX) with a spatial resolution of 
340 × 240 pixels for an area approximately 100 × 70 mm, and a large measuring 
accuracy of ±2˚C and 2% was used for the measured temperature. 

2.2. Experimental Results 

Figure 2 shows a photograph of a jet occurring from the coal particle. In the ini-
tial stages of solid fuel combustion, volatile components generated at a relatively 
low temperature gasify and burn in a state of gas. The material with a low melt-
ing point melts and closes off the path of gas during this process; therefore, the 
internal pressure increases until gas breaks through the liquid film and jets out 
[15]. The surface part of the particle is shown in white in Figure 2 (the particle 
received light from the laser sheet). A mushroom-like smoke was seen to jet out 
from the particle surface, as shown in the red circle. Although Figure 2 shows 
only one jet, multiple jets actually occurred at different positions on one sample. 
PIV was conducted using white smoke as a tracer, which was released when the 
coal particle was heated. The white smoke comprises water droplets generated by 
the oxidation reaction between oxygen in the air and hydrogen from the pyroly-
sis reaction. Table 2 shows the size, jet velocity, and surface temperature of three 
samples, where size refers to the side length of the cuboid circumscribed in the  
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Figure 2. Jet from coal particle. 

 
Table 2. Size, jet velocity, and surface temperature of three coal samples. 

 Size [mm] Jet Velocity [m/s] Surface Temperature [K] 

Sample 1 36 × 40 × 15 1.50 632.0 

Sample 2 27 × 22 × 20 1.87 717.3 

Sample 3 23 × 15 × 5 1.70 671.8 

 
sample, the jet velocity is the arithmetical mean value of maximum and mini-
mum velocity vectors of the jet, and surface temperature is that of a cell located 
at the center of the jet taken by an infrared thermography image when the gas 
had begun to release. Three samples of different sizes were found to have similar 
jet velocities and surface temperatures of approximately 674 K; this temperature 
is within the temperature range at which coal pyrolysis reactions take place. 

3. Calculation Method 

The gas jet was experimentally confirmed to have occurred locally due to a py-
rolysis reaction when the coal particle was heated and the surface temperature of 
the particle increased, as mentioned above. However, using this experiment it 
was difficult to determine the influence of the jet occurring from the particle 
surface on the drag forces acting on the particle. The effects of nonuniform out-
flows and surface temperatures on drag forces acting on the particle were there-
fore investigated using a numerical simulation as follows. 

3.1. Governing Equations 

In this study, OpenFOAM-2.3.1 was used for computational fluid dynamics. The 
continuity equation, the Navier-Stokes equation, and the energy conservation 
equation are expressed as follows, 

( ) 0
t
ρ ρ∂
+∇ ⋅ =

∂
u ,                        (1) 

( ) ( ) ( ){ } ( )T
0

2
3

p u T T
t
ρ

ρ µ µ ρβ
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where ρ is density at a standard temperature, T0; u is the velocity vector; p is 
pressure; µ is viscosity; β is the thermal expansion coefficient; T is temperature; g 
is the gravitational acceleration vector; h is enthalpy; K is kinetic energy; and k is 
thermal conductivity. An incompressible flow was assumed, and ρ in the above 
equations was constant.  

3.2. Pressure and Friction Drag Coefficients 

The pressure drag coefficient CDp is expressed as follows, 

p
p 2 2

2 d2 xA
D

pn AD
C

S Sρ ρ

−
= = ∫

U U
,                   (4) 

where Dp is the pressure drag; |U| is the magnitude of mainstream; S is the pro-
jected area of sphere; nx is the x-direction component of unit normal vector at 
each point on the sphere; and A is the surface area of sphere. In this calculation, 
Dp was calculated from the following equation, 

p
ix

i i
i

rD p A
r

= −∑ ,                        (5) 

where pi is pressure of the i-th grid on the sphere surface; rix is the x-direction 
component of the position vector of the i-th grid from the center of the sphere; r 
is the radius of the sphere; and Ai is the area of the i-th grid. The friction drag 
coefficient, CDf, is expressed as follows, 

f
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where Df is the friction drag and τx is the x-direction component of shear stress 
acting on the sphere surface. This calculation assumes a surface of a virtual 
sphere with a radius of 1.01r. The tangential component of velocity at each grid 
on the virtual sphere surface, uti, was examined. Since flow velocity was zero on 
the (actual) sphere surface, and the distance between the virtual and the (actual) 
sphere surfaces was 0.01r, the friction drag was calculated from the following 
equation, 

t
f 0.01

i
i

i

uD A
r

µ=∑ .                      (7) 

3.3. Calculation Domain 

The three-dimensional flow around a rigid sphere of diameter, d, fixed in a uni-
form mainstream, U, was calculated. The calculation domain is shown in Figure 3, 
and is a rectangular parallelepiped of 40d × 20d × 20d. The sphere was placed at 
the center of the calculation domain, and the origin of the coordinate system was 
set as the center of the sphere. 
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Figure 3. Calculation domain. 

3.4. Calculation Conditions 

The governing equations were discretized through a finite volume method, and 
the merged PISO-SIMPLE (called PIMPLE in OpenFOAM) algorithm was used 
for pressure-velocity coupling. The calculation domain was divided into ap-
proximately 320,000, nonuniformly-spaced computational cells, as shown in 
Figure 4. A second-order central difference scheme was applied for spatial de-
rivative terms, and time discretization was based on an implicit Euler scheme. 
The uniform mainstream, U, was supplied from the inlet boundary. A Neumann 
condition of a zero-velocity gradient was employed as the outlet boundary con-
dition. For calculations on the particle with an outflow from the surface, the 
Reynolds number, Re, which is based on the magnitude of the mainstream and 
the particle diameter, was set to 10. To investigate the effects of a nonuniform 
outflow from the particle surface, six different outflow directions were assumed. 
Figure 5 shows the locations of the six outflow directions and the outflow veloc-
ity distribution of x+ case. The maximum outflow velocities normalized by |U| 
were 0.4, 0.7, 1.0, 1.3, and 1.6; these normalized calculated conditions corres-
pond to the case of a particle at a submicron order, with the outflow velocity ob-
tained from the experiment mentioned above. Calculations were performed us-
ing Re = 200 for the particle with a high temperature. The Rayleigh number, Ra, 
is defined as 

3

Ra g TLβ
να
∆

= ,                           (8) 

where g is gravitational acceleration; ΔT is the temperature difference between 
particle surface and fluid; L is the representative length; ν is the kinematic vis-
cosity; and α is thermal diffusivity. When the physical properties of air at normal 
temperature were used for β, ν, and α, and the measurement values were used 
for ΔT and L, an experimental Ra number with an order of 105 was obtained. 
The Rayleigh number in the calculation was set to 105, which had the same order 
as that of the experimental Ra number. The end time of calculations, tend, was  
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Figure 4. Calculation grids. 
 

 
Figure 5. Locations of six outflow directions and outflow velocity distribution of x+ case. 
 
decided so that tend satisfied |U| tend/40d > 2. The flow surrounding a particle 
with no outflow at Re = 0.4 was calculated in advance. As the drag coefficient 
was in agreement with one of Stokes’ laws, the calculation method was con-
firmed to be valid. 

4. Calculation Results and Discussion 
4.1. Effect of Nonuniform Outflow from Particle Surface 

The results are shown only at tend, as the flow came up at a steady state. Figure 6 
and Figure 7 illustrate changes in the pressure and friction drag coefficients, CDp 
and CDf, with an increase in the normalized maximum outflow velocity, V. Fig-
ure 8 shows the pressure distribution along the particle surface at z = 0 at angles 
ranging from zero to π; an angle of zero is consistent with the positive x-axis di-
rection, which is counterclockwise. Pressure is normalized by the stagnation 
pressure in a case of V = 0. Pressure fluctuation was found in Figure 8 because 
the boundary of the sphere surface was approximated using a series of rectangu-
lar steps without using body-fitted grids. CDp decreased in a negative x-direction 
outflow. As the outflow velocity increased, upstream pressure decreased, as 
shown in Figure 8; thus, pressure drag also decreased. In the positive x-direction 
outflow, a pressure of around zero rad increased at V = 1 but decreased at V = 
1.6, as shown in Figure 8. Therefore, CDp decreased until V = 1 and then in-
creased. CDp gradually increased with outflow toward the y and z directions. CDf  
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Figure 6. Effects of outflow direction and velocity on pressure drag coefficient. 

 

 
Figure 7. Effects of outflow direction and velocity on friction drag coefficient. 

 

 
Figure 8. Pressure distribution along particle surface at z = 0 and at an an-
gle range from zero to π. 

 
also largely decreased with a negative x-direction outflow, increased with a posi-
tive x-direction outflow, but decreased in the event of y- and z-direction outflow. 
Figures 9(a)-(c) show the velocity magnitude and streamline when the particle 
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(a)                        (b)                         (c) 

Figure 9. Velocity magnitude and streamline when particle has (a) positive x-direction 
outflow, (b) negative x-direction outflow, and (c) positive y-direction outflow. 
 

 
Figure 10. Effects of outflow direction and velocity on drag coefficient. 

 
had a positive x-direction outflow, negative x-direction outflow, and positive 
y-direction outflow, respectively. A separated flow was restrained by the positive 
x-direction outflow, as shown in Figure 9(a) and the friction drag forces in-
creased. The negative x-direction outflow reduced the pressure drag forces be-
cause the stagnation point moved toward the direction due to collisions between 
the outflow and the mainstream, as shown in Figure 9(b), and the pressure then 
decreased at the upper side of the particle. It can also be seen in Figure 9(b) that 
separation of the mainstream occurred due to the negative x-direction outflow. 
As the separated flow was generated by y- and z-direction outflow, as shown 
Figure 9(c), pressure drag increased and friction drag decreased. Figure 10 
shows the relationship between the drag coefficient, CD, and V. CD decreased in 
the event of a negative x-direction outflow and slightly increased in the event of 
a positive x-direction outflow. For the y- and z-direction outflow events, CD 
hardly changed because changes in CDp and CDf cancelled each other out. 

4.2. Effect of Particle Surface Temperature 

Table 3 shows CDp, CDf, and CD at Ra = 0 and 105. Both CDp and CDf increased 
with increases in Ra. Figure 11 and Figure 12 show the streamline and pressure 
distribution around the particle at Ra = 0 and 105. The fluid flowed closely along 
the particle surface in the lower position at Ra = 105, which caused an increase in the 
friction drag forces. The lower pressure region moved upwards and expanded at 
Ra = 105 in comparison with Ra = 0; hence, CDp increases when the Ra value is high. 
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(a)                                (b) 

Figure 11. Streamline and velocity magnitude around particle at (a) Ra = 0; (b) Ra = 105. 
 

 
(a)                                      (b) 

Figure 12. Pressure distribution around particle at (a) Ra = 0; (b) Ra = 105. 
 
Table 3. Drag coefficients acting on spherical particle at Re = 200. 

Ra CDp CDf CD 

0 0.47 0.38 0.85 

105 1.12 0.59 1.71 

5. Conclusion 

This study experimentally observed gas jets from a coal particle surface when the 
particle was heated and numerically investigated the effects of nonuniform out-
flows and particle temperatures on drag coefficients acting on a spherical par-
ticle. The experimental results show that a jet-like outflow occurred from the 
particle’s surface when the particle was heated to approximately 674 K, and the 
velocity magnitude of the outflow was approximately 1.7 m/s. From numerical 
results, the pressure and friction drag coefficients were found to clearly de-
crease when an outflow occurred in a direction against the mainstream. It was 
also found that when the Rayleigh number was high, i.e., the particle surface 
temperature was high, the drag coefficient was slightly higher than one at Ra = 
0. 
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Nomenclature 

A: surface area of sphere 
Ai: area of the i-th grid 
CD: drag coefficient 
CDf: friction drag coefficient 
CDp: pressure drag coefficient 
d: diameter 
Df: friction drag force 
Dp: pressure drag force 
g: gravitational acceleration vector 
g: gravitational acceleration 
h: enthalpy 
k: thermal conductivity 
K: kinetic energy 
L: representative length 
nx: x-direction component of unit normal vector 
p: pressure 
pi: pressure of the i-th grid 
Ra: Rayleigh number 
Re: Reynolds number 
r: radius 
rix: x-direction component of position vector of the i-th grid 
S: projected area 
T: temperature 
T0: standard temperature 
tend: end time of calculation 
u: flow velocity vector 
U: velocity vector of uniform mainstream 
|U|: magnitude of velocity vector of uniform mainstream 
uti: tangential component of velocity of the i-th grid 
V: normalized maximum outflow velocity 
α: thermal diffusivity 
β: thermal expansion coefficient 
ΔT: temperature difference between particle surface and fluid 
µ: viscosity 
ν: kinematic viscosity 
ρ: density at standard temperature 
τx: x-direction component of shear stress 
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