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a b s t r a c t 

Real industrial particles generally have a wide size distribution. Therefore, the gas–solid heat trans- 

fer characteristics of packed multi-size particles should be studied. A mathematical model of gas–solid 

heat transfer for packed multi-size particles is established. This model includes gas–solid convection 

heat transfer and intraparticle and interparticle conduction. The cooling processes of packed binary- and 

quintuple-size particles ranging from 10 mm to 60 mm under different conditions are investigated. The 

EDEM software is used to obtain the porosities of different cases. Results show that the presence of small 

particles in the packed multi-size particles reduces porosity and increases specific surface area, thereby 

benefiting the gas–particle heat transfer process. The temperature of large particles is always higher than 

that of small particles during particle cooling. Particle–particle conduction helps in the cooling process of 

large particles, and the maximum heat flux ratio of interparticle conduction to gas–solid convection for 

large particles reaches 0.196. The volumetric heat transfer coefficient of the packed multi-size particles 

varies with time. The initial heat transfer coefficient is the average value weighted by mass fractions, 

and the limit of the final value is that of the large particle under the actual porosity. The proposed di- 

mensionless volumetric heat transfer coefficient can be a general description of gas–solid heat transfer 

characteristic of various packed multi-size particles. Its time variation can be well described by an expo- 

nential correlation, and the variation rate is related to the variance of particle size in each case. 

© 2019 Elsevier Ltd. All rights reserved. 

1

 

t  

[  

f  

a

s  

l  

s  

s  

o  

t  

t  

e  

b  

f  

n  

i  

s  

c  

o  

e  

h  

o  

s  

f  

f  

c  

c  

r  

c  

o

 

d  

s  

[  

h

0

. Introduction 

Fixed and moving beds with particles are widely used in indus-

rial applications, such as waste heat recovery [1] , gas separation

2] , and chemical looping combustion [3] . The gas–solid heat trans-

er that occurs between the flowing gas and packed particles plays

 vital role in determining the performance of such devices [4] . 

Numerous studies have been conducted to investigate the gas–

olid heat transfer characteristics of various packed particles in the

ast decades [ 5 , 6 ], and information regarding packed mono-size

pherical particles has been successfully achieved. Ranz and Mar-

hall [7] theoretically studied the heat transfer process of gas flows

ver a single sphere and derived a relation for predicting the heat

ransfer intensity of a single sphere in Nusselt form depending on

he Prandtl and Reynolds numbers. Wakao et al. [8] improved an

xpression on the basis of the experimental data of packed sphere

eds. Their result had the same form as but different coefficient

rom the result of Ranz’s study, which excluded the porosity. Ku-

ii and Levenspiel [9] proposed a heat transfer expression in an
∗ Corresponding author. 
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mproved form, including the porosity of the packed beds. Similar

tudies were conducted by Gnielinski [10] and Achenbach [11] , and

orresponding correlations were established to extend the range

f the Reynolds number, porosities, and Prandtl number. These

xpressions perform well in predicting the gas–solid convective

eat transfer of packed mono-size spherical particles under vari-

us conditions. However, the effects of heat conduction inside a

phere should be considered when the particle size is large. Jef-

reson [12] proposed a modified effective heat transfer coefficient

or gases and spheres by incorporating the effects of intraparticle

onduction, which is based on a theoretical solution of the heat

onduction process inside a sphere. Furthermore, Kye et al. [13] de-

ived the expression of a gas–solid volumetric heat transfer coeffi-

ient on the basis of the representative elementary volume method

f porous medium. 

The abovementioned works have provided a comprehensive

escription on the gas–solid heat transfer of packed mono-size

pheres and have been used successfully in many applications

14,15] . However, most actual industrial particles are considerably

ore complicated than mono-size spherical particles. Predictions

n the gas–solid heat transfer of various actual industrial particles

re challenging. 

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119237
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2019.119237&domain=pdf
mailto:liuxj@me.ustb.edu.cn
https://doi.org/10.1016/j.ijheatmasstransfer.2019.119237
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One challenge is caused by the various shapes of industrial par-

ticles. Many studies regarding the heat transfer characteristics of

packed nonspherical particles have been reported recently. Mot-

lagh and Hashemabadi [16] investigated the gas–solid heat trans-

fer of a randomly packed bed of cylindrical particles. Yang et al.

[17] experimentally studied the forced convective heat transfer

of ellipsoidal particles. Liu et al. [18] examined the convective

heat transfer of packed sinter particles in irregular shape with a

sphericity ranging from 0.6 to 0.7. Feng et al. [19] experimentally

investigated the overall gas–solid heat transfer behavior of irregu-

lar sinter particles by using a fixed bed setup. Zheng et al. [1] an-

alyzed the overall volumetric heat transfer coefficient of a vertical

moving bed for sinter waste heat recovery. Singhal et al. [20] nu-

merically studied the detailed flow and heat transfer process of

gas around packed cylindrical particles via direct numerical sim-

ulation; they suggested a new heat transfer correlation on the ba-

sis of their simulation results. The results reveal that the particle

shape significantly affects the heat transfer process in packed beds

and the overall heat transfer performance of the packed nonspheri-

cal particles, especially irregular ones, is generally higher than that

of spherical particles. 

Another challenge is caused by the fact that actual industrial

particles generally have a wide size distribution. For example, sin-

ter and coke particles often range from 15 mm to 60 mm [21] and

from 25 mm to 80 mm [22] , respectively. The different sizes of

packed particles complicate the heat transfer process, especially

when the particle size is large. The particles used in the above-

mentioned experimental studies regarding the heat transfer of sin-

ter particles are strictly sieved into different groups to focus on

the particle shapes. Zheng et al. [1] reported that the heat trans-

fer characteristics of the sieved sinter particles in their mechanical

experimental setup considerably differ from that of the unsieved

sinter particles in an actual vertical tank. The heat transfer charac-

teristics of multi-size particles are considerably more complicated

than those of the mono-size cases. Studies on this aspect are still

in the first stage, and no detailed results are reported thus far. 

The present study aims to obtain a detailed knowledge about

the gas–solid heat transfer characteristics of packed multi-size par-

ticles. Heat transfer processes between cold air and hot particles

packed by multi-size particles ranging from 10 mm to 60 mm un-

der different conditions are studied. A mathematical model, which

includes gas–solid convection heat transfer and intraparticle and

interparticle conduction, is established. The EDEM software is used

to obtain the porosities of different cases. Furthermore, the effects

of particle size and mass fraction on gas–solid heat transfer char-

acteristics are determined. The gas–solid volumetric heat transfer

coefficients under different cases are analyzed. Detailed results are

presented in the remainder of this paper. 

2. Mathematical model and calculation conditions 

2.1. Mathematical model 

Fig. 1 shows the physical model of a hot particle element

for studying the gas–solid heat transfer characteristics of packed
Fig. 1. Sketch of the gas–solid heat transfer of packed multi-size particles. 
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S  
ulti-size particles. M p is the total mass of the element and ɛ de-

otes the porosity. This element is packed by spherical particles

ith different diameters of d 1 , d 2 ,…d n , and their mass fractions

re f 1 , f 2 ,…f n , respectively. Heat transfer occurs between hot par-

icles and air as the cooling air blows through the element. The

otal effective heat transfer area between air and all particles in-

ide the element is S M p / ( 1 − ε ) ρp , where ρp is the particle density

kg •m 

−3 ) and S is the specific surface area (i.e., the gas–particle

eat exchange area per unit volume) of the element (m 

2 /m 

3 ). 

 = (1 −ε ) 

(
6 f 1 
d 1 

+ 

6 f 2 
d 2 

+ · · · + 

6 f n 

d n 

)
. (1)

We assume that the initial temperature of all particles is T p 0 ,

nd the inlet cold air is maintained as T g . Temperature differences

ill occur among particles with different sizes after a short pe-

iod because of the discrepancies of their individual effective heat

ransfer coefficients. To focus on this key characteristic of heat

ransfer processes for packed multi-size particles, the initial tem-

erature is set as low as 473 K in the following studies, and the

adiative heat transfer among particles can reasonably be neglected

 23 , 24 ]. Therefore, the temperature variation of each group particle

 i is determined by the convective heat rate obtained by cold air

nd the conductive heat rate exchanged among particles with dif-

erent sizes. 

The variation rate of the thermal energy of the particles with

iameter d i in the particle element is as follows: 

d T pi 

dt 
M p f i C p , (2)

here C p is the specific heat of the particle (J •kg −1 •K 

−1 ). 

The convective heat rate obtained by the cooling air flow

hrough the element is as follows: 

 conv , i = h ei A i 

(
T g − T pi 

)
, (3)

here A i is the total heat transfer area between the particles with

iameter d i and air; it is calculated as 

 i = 

6 M p f i 
d i ρp 

. (4)

The gas–solid effective heat transfer coefficient h ei , which con-

iders the intraparticle conduction, is calculated as [12] 

1 

h ei 

= 

1 

h pi 

(
1 + 

B i i 
5 

)
. (5)

The Biot number, Nusselt number, and heat transfer coefficient

re calculated as [25] 
 

 

 

B i i = 

h pi R i 
λp 

N u i = 

2 + 0 . 75 P r 0 . 33 R e i 
0 . 5 

ε 

h pi = 

λg N u i 
d i 

. (6)

The Reynolds and Prandtl numbers are expressed as 

R e i = 

ρg u g d i 
μ

P r = 

μ
λg / C g 

. (7)

Temperature differences will occur among particles with differ-

nt sizes after a short period. Thus, the heat conduction among

articles with different sizes in the element may not be neglected.

article–particle conduction depends on the actual contacting sit-

ation [ 26 , 27 ]. We assume that all particles are packed randomly

nd evenly, and the effective heat conduction areas among parti-

les with different sizes are proportional to their mass fraction. 

Under this assumption, the effective heat conduction area and

orresponding conduction heat rate between particles with sizes d i 
nd d j in this element are expressed as 

 i j = ηS M p f i f j / ( 1 − ε ) ρp , q cond , i − j = λpe S i j 

d T pi j 
, (9)
dx 
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Table 1 

Conditions and parameters for particles and cold air [ 29 , 30 ]. 

Parameter Value 

Gas velocity u g (m/s) 2 

Initial particle temperature T p ,0 (K) 473 

Cooling air temperature T g (K) 303 

Particle diameter d p (mm) 10, 20, 30, 40, 50, 60 

Particle density ρp (kg/m 

3 ) 3149 

Particle specific heat C p (J/(kg •K)) 920 

Factor of effective heat conduction area η 1.0 

Particle thermal conductivity λp (W/(m 

•K)) 1.14 

Air density ρg (kg/m 

3 ) 1.1957 

Air specific heat C g (J/(kg •K)) 1008 

Air thermal conductivity λg (W/(m 

•K)) 0.0265 

Air viscosity μin (kg/(m 

•s)) 1.893 × 10 −5 
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Fig. 2. Packing of binary-size particles under different cases. 
here η is the factor for the effective heat conduction area, which

epends on the particle size, shape, surface roughness, and other

arameters. We assume that η equals 1 for simplification in this

tudy. λpe is the effective thermal conductivity between particles

nd can be calculated as [28] 

pe = ( 1 − ε ) λp , (10) 

here λp is the particle thermal conductivity (W 

•m 

−1 •K 

−1 ). 

The particle–particle temperature gradient is determined as 

d T pi j 

dx 
= 

2 

(
T p j − T pi 

)
d i + d j 

. (11) 

Therefore, the total particle–particle conduction heat rate of

article d i is as follows: 

 cond , i = λpe 

n ∑ 

j=1 

S i j 

d T pi j 

dx 
. (12) 

Under the assumption of neglecting the radiative heat transfer

mong particles, the energy equation for the particles with size d i 
an be derived by combining Eqs. (2) , (3) , and (12) , that is, 

d T pi 

dt 
M p f i C p = h ei A i 

(
T g − T pi 

)
+ λpe 

n ∑ 

j=1 

S i j 

d T pi j 

dx 
, (13a) 

r 

d T pi 

dt 
= 

6 h ei 

(
T g − T pi 

)
d i ρp C p 

+ 

2 λpe ηS 

( 1 − ε ) ρp C p 

n ∑ 

j=1 

f j 

(
T p j − T pi 

)
d i + d j 

. (13b) 

2 λpe ηS 

( 1 −ε ) ρp C p 

n ∑ 

j=1 

f j 
( T p j −T pi ) 

d i + d j is the conduction heat rate of particles

ith size d i , and the total conduction heat rate among the particles

n this element is zero, that is, 

n 
 

i =1 

2 f i λpe ηS 

( 1 − ε ) ρp C p 

n ∑ 

j=1 

f j 

(
T p j − T pi 

)
d i + d j 

= 0 . (14) 

The temperature of each size particle at different times can be

btained by solving the ordinary differential equation (Eq. (13)).

hen, the mean temperature and volumetric heat transfer coeffi-

ient of the particle element can be calculated. 

The mean temperature of the particle element and its variation

ate are calculated as 

 p = 

n ∑ 

i =1 

f i T pi , 
d T p 

dt 
= 

n ∑ 

i =1 

f i 
d T pi 

dt 
. (16) 

The gas–solid volumetric heat transfer coefficient H v can be ob-

ained on the basis of its definition [13] . 

 v = 

d T p 

dt 

ρp C p ( 1 − ε ) 

( T g − T p ) 
. (17) 

By substituting Eqs. ( 13 ), (14) , and (16) to Eq. (17) , the volumet-

ic heat transfer coefficient H v can be further written as 

 v = 

ρp C p ( 1 − ε ) 

( T g − T p ) 

n ∑ 

i =1 

f i 
d T pi 

dt 
= 

( 1 − ε ) 

( T g − T p ) 

n ∑ 

i =1 

f i 
6 h ei 

(
T g − T pi 

)
d i 

. (18) 

.2. Calculation conditions and method 

We study the characteristics of the gas–particle heat transfer of

ulti-size particles by considering the cooling process of hot par-

icles by flowing cold air. The initial particle temperature is set as

73 K, the air temperature is maintained at 303 K, and the super-

cial velocity flow is 2 m/s. The heat transfer process of particles

ooled from 473 K to 353 K is simulated under different particle
acking conditions. Correspondingly, the calculation conditions for

olving Eq. ( 13 ) are as follows: 

T g = 303 K t ≥ 0 

T pi = 473 K t = 0 

. (19a) 

The temperature of each particle at different times can be ob-

ained by solving its energy equation (Eq. ( 13 )) together with the

alculating conditions. Then, the mean temperature and volume

eat transfer coefficient of the particle element can be obtained.

able 1 shows the other calculation conditions and physical prop-

rties [ 29 , 30 ]. 

The energy equation (Eq. ( 13 )) is solved using the Runge–Kutta

ethod. The calculation program is developed in MATLAB. 

. Gas–solid heat transfer characteristics of packed binary-size 

articles 

.1. Effect of particle size 

In this section, the cooling processes of five cases of packed

inary-size particles, consisting of particles with a diameter of

0 mm and small particles with a diameter of 10, 20, 30, 40, or

0 mm, are simulated, and their mass ratio is maintained at 1:1.

or comparison, the cooling processes of packed mono-size parti-

les with the same mean diameter as the five cases are studied.

iven the lack of a calculation method for the porosity of packed

articles with different particle sizes, the EDEM software is used

o simulate the packing processes of these particles under differ-

nt conditions to obtain their porosities. The diameter of the ac-

umulation cylinder is set to be as large as 2 m to eliminate the

ffects of the side wall on the porosity. Fig. 2 presents the en-

arged views of the local packing situations of the five cases, and

able 2 lists their porosities and specific surface areas. The porosity

f packed mono-size particles is 0.4754, which is larger than those

f all the binary-size cases. With an increase in the difference of

article sizes, the packing porosity decreases, and the specific sur-

ace area increases. The porosity of the packed particles consisting

f 60 and 10 mm particles is as low as 0.4039, and its specific sur-

ace area is as high as 208.6 m 

2 /m 

3 . 

Fig. 3 presents the particle temperature variation in the cooling

rocess of Case 1. Temperature differences between 60 and 10 mm

articles occur since the beginning of the cooling process due to
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Table 2 

Porosities and specific surface areas of Cases 1 to 5. 

Case no. Particle size (mm) Mass fraction Specific surface area (m 

2 /m 

3 ) Porosity Mean diameter (mm) 

Mono-size – – – 0.4754 –

Case 1 60/10 0.5/0.5 208.64 0.4039 35 

Case 2 60/20 0.5/0.5 118.40 0.4080 40 

Case 3 60/30 0.5/0.5 84.91 0.4339 45 

Case 4 60/40 0.5/0.5 67.45 0.4604 50 

Case 5 60/50 0.5/0.5 58.13 0.4717 55 

Fig. 3. Variations of particle temperature with time for Case 1. 

Fig. 4. Variations of temperature difference and heat flux ratio of the 60 mm par- 

ticles for Case 1. 
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the discrepancies between their effective heat transfer coefficients.

Further calculation shows that the Bi of 60 and 10 mm particles

is 1.8430 and 0.7899, respectively, and the corresponding effec-

tive heat transfer coefficients h e are 51.1722 and 155.5265 W/m 

2 •K,

respectively. As a result, the temperature of the large particles

( d p = 60 mm) is always higher than that of the small particles

( d p = 10 mm) during the studied cooling period. 

Fig. 3 also indicates that the mean temperature of Case 1, which

has an average particle size of 35 mm, decreases faster than that

of mono-size 35 mm. The main reason is that the specific surface

area of packed binary-size particles (208.64 m 

2 /m 

3 ) is larger than

that of mono-size particles (89.93 m 

2 /m 

3 ). Therefore, the packed

binary-size particles have larger volumetric heat transfer coeffi-

cient. 

Fig. 4 shows the variations in the temperature differences of

particle–particle, gas–particle, and heat flux ratio of conduction to

convection of the large particles (d p = 60 mm). On the basis of

the particle temperature variation shown in Fig. 3 , the particle–

particle temperature difference increases to the maximum value of

131.46 K at the time of 89.7 s and then decreases slightly. The rea-

son is that the small particles are cooled down to less than 313 K
ince then, thereby slowing their temperature decedent. The final

article–particle temperature difference is 97.64 K at the time of

62.3 s when the mean particle temperature reaches 353 K. The

eat flux ratio of conduction to convection increases with time due

o the overall increasing tendency of the particle–particle tempera-

ure difference and the decreasing gas–particle temperature differ-

nce. The heat flux ratio reaches 0.196 in the entire cooling pro-

ess. These results indicate that the presence of small particles

ighly aids the cooling process of the large particles. 

Fig. 5 (a–d) show the particle temperature variations of Cases 2,

, 4, and 5, respectively. The overall tendency of the temperature

ariation for these cases is similar to that of Case 1. That is, the

emperature of the large particles is always higher than that of the

mall particles, and the mean temperature decreases faster than

hat of mono-size particles with the same average particle size.

he curves become close as the size difference becomes small. The

ean temperature of Case 5, which consists of 60 and 50 mm par-

icles, is close to that of mono-size 55 mm. The maximum temper-

ture difference is 0.955 K. 

Fig. 6 compares the cooling rates of the 60 mm particles of the

ve cases. The cooling rates of these particles decrease as the size

f the accompanying small particles increases. The cooling rates

f the 60 mm particles except in Case 1 decrease with time be-

ause of the reduction in the gas–particle temperature in the stud-

ed cases, and the gas–particle heat transfer plays a dominant role

n these situations. Case 1, which shows increasing tendency at

he beginning stage due to the rapidly increasing particle–particle

emperature difference, is an exception. Fig. 7 compares the vari-

tions in the heat flux ratios of the interparticle conduction to

as–particle convection of the five cases. The final ratios are 0.196,

.091, 0.048, 0.024, and 0.010, which decrease with an increase in

he size of small particles. 

The gas–solid volumetric heat transfer coefficient H v of the five

ases can be calculated on the basis of Eq. (18) . For the case of the

acked binary-size particles, the coefficient is as follows: 

 v = 

6 ( 1 − ε ) 

( T g − T p ) 

f 1 h e , 1 

(
T g − T p, 1 

)
d 1 

+ 

6 ( 1 − ε ) 

( T g − T p ) 

f 2 h e , 2 

(
T g − T p, 2 

)
d 2 

. 

(19b)

Fig. 8 illustrates the obtained H v values of the five cases, as well

s those of mono-size cases packed by 10 and 60 mm particles. The

olumetric heat transfer coefficients of the 10 and 60 mm packed

ono-size particles are maintained at 42,412 and 2377 W/m 

3 •K,

espectively (calculated using a porosity of 0.4754). However, the

olumetric heat transfer coefficients of the binary-size particles

ary with time rather than remaining constant. The initial vol-

metric heat transfer coefficients of Cases 1, 2, 3, 4, and 5 are

9,288, 10,490, 5622, 3676, and 2825 W/m 

3 •K, respectively. The

olumetric heat transfer coefficients decrease with time, and the

escend rate decreases as the size of the accompanying small par-

icles increases. 

At initial time t = 0, T p = T p, 1 = T p, 2 . Thus, 

H v | t=0 = 6 ( 1 − ε ) 

(
f 1 h e , 1 

d 1 
+ 

f 2 h e , 2 

d 2 

)
. (20)
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Fig. 5. Variations of particle temperature with time for Cases 2–5. 

Fig. 6. Comparisons of the cooling rates of 60 mm particles under the five cases. 

Fig. 7. Heat flux ratios of conduction to convection of the 60 mm particles under 

the five cases. 

 

v  

c  

w  

Fig. 8. Variation of H v with time for the five cases. 
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t
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p

 

t  

F  

3  

t  

t

The initial volumetric heat transfer coefficient is the average

alue weighted by mass fractions under the actual porosity. In the

ooling process, the small particles are cooled down early. T p , 2 ,

hich denotes the temperature of the small particles, becomes
lose to the gas temperature after a period, that is, T p , 2 ≈ T g . Then,

he second term of Eq. (19) can be neglected, as follows: 

H v | t→∞ 

= 

6 ( 1 − ε ) 

( T g − T p ) 

f 1 h e , 1 

(
T g − T p, 1 

)
d 1 

. (21) 

T p = f 1 T p, 1 + f 2 T p, 2 ; thus, we obtain the following: 

H v | t→∞ 

= 

6 ( 1 − ε ) h e , 1 

d 1 
. (22) 

The limit of the final volumetric heat transfer coefficient of the

inary-size particles is that of the large particles under the actual

orosity. 

The mean heat transfer coefficients of the five cases during

he studied cooling period are further calculated and illustrated in

ig. 9 . The mean heat transfer coefficients are 8054, 6840, 4652,

446, and 2788 W/m 

3 •K, and the corresponding cooling times for

he five cases are 262.3, 323.9, 431.5, 555.3, and 671.9 s, respec-

ively. 
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Table 3 

Porosities and specific surface areas of Cases 6 to 9. 

Case no. Particle size (mm) Mass fraction Specific surface area (m 

2 /m 

3 ) Porosity Mean diameter (mm) 

Case 6 60/20 0.7/0.3 93.69 0.4144 48 

Case 7 60/20 0.6/0.4 106.07 0.4107 44 

Case 8 60/20 0.4/0.6 130.48 0.4069 36 

Case 9 60/20 0.3/0.7 141.33 0.4111 32 

Fig. 9. Mean heat transfer coefficients and cooling times. 
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3.2. Effect of particle mass ratio 

This section discusses the effect of particle mass ratio on the

heat transfer characteristics. Four cases with different particle mass

ratios of 60 and 20 mm particles are calculated. The porosities of

the different cases are obtained by the packing simulation results

using EDEM software, as described in Section 3.1 . Fig. 10 shows

the packing situations of the binary-size particles under different

mass ratios, and Table 3 presents their porosities and specific sur-

face areas. The mean diameters of the four cases are 48, 44, 36,

and 32 mm given the different mass ratios of the various cases.

The porosity of Case 8 is as low as 0.4069 when the particle mass

ratio of particles sized 60–20 mm is 0.4–0.6. The specific surface

area increases as the mass fraction of the 20 mm particle increases.

Fig. 11 exhibits the variations in temperature and cooling rate

of the 60 mm particles of the four cases, as well as those of Case

2, wherein the mass ratio of particles sized 60–20 mm is 0.5–0.5.

The cooling rate of the 60 mm particles slightly increases as the

mass ratio of the small particles increases. Fig. 12 shows the varia-

tions in the heat flux ratios of interparticle conduction to gas–solid

convection of the five cases. The ratio increases with time due to

the overall increasing tendency of the particle temperature differ-

ence, whereas the gas–particle temperature difference decreases.

The final ratios of the five cases are 0.045, 0.067, 0.091, 0.102, and

0.134, and they increase as the mass fraction of the small particles

increases. 

Fig. 13 shows the variation of the gas–solid volumetric heat

transfer coefficient with time. As analyzed in Section 3.1 , the initial

heat transfer coefficients of the binary-size particles are their aver-
Fig. 10. Packing of 60 and 20 mm partic
ge values weighted by mass fractions, namely, 7325, 8905, 12,036,

nd 13,331 W/m 

3 •K for Cases 6, 7, 8, and 9, respectively. The vol-

metric heat transfer coefficients decrease with time, and their re-

uction rates decrease as the mass fraction of the 20 mm particles

ecreases. 

Fig. 14 shows the comparisons of the calculated mean vol-

metric heat transfer coefficients and cooling times. The mean

eat transfer coefficients increase as the mass fraction of the

mall particles increases, namely, 4224, 5140, 6840, 8309, and

0,357 W/m 

3 •K for Cases 6, 7, 2, 8, and 9, respectively. The cooling

ime required for the mean temperature to cool down from 473 K

o 353 K is reduced from 491.5 s to 201.6 s. 

. Gas–solid heat transfer characteristics of packed 

uintuple-size particles 

This section studies the cooling process of packed quintuple-

ize particles consisting of particles with 60, 50, 40, 30, and 20 mm

iameters. Three cases with different mass fractions of these par-

icles are simulated. Fig. 15 shows the packing results of parti-

les under different mass fractions. Table 4 presents their con-

tituents, porosities, and specific surface areas. The mass fractions

f the 60 mm particles comprising the studied Cases 10, 11, and

2 are 0.1, 0.2, and 0.3, respectively, and the mean particle diam-

ters of these cases are 35, 40, and 45 mm, respectively. With the

ncreasing content of large particles, the specific surface area de-

reases from 113.57 m 

2 /m 

3 to 101.09 m 

2 /m 

3 and then further to

5.47 m 

2 /m 

3 , and the porosity varies from 0.4264 to 0.4190 and

hen to 0.4302. The porosity of packed multi-size particles de-

ends on the actual contacting and matching results among par-

icles rather than the mass fraction of any particle size. 

Fig. 16 (a–c) show the temperature variation of each size par-

icle under three different cases, as well as the comparisons of

he mean temperature and the temperature of the correspond-

ng mono-size case under the same average particle diameter. The

emperature of the large particles is always higher than that of the

mall particles, and the mean temperature decreases faster than

hat of the mono-size case. 

Fig. 17 presents the temperature of each size particle at the end

f the calculation time when the mean temperature reaches 353 K.

he temperature difference between the 60 and 20 mm particles is

s large as 92.1 K for Case 10. With the increase in the mass frac-

ion of the large particles, the final temperature difference among

articles decreases because of the prolonged cooling time. 
les under different mass fractions. 



X. Liang, X.J. Liu and D. Xia / International Journal of Heat and Mass Transfer 149 (2020) 119237 7 

Fig. 11. Comparisons of the cooling behaviors of 60 mm particles under different cases. 

Table 4 

Porosities and specific surface areas of Cases 10 to 12. 

Case no. Particle size (mm) Mass fraction Specific surface area (m 

2 /m 

3 ) Porosity Mean size (mm) 

Case 10 60/50/40/30/20 0.1/0.15/0.2/0.25/0.3 113.37 0.4264 35 

Case 11 60/50/40/30/20 0.2/0.2/0.2/0.2/0.2 101.09 0.4190 40 

Case 12 60/50/40/30/20 0.3/0.25/0.2/0.15/0.1 85.47 0.4302 45 

Fig. 12. Heat flux ratios of conduction to convection of the 60 mm particles under 

different cases. 

Fig. 13. Variations of H v with time under different cases. 
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Fig. 14. Mean heat transfer coefficients and cooling times. 

Fig. 15. Packing of quintuple-size particles under different mass fractions. 
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Fig. 18 displays the variation in the heat flux ratio of conduction

o convection of the 60 mm particles in the cooling process of the

hree cases. The ratio increases with time, and the final values of

he three cases are 0.0628, 0.0452, and 0.0319. The final heat flux

atio of conduction to convection of the 60 mm particles decreases

s its mass fraction increases. 

Fig. 19 exhibits the variation of volumetric heat transfer coeffi-

ient with time. The initial heat transfer coefficient of each case is
he average value weighted by the mass fractions, as follows: 

H v | t=0 = 6 ( 1 − ε ) 
n ∑ 

i =1 

f i h ei 

d i 
. (23) 

The volumetric heat transfer coefficient decreases with time

nd generally becomes close to the final mono-size heat transfer

oefficient of the largest particle. As the mass fraction of the large

articles increases (the order is Case 10, Case 11, and Case 12.), the

eduction rate of the coefficients decreases, and this result is simi-

ar to those of the binary-size particle cases. 

Fig. 20 shows the calculated mean heat transfer coefficient and

he required cooling time of the three cases. The mean heat trans-

er coefficients of Cases 10, 11, and 12 decrease from 7287 W/m 

3 •K
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Fig. 16. Variations of particle temperature with time for Cases 10–12. 

Fig. 17. Final particle temperature of Cases 10–12. 

Fig. 18. Heat flux ratio of conduction to convection of the 60 mm particles. 

Fig. 19. Variation of H v with time of Cases 10–12. 

Fig. 20. Mean heat transfer coefficients and cooling times. 
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Table 5 

Porosity and specific surface area of different cases with the same mean diameter of 40 mm. 

Case no. Particle size (mm) Mass fraction Specific surface area (m 

2 /m 

3 ) Porosity Mean size (mm) 

40 1 78.69 0.4754 40 

Case 2 60/20 0.5/0.5 118.40 0.4080 40 

Case 13 55/25 0.5/0.5 99.91 0.4276 40 

Case 14 50/30 0.5/0.5 86.98 0.4564 40 

Case 15 45/35 0.5/0.5 80.98 0.4686 40 

Case 11 60/50/40/30/20 0.2/0.2/0.2/0.2/0.2 101.09 0.4190 40 

Case 16 60/50/40/30/20 0.4/0.08/0.04/0.08/0.4 112.35 0.4136 40 

Case 17 60/50/40/30/20 0.3/0.15/0.1/0.15/0.3 106.71 0.4169 40 

Case 18 60/50/40/30/20 0.15/0.2/0.3/0.2/0.15 95.91 0.4323 40 

Case 19 60/50/40/30/20 0.02/0.08/0.8/0.08/0.02 83.36 0.4573 40 

Table 6 

Particle size variance δ and fitting parameters of b for each case. 

Case no. Particle size (mm) Size variance (100%) Parameter b (1/s) Average relative error (%) 

Case 2 60/20 0.5 0.0057 5.3 

Case 13 55/25 0.375 0.0032 2.6 

Case 14 50/30 0.25 0.0017 1.7 

Case 15 45/35 0.125 0.0006 0.9 

Case 11 60/50/40/30/20 0.3 0.0028 3.1 

Case 16 60/50/40/30/20 0.44 0.0046 1.9 

Case 17 60/50/40/30/20 0.375 0.0038 2.6 

Case 18 60/50/40/30/20 0.25 0.0022 3.4 

Case 19 60/50/40/30/20 0.06 0.0004 1.0 
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Fig. 21. Variation of H v with time of each case. 
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o 5877 W/m 

3 •K and then to 4552 W/m 

3 •K. By contrast, the cor-

esponding cooling time increases from 279.2 s to 350.6 s and then

o 443.9 s. 

. Comparative study of the heat transfer characteristics of 

acked multi-size particles with the same mean diameter 

As revealed in the previous studies, the volumetric heat trans-

er coefficient of the packed multi-size particles varies with time,

ontrary to that of mono-size particle cases. The mean diameter is

idely used to estimate the heat transfer characteristics of packed

articles in engineering applications. Thus, the heat transfer pro-

esses of seven multi-size particle cases with the same mean di-

meter of 40 mm are studied in this section. This study aims to

valuate the errors in practical calculation using the mean diame-

er, and to reveal the variation of volumetric heat transfer coeffi-

ient further. 

Table 5 lists the selected seven multi-size cases, as well as Cases

 and 11, which have the same mean diameter of 40 mm. The

pecific surface area of these multi-size cases varies in the range

f 118.40–80.98 m 

2 /m 

3 , and the porosity range is 0.4080–0.4684.

hese variations are caused by the distribution of particle sizes in

ifferent cases. The particle size variance of each case, which is de-

ned in Eq. (24) , is calculated and listed in Table 6 to characterize

he particle size distribution quantitatively. 

= 

n ∑ 

i =1 

f i 
∣∣d i −d 

∣∣/ d (24) 

here d = 0 . 04m is the mean particle diameter of the packed par-

icles. 

The particle size variance of the nine cases ranges from 0.06

o 0.5. Case 19 has the lowest value because the mass fraction of

article d p = 40 mm is as high as 80% for this case. 

The specific surface area and porosity of the mono-size case

ith d p = 40 mm are also presented in Table 5 . The specific sur-

ace area is lower but the porosity is higher than those of the

ulti-size cases. 
Fig. 21 shows the variations of volumetric heat transfer coef-

cient with time. The initial heat transfer coefficients of all the

acked multi-size particles cases are higher than that of the mono-

ize case, but eventually become lower than the mono-size case,

nd the descending rates are highly related to the particle size

ariance. For the cases with high particle size variance, such as

ase 2 and Case 16 where δ= 0.5, and 0.44, the initial volumetric

eat transfer coefficients are 3–4 times higher than their final val-

es. For the cases with smaller particle size variance, such as Case

5 and 19 where δ= 0.125, and 0.06, the variations are in narrow

anges and the curves are close to that of the mono-size case. As

ost of the heat is removed at initial stage, the heat transfer co-

fficient at initial stage plays an important role for practical heat

xchange, and prediction using mean diameter with diameter vari-

nce being neglected may result in significantly underestimated

eat exchange amount. 

Fig. 22 shows the variations of the mean particle temperature

ith time, and the cooling rates of all the multi-size cases are

aster than that of the mono-size case. The predicted cooling time

rom 473 K to 353 K using mean diameter for the nine packed

ulti-size cases is 404.9 s, which is longer than all the actual val-



10 X. Liang, X.J. Liu and D. Xia / International Journal of Heat and Mass Transfer 149 (2020) 119237 

Fig. 22. Comparison of the variations in mean particle temperature. 

Fig. 23. Variations of dimensionless volumetric heat transfer coefficients in a loga- 

rithm scale. 
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ues. For example, the actual cooling time of Case 2 and Case 16,

where the variance is 0.5 and 0.44, are 323.9 s and 332.0 s respec-

tively, which indicates the prediction errors could be as high as

25.0% and 21.95% if using the mean diameter only. By contrast, the

actual cooling times with the particle size variance as 0.125 and

0.06 in Case 15 and Case 19 are 396.9 s and 389.4 s respectively,

and the prediction errors are as low as 2.01% and 3.98%. In con-

clusion, the prediction deviations using the mean diameter could

be acceptable when the particle size variance is less than 0.125,

but the variations of volumetric heat transfer coefficient should be
Fig. 24. Fitting results of the dimensionless
onsidered for packed multi-size particles with higher particle size

ariance. 

As analyzed in the previous sections, the variation range of the

eat transfer coefficient is H v | t=0 = 6( 1 − ε ) 
n ∑ 

i =1 

f i h ei 
d i 

to H v | t→∞ 

=
6( 1 −ε ) h e , 1 

d 1 
. We define a dimensionless volumetric heat transfer co-

fficient as 

˜ 
 v = 

H v − H v | t→∞ 

H v | t=0 − H v | t→∞ 

(25)

Fig. 23 plots the variations of the dimensionless volumetric heat

ransfer coefficients in a logarithm scale. The linear variations in-

icate that their relationship with time may be effectively fitted

y an exponential correlation. Therefore, the following correlation

unction can be reasonably assumed: 

˜ 
 v (t) = e −bt (26)

Fig. 24 (a–b) show the fitting results of these cases, and

able 6 lists the average relative error of each case. The average

elative error is defined by the following equation: 

 ave = 

1 

n 

∑ 

n 

∣∣∣∣ ˜ H v , sim 

− ˜ H v , fit 

˜ H v , sim 

∣∣∣∣, (27)

here n is the number of all simulation data points in each case 

The average relative errors of the nine cases range from 0.9% to

.3%, indicating that the variation tendency of the heat transfer co-

fficients can be efficiently described by the proposed correlation.

hus, we speculate that Eq. (26) may feasibly characterize the heat

ransfer characteristics of actual industrial particles with wide size

istribution. 

Table 6 lists the fitting parameters of b , which are the varia-

ion rates of the volumetric heat transfer coefficients in different

ases caused by their various comprising particle sizes. The value

f b is related to the particle size variance δ of each case; it in-

reases as the size distribution variance increases for each binary-

ize or quintuple-size group. However, the values of b for binary-

ize Cases 13 and 14 are less than those of quintuple-size Cases 17

nd 18 even though their size variances are the same, and reason

ehind could be the definition of particle size variance may not be

nsuitable to characterize the size distribution in binary-size cases.

. Conclusions 

A mathematical model of gas–solid heat transfer for packed

ulti-size particles is established. The cooling processes of packed
 volumetric heat transfer coefficient. 
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inary- and quintuple-size particles ranging from 10 mm to 60 mm

re studied under different conditions. The following conclusions

re drawn: 

1) The presence of small particles in the packed multi-size parti-

cles reduces the porosity and increases the specific surface ar-

eas of the packed particles compared with the mono-size case

under the same mean diameter. These conditions benefit the

gas–particle heat transfer process. 

2) In the present cooling processes of hot particles packed by

multi-size particles, the temperature of the large particles is al-

ways higher than that of the small particles. Particle–particle

conduction helps the cooling processes of the large particles,

and the maximum heat flux ratio of conduction to convection

for the large particles reaches 0.196. The mean temperature of

the multi-size particles decreases faster than that of mono-size

particles with the same mean particle size. 

3) The volumetric heat transfer coefficient of the packed multi-

size particles varies with time. The initial heat transfer coeffi-

cient is the average value weighted by mass fractions, and the

limit of the final value is that of the large particle under the

actual porosity. Prediction using the mean diameter may un-

derestimate the heat exchange amount. 

4) In practical applications when the particle size variance is less

than 0.125, the heat transfer process of packed multi-size parti-

cles can be approximately calculated based on the mean diame-

ter. For the cases where the particle size variance is higher, the

actual variations of volumetric heat transfer coefficient should

be additionally considered in the process. 

5) The proposed dimensionless volumetric heat transfer coefficient

can be considered as a general description of gas–solid heat

transfer characteristic of various packed multi-size particles,

where its variation in time can be described using an exponen-

tial correlation, and the variation rate is related to the variance

of particle size in each case. 
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