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A B S T R A C T   

A comprehensive model for the adhesion of coal ash or char particle was established in this study, which includes 
the particles’ properties and slag layer. The physical properties of the particles include their kinetic parameters 
and surface characteristics. The particle surface characteristics, such as particle ash ratio and melting fraction, 
play an important role in particle adhesion. A sub-model of adhesion probability, constructed based on particle 
surface properties, was also introduced as a part of this comprehensive model. The particle adhesion propensity 
was determined by considering the kinetic energy criterion of the particles. The model was validated using two 
sets of particle deposition experiments at different temperatures. Discussion of the model shows that, when the 
particle kinetic energy is within the medium range, more significant than the critical velocity and less than the 
critical kinetic energy required to overcome viscosity or surface tension, the particle adhesion is determined by 
the probability corresponding to the surface characteristics. Furthermore, it is found that the adhesion proba
bility increases with ash-carbon ratio and carbon conversion, and exhibits different trends above and below the 
flow temperature.   

1. Introduction 

In the process of coal utilization, slag discharge or ash accumulation 
inevitably occurs in the furnace. Reducing ash deposition in the boilers 
is needed in order to improve the heat exchange effect. For gasifiers, 
molten ash deposition contributes to the formation of a slag layer that 
protects the membrane wall [1]. Therefore, it is necessary to investigate 
the particle deposition process in the furnace. 

The ash deposition process consists of transportation and adhesion 
[2]. Particle transportation is mainly controlled by gas–solid two-phase 
flow. The process of particle adhesion depends not only on the move
ment behavior but also on the surface properties of the particles. 
Experimental studies reveal that various factors can influence the ash 
deposition process, including the furnace temperature, ash melting 
characteristics, wall temperature, particles size and velocity [3–5], and 
carbon conversion [6]. To study the impact of these factors, several 
models have been proposed for particle adhesion [7]. The earlier models 
consider only a single factor such as critical viscosity [3], melting frac
tion [8], or establish the energy conservation model of the impact pro
cess, by assuming the particles are droplets [9,10]. In the subsequent 
studies, multiple factors have been considered. Kleinhans et al. [11,12] 

proposed a model in which the critical viscosity was a function of the 
particle kinetic energy. Brink et al. [13] simultaneously considered two 
parameters of particle viscosity and melting fraction. Yang et al. [14] 
proposed an exponential relationship between the adhesion efficiency 
and residual energy from the surface energy, considering partial adhe
sion behavior and ash melting fraction of the slag layer. A more metic
ulous approach is to propose a comprehensive model for different 
conditions. Segmented models have been proposed based on the parti
cles’ temperature as well as the deposition surface [15,16]. When the 
temperature is smaller than the ash fusion temperature (AFT), the en
ergy conservation model is adopted; otherwise, the adhesion probability 
is determined based on the melting fraction. In high temperature fur
naces (i.e., entrained-flow gasifiers) where the temperature is above the 
ash flow temperature, the properties of liquid slag layer and carbon 
conversion are more significant [1,17]. For such conditions, a multi- 
factor model that includes wall and particle properties could be estab
lished. For example, Yong et al. [18] used three criteria of TCV corre
sponding to the critical viscosity of the slag flow, critical Weber number, 
and critical carbon conversion for their modeling exercise. However, 
these Boolean criteria have been used without mechanism analysis or 
quantitative description of the adhesion process, thus resulting in poor 
reliability of the developed models. Troiano et al. [2] proposed a 
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different approach and started from a macroscopic perspective. They 
used the coefficient of restitution as well as the relationship between the 
incident velocity and the amount of residual carbon as parameters to 
establish a connection with deposition mass fraction. However, this 
approach still needs further development. 

The above studies indicate that molten slag/droplet viscosity, ash 
melting fraction, kinetic energy, and surface tension are the parameters 
that have been considered in current particle adhesion models. How
ever, according to Xu’s research on gasifiers [19], the particles captured 
after impacting the wall were not entirely converted, and contained 
residual carbon, which could have been ignored or simplified in most of 
the developed models. Liu et al. [20,21] conducted in-situ experimental 
research on coal char particle gasification, and examined the morpho
logical characteristics of the particles during the reaction processes; 
hence, they proposed several char-slag interaction modes. It is condu
cive to establishing a relationship between the residual carbon and 
adhesion propensity. In industrial gasifiers and boilers, it was found that 
the particle surface characteristics exhibited a significant influence on 
the particle deposition process. To properly describe the particle adhe
sion process on membrane wall and accurately predict the particle 
deposition rate, we constructed a particle adhesion model based on 
these surface characteristics. In this model, the effects of two important 
parameters (i.e., carbon conversion and melting fraction) on different 
morphology characteristics of the particles were studied. Furthermore, a 
comprehensive adhesion probability model was proposed based on the 
kinetic energy, viscosity and surface tension of the particles. 

2. Comprehensive adhesion model 

The process of particle adhesion is complex. On one hand, the kinetic 
energy and physical properties of the particles can affect this process. On 
the other hand, the influence of slag layer on the wall surface cannot be 
ignored. Therefore, the properties of the particles as well as the slag 
layer should be considered in order to develop a comprehensive particle 
adhesion model. 

2.1. Particle adhesion model PP 

The particles injected from a nozzle undergo complex chemical re
actions, heat transfer, and phase transformation in the furnace. There
fore, their properties often vary when they contact the wall, which 
results in different adhesion propensities. According to the literature, 
the adhesion process is affected by the relationship between the physical 
properties (i.e., viscosity and surface tension) and kinetic energy of the 
particles, assuming that the particles are liquid [11,14]. When the 

particles are solid, they deposit the critical velocity according to the 
mature impact theory [22]. In addition, the experimental studies prove 
that the surface characteristics of the particles vary at different tem
peratures and conversion states [20,21,23,24], which can be used to 
determine particle adhesion. 

Based on the above analysis, the particle adhesion criteria can be 
summarized in the form of two elements: surface characteristics and 
kinetic parameters. Each element represents the adhesion probability or 
sticking propensity corresponding to that element alone: 

PP = F(pS, pK) (1)  

where pS and pK represent the adhesion probability functions corre
sponding to the surface characteristics and kinetic parameters, respec
tively. The models representing these two adhesion probability 
functions are described in the following two sections. 

2.1.1. Adhesion sub-model based on the surface characteristics 
According to the in-situ studies of surface morphology evolution of 

the particles conducted with high-temperature stage microscope, the 
residual carbon/ash solid aggregate and a liquid phase (i.e., the melting 
of ash content) is formed on the particle surface transformed during 
motion [20,23]. Since the melted ash component could facilitate particle 
adhesion, the state of melting ash and its distribution was used to 
describe the adhesion propensity of the particles. The former is the ash 
melt fraction, and the latter is related to the conversion state of the 
particles [20]. As shown in Fig. 1, the adhesion properties of the solid 
particle and liquid droplet had been abundantly studied. The particle 
states can be divided into 7 types according to two variables. In this 
work, the adhesion propensity of the melted particles with residual 
carbon was modeled. 

Temperature is an important parameter affecting the particle’s 

Nomenclature 

A,a ash content (mass fraction) in raw coal and particle 
C, c carbon content (mass fraction) in raw coal and particle 
dp,dM particle diameter and the maximum spreading diameter 
Ek,Es kinetic energy and surface energy of the particle 
Ek,c,E*

k,c critical kinetic energy and its dimensionless number of the 
particle 

Ek,c,μ,Ek,c,γ critical kinetic energy corresponding to viscosity and 
surface tension 

e residual kinetic energy 
fM, fM,w ash melting fraction of particle and wall 
fC adhesion probability base on carbon conversion 
PP,PW,PT adhesion probability of the particle, wall, and the total. 
pS,pK adhesion probability of surface characteristics and particle 

kinetic parameters 

pμ,w adhesion probability of corresponding to critical viscosity 
of wall 

ra/c ash-carbon ratio 
Ti,TM the temperature of initial melting and liquid phase fraction 

is 0.9 
up,ucr velocity and critical velocity of the particle 
ug,τ,uτc wall shear velocity and critical shear velocity of the gas 
va volume fraction of ash in the particle 
W adhesion work 
X carbon conversion 
φ impact angle 
θ contact angle 
μp,μw viscosity of the particle and wall 
γp surface tension of the particle 
ξm maximum spread ratio  

Fig. 1. Different states of the particles with the degree of conversion and 
melting as variables. 
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adhesion characteristics. In this study, the initial melting temperature Ti 
was introduced, and defined according to the initial temperature of the 
liquid phase curve calculated by FactSage [25]. It is assumed that at 
temperatures below Ti, the particles are solid and their surface proper
ties do not affect the particle deposition characteristics. On the other 
hand, when the particle temperature is greater than Ti, the surface 
characteristics-based particle adhesion probability is determined by two 
factors: 

pS = F(fM , fc) (Tp⩾Ti ) (2)  

where fM represents the melting fraction, and fC represents the adhesion 
probability based on the conversion.  

(1) Ash melting fraction 

According to Zhou’s research on the sub-particle size of the coal ash, 
the fluctuating behavior of the elements on the surface of the coal ash 
leads to partial melting of the ash, which provides a basis for the 
adhesion of ash particles below the Ash Fusion Temperature (AFT) 
[23,24]. The liquid phase curve simulated by FactSage can be used as 
the melting fraction. The liquid phase curve of SH coal ash (based on 
SlagA) is shown in Fig. 2. By fitting the liquid phase curve, the ash 
melting fraction can be expressed as a function of particle temperature: .  

(2) Adhesion probability based on the carbon conversion 

The existing ash adhesion models generally ignore the effect of re
sidual carbon on particle deposition [11,14]. However, as shown in 
Fig. 3, the morphologies of the particles significantly vary with carbon 
conversion [20,21]. The initial distribution of ash in coal char is 
randomly dispersed in the form of plum pudding mode (Fig. 3(a)). When 
the temperature of the particles is lower than that of the ash flow tem
perature (FT) and the ash content is still in the molten (or partial molten) 
state [23], a muffin-like structure appears at the surface of the particles 
(Fig. 3(b)). As the reaction progresses, the slag layer will completely 
wrap the particles to finally form a watermelon pattern (Fig. 3(c)). When 
the ash content is high enough and the particle temperature is greater 
than the ash flow temperature, the residual carbon is suspended at the 
surface of the molten-slag droplet (Fig. 3(d)). 

Based on the above evolution characteristics of molten slag particle 
morphologies, it can be inferred that the particle morphology is closely 
related to temperature and ash content. Generally, FT is close to the 
temperature corresponding to the simulated liquid phase fraction of 0.9, 
or denoted as TM. These characteristics can be considered in two cases 
according to TM.  

• Case 1 (Ti < Tp < TM) 

Under this condition, the ash is partially melted. The dispersed 
molten ash adheres to the surface of the particles and finally wraps the 
char particles (Fig. 1(b) and (c)). The melting ash content mainly con
trols the particle adhesion, and this muffin mode increases the surface 
melting ratio of the particles, which is more conducive to particle 
adhesion. Therefore, the relationship between adhesion probability and 
ash content should not be linear. Moreover, according to Liu’s research 
[20], the evolution of carbon with reaction time follows an exponential 
behavior. Thus, it is reasonable to assume that the ash content has a 
similar exponential trend. The related adhesion probability can be 
expressed as: 

fC,1 = 1 − exp(Bva) (3)  

where the volume fraction of ash va is an independent variable (Fig. 4), 
which can be 

expressed as: 

va =
a

ρrc + a
(4)  

where c and a are the residual carbon mass fraction and the ash mass 
fraction of particle, respectively, and ρr is the density ratio of ash to 
carbon. If a = 10% in the initial char, the ash density is roughly ten times 
larger than carbon [19]; thus, 10 can be set here. B is the model coef
ficient and can be − 4.6 (when a = 1, f = 0.99). 

Assuming that the conservation of ash is existed in the particle before 
and after the reaction, the carbon conversion X of the particle can be 
expressed as: 

X = (1 −
cA

(1 − c)C
) = (1 −

cA
aC

) × 100% (5)  

where C is the carbon content (in mass fraction) in the raw coal, A is the 
ash content (in mass fraction) in the raw coal. The particle adhesion 
probability can be expressed as a function of the carbon conversion rate 
by combining Eqs. (3)-(5): 

fC,1 = 1 − exp(
− 4.6A

C(1 − X)ρr + A
) (6)    

• Case 2 (Tp ≥ TM) 

When the particle’s temperature is greater than TM, ash is completely 
melted with fluidity, concentrates due to surface tension, and is hard to 
wrap residual carbon. For one case, the molten ash is probably separated 
from the carbon (Fig. 5). Therefore, it can be assumed that the adhesion 
probability of the particles is proportional to the volume of the molten 
ash: 

fC,2,1 = vash =
a

ρrc + a
(7) 

For another case, when the content of the molten ash accounts for the 
majority, it starts to concentrate at the surface of the residual carbon, 
and gradually forms droplets. Finally, the residual carbon will float on 
the surface of the molten ash droplet (Fig. 3(d)). A new model needs to 
be developed. Under these circumstances, the residual carbon volume 
will mainly determine the probability of adhesion, and it may be 
assumed that when the residual carbon mass fraction is reduced 
to<50%, the molten ash accumulation area begins to form. The rebound 
capacity is equal to the ratio of residual carbon to ash content. Hence, 
the adhesion probability can be expressed as: 

fC,2,2 = 1 −
c
a
(c⩽a) (8) 

According to the above formula, the adhesion probability increases 
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Fig. 2. Liquid fraction curve of Shenhua coal ash.  
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with decreasing carbon content. When the carbon residue accounts for 
50% (i.e., c = 50%), the adhesion probability is 0. 

The two models (Eqs. (7) and (8)) jointly determine the adhesion 
probabilities of the particles with different degrees of conversion at a 
temperature greater than TM. Thus, it can be expressed as: 

fC,2 = max(
a

ρrc + a
, 1 −

c
a
) (9) 

The relationship with carbon conversion rate is: 

fC,2 = max(
A

C(1 − X)ρr + A
, 1 −

(1 − X)C
A

) (10) 

Combining Eqs. (4) and (8) results in: 

fC =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1 − exp(
− 4.6A

C(1 − X)ρr + A
) (T < TM)

max(
A

C(1 − X)ρr + A
, 1 −

(1 − X)C
A

) (T⩾TM)

(11) 

The distribution of ash on the particle surface is attributed to the 
influence of adhesion; therefore, the adhesion probability can be 
expressed as the intersection of this factor and the ash fusion fraction. 
The structure of the particle changes significantly, as its surface is not 
covered by ash. Hence, the influence of ash melting fraction on the 
adhesion probability can be ignored when the temperature is greater 
than TM. In summary, the adhesion sub-model based on the surface 
characteristics can be expressed by: 

pS =

{ fMfC Ti⩽Tp < TM

fC Tp⩾TM
(12)  

2.1.2. Adhesion model based on the particle kinetic parameters 
Particle adhesion is the process in which the particle’s kinetic energy 

is not sufficient to overcome the adhesion force. Hence, the kinetic en
ergy parameters can be used to determine the upper and lower limits of 
the particle adhesion propensity. The solid particles and liquid particles 
are considered separately according to Ti. 

(1) Tp < Ti 
Under this condition, the particles are considered solid. The adhesion 

force between the particles is van der Waals force; therefore, the critical 
velocity model based on the JKR impact theory of the solid particles is 
adopted [22]. In addition, for the particles adhered to the wall, the 
particles will roll away when the fluid shear moment is greater than the 
adhesion moment. This indicates that the fluid has a critical shear ve
locity. The kinetic energy parameter criterion can be expressed as: 

pK =

{ 1 up⩽ucr && ug,τ⩽uτc

0 up > ucr || ug,τ > uτc
(12)  

where ucr is the critical velocity for particle, ug,τ is the wall shear velocity 
of the gas, uτc is the critical shear velocity. Detailed formulations and 
calculations are shown in the supplementary section. 

(2) Tp > Ti 
Under this condition, partial or full melting of the particles occurs, 

and the adhesion force becomes surface tension. According to Bennett 
[26], when the droplet impacts the wall, the spreading of the particles 
will be jointly affected by surface tension and viscous dissipation. When 
the following criteria are met, the spreading will be completely domi
nated by surface tension, and the viscous dissipation can be ignored. 
Therefore, Eq. (13) can be used as a criterion for applying the corre
sponding surface tension model. 

We < 2.8Re0.457 (13)  

(a) (b)            (c)           (d)  

Fig. 3. Char-slag interaction models: (a) Plum pudding mode, (b) Muffin mode, (c) Watermelon mode, (d) Iceberg mode [20,21].  
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Fig. 4. Exponential relationship between ash volume and adhesion probability.  

Fig. 5. Separation of the molten ash from residual carbon.  
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where We =
ρpu2

p dp

γp
, and Re is the particle Reynolds number. 

Generally, the particles will stick until their kinetic energy is suffi
cient to overcome the effects of viscosity and surface tension [11,14]. 
Therefore, the maximum kinetic energy that meets the adhesion crite
rion can be defined as the critical kinetic energy, Ek, c, as expressed 
below: 

Ek,c =

{
Ek,c,μ We⩾2.8Re0.457

Ek,c,γ We < 2.8Re0.457
(14)  

where Ek,c,μ and Ek,c,γ represent the critical kinetic energy corresponding 
to viscosity and surface tension effects, respectively. pK can be obtained 
by comparing the particle kinetic energy with the critical kinetic energy. 

pK =

{
1 Ek⩽Ek,c||up⩽ucr&&ug,τ⩽uτc
0 Ek > Ek,c

(15) 

The detailed model for Ek,c,μ and Ek,c,γ are derived as follows.  

• Critical kinetic energy corresponding to the viscosity 

Kleinhans’ binary critical viscosity model is used to calculate the 
critical kinetic energy corresponding to the viscosity [11]. Ek,c,μ can be 
expressed as a function of the particle viscosity μp and impact angle : 

E− 1.78
k,c,μ = 5⋅10− 12⋅μ− 1

p ⋅10− 6.36/tan(φ)0.25
(16) 

μp is calculated by viscosity-temperature curve, as shown in Eq. (30).  

• Critical kinetic energy corresponding to the surface tension 

As the ash particles hit the wall without severe deformation [11], the 
process of the ash droplet impacting the wall can be simplified (Fig. 6). It 
is assumed that the droplet impact deformation is controlled by surface 
tension only, and the droplet remains in the initial spherical shape after 
rebounding. 

Before the particles impact the wall, the energy of the particles in
cludes the kinetic energy and surface tension energy : 

E1 = Ek +Es (17) 

It is assumed that the energy of the rebound particles exists after 
droplet impacting, which includes the surface tension energy and re
sidual kinetic energy e. Hence, the particle kinetic energy mainly over
comes the adhesion work W during impact: 

E2 = Es + e (18)  

E1 − E2 = Ek − e = W (19) 

The maximum spread diameter of the droplet is dM. Assuming that 

the radius of the contact surface is , the adhesion work W can be 
expressed as: 

W =
π
4
(dM)

2sinθ2γlv(1 + cosθ) (20)  

where γlv is the surface tension of the particle, as determined by ash 
composition and temperature in Eq. (31). The maximum spreading ratio 
of the particles [14]: 

ξm =
dM

dp
= 1+ 0.259We0.317 (21) 

The contact angle θ is set to 120◦[1]. The critical kinetic energy is 
equivalent to adhesion work, by combining Eqs. (20) and (21): 

Ek,c = W =
π
4
(dpξm)

2sinθ2γlv(1 + cosθ) (22) 

In addition, the effect of fluid shear force on particle adhesion is 
determined. Combined with Eq. (20) and moment balance calculation 
[27], it is estimated that when the particle size is 100 μm, the critical 
shear velocity is > 30 m/s (entrained-flow gasification condition, >300 
m/s in combustion furnaces), which is much greater than the gas ve
locity near the wall. Therefore, when the particles are liquid or semi- 
liquid, the influence of gas velocity on particle adhesion can be ignored. 

2.1.3. Proposal of the particle adhesion model 
In summary, the particle adhesion model can be classified according 

to Ti. When Tp < Ti, only the adhesion criterion corresponding to the 
kinetic energy parameter needs to be considered. Otherwise, the parti
cle’s surface characteristics and kinetic energy parameters should be 
considered simultaneously, and the adhesion probability of the particle 
is the intersection of the two factors. The adhesion model based on the 
coal particle surface characteristics could be given by Eq. (23) 

Pp =

{ pK Tp < Ti

pKpS Tp⩾Ti
(23) 

Since PK is a Boolean criterion, the model can be transformed into a 
flow chart (Fig. 7). The critical velocity of the particles are considered 
primarily 

2.2. Comprehensive adhesion model with slag layer 

In coal combustion and gasification on the furnace, there is a slag 
layer or deposit on the wall; thus, the influence of the furnace wall 
properties on particle/droplet adhesion probability should also be 
considered. The influence of the slag layer on the adhesion probability is 
mainly reflected in the interaction between the particles and slag layer. 
Hence, the physical properties of slag layer are essential, especially 
viscosity and surface tension. 

When the surface slag layer temperature is higher than Ti, the slag 

Fig. 6. Simplified process of the droplets hitting the wall.  
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layer is considered to have a more significant impact on particle depo
sition, regardless of the influence of the slag layer/deposited layer at 
lower temperatures. Thus, the slag layer can be assumed as a liquid film. 
For the particle impingement on the liquid film, the capillary number Ca 
can be used to compare the magnitude of the two effects [28]. 

Ca =
μfilmup

γfilm
(24) 

The order of magnitude of the surface tension of the slag layer is 10-1, 
which is usually less than or equal to the order of magnitude of the 
particle velocity, while the order of magnitude of the viscosity of the slag 
layer is usually more than 101. Therefore, for most cases in the com
bustion furnace and gasifier, Ca > 1, the viscosity of plays a dominant 
role, and the influence of the surface tension of the slag layer can be 
temporarily ignored. 

The critical viscosity model based on the particle kinetic energy is 
adopted [11]. 

pμ,w =

{
0 μw > μp,c
1 μw⩽μp,c

(25)  

where μp,c is the critical viscosity of the particle, which can be calculated 
from the relation of particle kinetic energy, according to Eq. (16). The 
slag compositions vary by conditions and difficult to predict quantita
tively. [29] Since particle adhesion is only affected by the surface of the 
slag layer, it can be assumed as the same composition as the particles. 

The melting fraction of the slag layer could be expressed as: fM,w=F 
(Twall), similar with the particles. Then, the adhesion probability of the 
slag layer can be expressed as: 

PW = pμ,wfM,w (26) 

Combined with the particle adhesion model proposed in Section 2.1, 
the particle comprehensive adhesion probability is expressed as: 

PT = 1 − (1 − PP)(1 − PW) (27) 

The primary input parameters required by each probability model 
are summarized in Fig. 8. 

3. Model validation and discussion 

3.1. Model validation 

3.1.1. Validation of the particle deposition under gasification conditions 
As discussed above, when the temperature of the particle is greater 

than Ti, pS will control particle adhesion (no slag layer as a precondi
tion). To verify this model, a modeling study is carried out according to 
Li’s deposition experiment of gasified char particles at different carbon 
conversion rates [6]. In Li’s experiment, a drop tube furnace was 
adopted as the reactor, where an inclined plate placed at the bottom of 
the furnace was set as a deposition surface. Moreover, no slag layer or 
deposit is formed. Illinois No. 6 coal is selected as a raw material, and its 
composition is shown in Table 1. Ash melting fraction curve is calculated 
by FactSage (Fig. 9). 

The specific structure and kinetic parameters are detailed in Li and 
Whitty [6]. Since there is no formation of slag or deposit, PW is 
considered as 0. Assuming that the velocity of the particles is equal to 

Fig. 7. Flowchart of particle adhesion model.  

Fig. 8. The main input parameters of each adhesion model.  

Table 1 
Parameters required for verification.  

Raw coal composition(wt.%) Ash composition, (wt.%d) 

Proximate analysis SiO2 46.58 
Moisture 3.63 Al2O3 17.75 
Ash 10.89 TiO2 0.88 
Volatile matter 36.42 Fe2O3 18.99 
Fixed Carbon 52.69 MgO 0.89 
Ultimate analysis CaO 5.23 
Carbon 74.48 Na2O 1.67 
Hydrogen 4.92 K2O 2.06 
Nitrogen 1.48 P2O5 0.16 
Sulfur 4.66 SO3 4.59 
Furnace temperature 1673 K; 1773 K  
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the gas velocity, the calculations show that all the velocities of the 
particles when they contact the wall are greater than the critical ve
locity, and do not exceed the critical kinetic energy required for 
rebounding. Therefore, the adhesion probability of the particles is 
dependent on the pS. According to Table 1 and Fig. 9, both two furnace 
temperatures are higher than TM, so particle adhesion is dependent on . 

Fig. 10 shows that the predicted particle adhesion probability in
creases slowly at low conversion and increases sharply at high conver
sion. Interestingly, the adhesion probability trend of this model is in 
good agreement with the experiment. 

3.1.2. Local simulation of the combustion furnace 
To verify the model’s reliability at lower temperatures, a local 

simulation of furnace particle deposition is carried out. According to the 
deposition experiment data of the 15 kW descending combustion 
furnace in Beckmann’s research [30], a similar two-dimensional model 
is constructed by selecting the position of Port3 in the laminar flow state 
according to Yang’s simulation [14], as shown in Fig. 12. The parame
ters of the coal and two simulation conditions (uncooled probe and 
cooling probe) are shown in Tables 2 and 3. Middelburg coal is used in 
the experiment, and its ash melting fraction curve calculated by 

FactSage is shown in Fig. 11, which can be reduced to a piecewise 
function. It can be seen that the furnace temperature is between Ti and 
TM, while the temperature of the cooled wall is lower than Ti. 

The simulation region of the flow field is 0.3 m × 0.6 m, and the 
deposition probe with a diameter of 22 mm is located at the center. The 
mesh width near the probe is about 0.25 mm, which meets the mesh 
packing requirements of Weber [31]. 

To simulate the gas phase turbulence flow in the furnace, the time- 
averaged steady-state Navier-Stokes equations, as well as the energy 
conservation of gas species transport equations, The Realizable k-ε 
model and the Enhanced Wall model are used. DO radiation model re
alizes the radiation heat transfer; DPM model is used for particle/droplet 
tracking, by considering both gravity and thermophilic force; and the 
chemical reaction can be ignored. 

The particle deposition model is added to Fluent via user-defined 
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Fig. 9. Melting fraction curve of the coal used in Li [6].  
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Fig. 10. Particle adhesion efficiency predicted by the present model.  

Table 2 
Parameters for the two simulation conditions.  

Probe type Port3 

uncooled cooled 

Surface temperature, K 1398 873 
Furnace condition 
Gas velocity, m/s 0.36 
Gas temperature, K 1398 
O2, vol% 0.37 
CO2, vol% 15.70 
Particle properties 
Size distribution, μm Rosin-Rammler, dmean (20), n(0.80) 
Particle loading on project area, g/h 19.83(ash) + 0.98(combustibles) 
Density, kg/m3 2600 (ash); 500 (combustibles) 
Conversion (Burnout),% 99.41 
Specific capacity, J/(kg K) 975.65 + 0.23 × T  

Table 3 
Composition of the coal.  

Raw coal composition(wt.%) Ash composition, (wt.%) 

Proximate analysis SiO2 37.3 
Moisture 6.11 Al2O3 28.9 
Ash 9.97 TiO2 1.3 
Volatile matter 30.4 Fe2O3 5.8 
Fixed Carbon 53.52 MgO 3.2 
Ultimate analysis CaO 11.0 
Carbon 66.22 Na2O 1.5 
Hydrogen 4.04 K2O 1.2 
Nitrogen 1.75 P2O5 1.7 
Sulfur 0.87 SO3 8.1  
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Fig. 11. Melting fraction of the Middelburg coal ash and simplified curve.  
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functions (UDF), according to the model described in Section 2. 
DEFINE_DPM_BC is used to Achieve particle adhesion and rebound; and 
DEFINE_DPM_EROSION realizes the calculation of the deposition rate. 

Particle parameters setting: Particle loading at the inlet is distributed 
according to the mass flux. For considering the residual carbon in the ash 
particles, two substances are injected simultaneously according to the 
mass ratio of residual carbon to ash, to simulate different particle 
properties under the actual conditions. The particle size distribution is 
obtained by fitting the measured data with the rosin–rammler distri
bution and maintaining uniform. In addition, the temperature of the 
impact particles varies with size for those>80 μm, while the smaller 
particle temperature depends on deposition surface temperature con
ditions [30]. Thus, the temperature of large particles is amended fitting 
relation as the entrance particle parameters. 

To verify the simulation accuracy of the local simulation, the particle 
impact rate of the model was compared with the impact rate of the three- 
dimensional global simulation from Beckmann [30] (Fig. 13). The 
maximum difference in particle impact rates between local simulation 
and global simulation is 5%, which appears to be relatively close. 
Therefore, the two-dimensional local simulation can be used to predict 
the particle deposition rate. 

Fig. 14 shows that the particle deposition rate predicted by the 
proposed model is close to the experimental data, as calculated by: 
impact rate × PT. The prediction rates of the other two adhesion models 

were compared. As shown in Fig. 13, the present model is greatly 
improved over Kleinhans’ model, and more accurate than the critical 
viscosity model, under the uncooled surface conditions. 

3.2. Discussion 

3.2.1. Effect of particle kinetic parameters on particle adhesion propensity 
As shown in Fig. 7, particle adhesion is limited by the kinetic energy 

parameters of particle and gas, namely PK. Here, the influence of particle 
kinetic energy on adhesion ability is mainly considered. 

Taking SH coal as an example (Ti = 1200 K, TM = 1530 K), its vis
cosity is obtained by fitting the viscosity-temperature curve measured by 
the experiment: 

lgμp(Pa⋅s) = − 9.892+
16971.1

T(K)
(30) 

The surface tension is calculated using the relational formula with 
temperature, and the surface tension of 1300℃ is calculated according 
to the composition of coal ash [33]. Considering that the surface tension 
of coal ash will increase suddenly at lower temperatures, 1000 mN/m is 
taken when the temperature is lower than 1300℃ [34]. 

γp(mN/m) =

{
423.8 + 0.004⋅(T − 1573) T > 1573K

1000 else (31) 

The particle density is given as 1500 kg/m3, the particle size is 50 
μm, and the impact angle is 60◦. The particle kinetic energy varies by 
changing the particle velocity. By default, the gas velocity is less than the 
critical shear velocity. 

As shown in Fig. 15, the adhesion area can be divided into three 
zones:  

1) Adhesion zone: When Ek is very low, the particles will adhere 
because the velocity is less than the critical velocity; for those with 
temperatures close to Ti, the adhesion of the particles will be almost 
determined by the critical velocity model.  

2) Probability zone: Ek is less than the critical kinetic energy, and the 
temperature of particles is higher than Ti. At this point, the kinetic 
energy can be considered in medium range, the adhesion propensity 
of the particles is expressed by .  

3) Rebound zone: When Ek is further increased and more significant 
than the critical kinetic energy, the viscosity or surface tension effect 
is overcome. Thus, the physical property determines whether the 
particle rebound or not. 

Fig. 12. Two-dimensional model and the fine mesh near the deposition probe.  
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The relationship between particle adhesion and kinetic energy is 
simplified in Fig. 16. 

The temperature in the furnace is mostly higher than Ti, so the par
ticle rebound is dependent on the critical kinetic energy corresponding 
to the viscosity and surface tension, which can be divided by the particle 
kinetic energy becoming a dimensionless number Ek, c* (Fig. 17). Ek, c* 
decreases with increasing particle velocity, suggesting that the particles 
with small kinetic energy tend to stick after impact. With an increase in 
the temperature of the particles, the range of velocity for adhesion 
gradually increases, indicating that more adhesion occurs in higher 
temperatures, and the critical kinetic energy corresponding to the two 
effects of surface tension and viscosity remains almost consistent. 

3.2.2. Effect of particle surface characteristics on particle adhesion 
propensity 

The above analysis shows that the adhesion propensity is dependent 
on PS, when the particle kinetic energy is within the medium range. As 
shown in Fig. 8, the surface characteristics model can be summed up in 
three parameters: coal types, particle temperature and carbon 
conversion.  

(1) Influence of the ash-carbon ratio 

For the slagging gasifier with a membrane wall, a high content of ash 
is required to achieve wall slagging, which is usually implemented by 
coal blending or slag blending (the slag returns to the coal grinding 
system). 

The particle adhesion probability of different ash-carbon ratios is 
shown in Fig. 18. It can be found that the probability of adhesion in
creases with increasing ash-carbon ratio (ra/c). In addition, the mutation 
points of the adhesion probability corresponding to the carbon conver
sion decrease with increasing ash-to-carbon ratio. This means that, for 
slagging gasifier, a high ash-carbon ratio of the input material leads to an 
increased deposition, which can be conducive to liquid slagging.  

(2) Influence of particle temperature and conversion 

In the gasifier, it is generally believed that the particle temperature is 
basically balanced with the local gas temperature (for dp < 100 μm, the 
temperature relaxation time of coal < 0.01 s generally), so the tem
perature of the particles also reflects the local temperature. 

With fixing coal composition, the relationship between the conver
sion rate of particulate carbon and adhesion probability at different 
temperatures is shown in Fig. 19 (take Middelburg coal as an example, 
Ti = 1150 K, TM = 1640 K): 

When the temperature is close to Ti, the particle adhesion probability 
increases slowly with increasing carbon conversion, and gradually raises 
at higher temperatures. When the temperature is higher than TM, the 
probability of particle adhesion will increase sharply at high carbon 
conversion. Since the adhesion probability directly reflects the surface 
characteristics of the particles, the tendency is consistent with the 
morphological characteristics of the particles observed in the experi
ment of Li and Whitty [32]. In particular, the morphological changes in 
the particles at lower temperatures are not found during the conversion 
process; while at higher temperatures, an obvious morphological 
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different temperatures (the carbon conversion is set to 0.9). 

Fig. 16. Schematic of the particle kinetic energy and adhesion.  
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difference was observed between low conversion and high conversion 
states. 

As shown in Fig. 20, when the temperature is higher than TM, the 
adhesion probability of the particles remains constant at different tem
peratures, which is consistent with the experimental results of Li’s 
capture efficiency for high-temperature gasification particles. Mean
while, when the carbon conversion is lower, the particles below TM 
appear to have a higher adhesion probability than those in higher 
temperatures, indicating that the more solid structures of the particle 
surface emerge at high temperatures. The findings on the evolution of 
the particle surface area confirm this phenomenon [32]. 

For combustion furnaces, the aim is to suppress ash accumulation, 
and the temperature distribution range is wide, ranging from below Ti to 
above TM. Under the conditions of low temperature and high speed, ash 
deposition can be restrained. Another way is to change the composition 
of the raw materials by increasing Ti. For the entrained-flow gasifier, ash 
deposition should be promoted to achieve liquid slagging, and the 
temperature is usually higher than TM. In other words, when the critical 
kinetic energy of the particles is higher, the probability zone is larger, 
making them more difficult to rebound. Under the same slag layer 
condition, carbon conversion is the main factor that affects the adhesion 
propensity of the particles. These data suggest that a prolonged resi
dence time is conducive to ash deposition and liquid slagging. 

4. Conclusion 

A comprehensive model of particle adhesion suitable for combustion 
and gasification process is proposed based on the surface characteristics 
analysis, by considering ash ratio and melting fraction. Moreover, two 
validation sets at high and low temperatures have proved the effec
tiveness of the model in predicting the probability of particle adhesion. 
This model quantitatively describes the relationship between the carbon 
conversion and particle adhesion, which provides a solution for further 
accurately predicting the particle deposition rate of combustion furnaces 
and gasifiers under different operating conditions. However, this model 
ignores some factors such as the influence of solid slag properties or 
deposition on adhesion propensity and the heterogeneity of ash distri
bution in particles, which require to be further explored. 

The model shows that, when the particle kinetic energy is greater 
than the critical velocity and lower than the critical kinetic energy, the 
surface characteristics play an important role on adhesion propensity, 
which can be determined by components, temperature, and particle 
conversion. The adhesion probability is greater when the ash-carbon 

ratio is higher. With the increase in carbon conversion, the adhesion 
probability first increases gradually and then rises sharply. With the 
increase in temperature, the critical kinetic energy and ash melting 
fraction increase, indicating a high adhesion propensity for the particles. 
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