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 High temperature liquid slag is a by-product in metal smelting process. In the actual metal smelting project, the 

temperature is up to 1000 degrees, so the metallurgy workers do not know exactly the variation of the physical 

field in crushing and granulation procedure of liquid thermal liquid slag. And for that reason, the utilization and 

treatment technology of thermal slag liquid has not been mature so far. At the same time, because of this reason, 

the utilization and treatment technology of high temperature liquid slag is not yet mature. In this paper, the 

classical physical equation and the SIMPLE algorithm, and the VOF interface tracking method are combined by 

studying heat transfer theory to optimize the calculation method and establish the mathematical model. Finally, 

using the numerical simulation software COMSOL of multi-physical coupled-field，the granular procedure of 

high-temperature liquid slag is simulated，and the comparatively accurate  result is obtained. According to the 

research work of this paper, the physical mechanism of the high temperature liquid slag in the process of crushing 

and granulation is summarized, and the research ideas in the related fields are provided, which have some 

enlightening and practical value for the related research work. 
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1. Introduction 

  High temperature liquid slag is a by-product of metal smelting 

production, which accounts for about 15% of steel production. The 

annual output of steel-making slag in the world amounts to tens of 

millions of tons. If these high-temperature liquid slags are being 

underutilized, they will have a great impact on the environment, and 

the high-temperature liquid slag of the converter contains a large 

amount of sensible heat. If these high-temperature liquid slags are 

naturally cooled in the slag field for a long time, it will not only 

pollute the environment but also causes great waste of energy [1]. 

Therefore, in order to meet the requirements of modern industries 

the comprehensive utilization of liquid high temperature liquid slag 

must be considered [2]. At present, there is no more reasonable way 

for the treatment of high temperature liquid slag in China, which 

can not only make good use of the treated slag but also not pollute 

the environment and recover high temperature liquid residue. It has 

become an important task for metallurgical workers to develop a 

new process and new methodology for liquid high temperature 

liquid slag treatment that can be in line with the “comprehensively 

deepen supply-side structural reform” principle. 

Wind air-granulated method. The liquid high-temperature liquid 

slag is poured from the slag ladle into the slag tank, and a 

granulation metallurgical slags blower is arranged under the slags 

pout. When the high-temperature liquid slag flows out from the end 

of the slag tank, it will be divided by the high-speed air flow jetted 

from the blower [3]. The air-granulated method has features such as 

simple technology, little space, low invest, low maintenance, safety 

and high efficiency, particle with stable performance and thorough 

granulation. The main disadvantages of this technology are as 

follows: high temperature liquid slag must be liquid high 

temperature liquid slag. In order to control the flow rate of slag, 

high temperature liquid slag must pass through the intermediate 

tank. Most of the air quenching gas utilizes air. Due to oxidation, 

the elemental iron in the granulated high temperature liquid slag is 

easily oxidized and cannot be recovered because of oxidation [4]. 

Traditional numerical research methods include three kinds: 

theoretical research methods, experimental methods, and numerical 

methods. Among them, numerical methods are one of the fastest- 

growing methods in modern analytical methods. The advantages of 

the theoretical research method are low cost, good results and the 

factors are clearly expressed, but the method is limited to very 

simple problems. Although the experimental method is reliable but 
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limited by the model, the cost is high and the period is long. The 

numerical method is low in cost and wide in application but is 

subject to calculation resource and model .Therefore, thesis has its 

necessity and practical significance. 

2. The proof of COMSOL and PDE model 

2.1 Introduction to COMSOL 

COMSOL is multidiscipline coupled-field simulation software 

based on finite element method. The software is mainly composed 

of "model developer" and "app developer". 

Guiding by the model tree, the "model developer" is composed of 

tools and components for defining and building model. In addition, 

the developer can also change the solution approach, analysis the 

model results and create the result report. The design of the model 

tree can reflect the design principle and data structure of the 

underlying layer. The state of the storage model includes the 

following settings: geometry selection, meshing, physical field 

selection, boundary condition setting, research model, 

post-processing, and simulation of squared results [5]. 

The "APP Developer" includes menu bars, ribbons and two 

important editors--"form editor" and the "method editor". The Form 

Editor can add apps, such as windows and buttons, to the models 

required by the user group interface. The Method Editor is a 

programming environment that allows you to modify the original 

data objects and models to accommodate new requirements [6]. 

2.2 The proof of COMSOL 

The mathematical software is based on finite element, and the 

solution process can be represented by Figure 2-1. 

 

Fig.2.1 Solving process of COMSOL internal equation 

2.3 Finite Element Method and PDE Mode in COMSOL 

2.3.1 Finite element method in COMSOL 

As finite element simulation software, COMSOL provides a PDE 

mode based on mathematical equations to solve practical problems. 

This model can simulate the numerical simulation analysis of 

multi-physical field coupling. The model is composed of finite 

element method partial differential equations. Study high 

temperature liquid slag flow and solidification. This model used 

four physical field interfaces in COMSOL, namely laminar flow 

model (spf), fluid model (ht), dilute material transfer model (chds) 

and point weak partial differential equation model (wp) ，which is a 

multi-physics numerical simulation model of coupled complex 

fields [7]. 

In the COMSOL math operation, PDE mode, we can input the 

appropriate governing equations and initial boundary conditions 

according to the problem studied.That is to deduce and set the step 

of “mathematical modeling” in Figure 2.2, in which three ways of 

input governing equations are provided [8]. 

The first is the“coefficient type”, which provides a generic 

equation template: 
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where: u is the field variable; t is the time;  is the Hamiltonian; 

the other is the parameter to be input, and the control equation that 

conforms to the actual problem can be obtained by setting the 

parameter to be input in equation (1) [9]. 

The second type is “generic type”, and the equation template 

provided by this type is: 

2

2
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where:  is a generalized flux. This type also achieves the required 

governing equation by setting the input parameters. 

2.3.2 PDE mode in COMSOL 

The equations established by “coefficient type” and “general use 

type” are automatically converted into “weak form” during the 

solution process, that is, the “variation principle” step in Figure 2-2 

is completed by the software built-in program. The governing 

equations for some common problems can be set by two methods, 

such as heat conduction equation, laminar flow equation, etc. [10]. 

However, the mathematical description of some problems is 

difficult to express in two ways, such as high temperature liquid 

slag flow and solidification model. 

 

Fig. 2.2  Flow chart of finite element method 

In addition, the third method of establishing a mathematical 

model, namely “weak form”, is to obtain a mathematical expression 

of a wider range of problems by setting the equivalent integral 

equation. The “weak form” is 
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            0=+  
dsdA bs             (3) 

where: s and b are the weak terms on the solution domain  

and the boundary  respectively. The "weak form" equation is 

essentially to manually complete the two parts of the "mathematical 

modeling" and "Variation principle" in Figure 2.2. It is more 

flexible to directly input the equivalent weak form of differential 

equation into the software [11]. 

3. Study on high temperature liquid slag crushing and 

granulation process 

The surface behavior of high temperature liquid slag is the key to 

studying the granulation process. At present, we can't get the 

behavioral characteristics of the granulation process from the actual 

experiment. Therefore, this paper utilize  the coupled field 

numerical analysis tool COMSOL on the numerical simulation of 

the granulation process to make up the lack of experiment, and 

provide innovative ideas for the same type of numerical simulation. 

In this chapter, the SIMPLE algorithm is used to simulate the 

process of high temperature liquid slag gas quenching and 

granulation, so as to analyze and discuss the mechanism of high 

temperature liquid slag crushing and granulation. 

3.1 Basic control equation for granulation 

In the process of crushing and granulating high-temperature 

liquid slag, any kind of chemical reaction is involved, and the total 

mass before and after the reaction does not change [12]. The quality 

of matter does not increase or decrease, it can only be transformed 

from one form to another. Mass conservation equation: 

.( ) 0
u

u
t




+ =


                  (4) 

The momentum conservation equation is one of the most 

important and common conservation principles in nature, which 

applies to both macroscopic and microscopic particles [13]. And it 

is not only applies to the low-speed and high-speed moving objects, 

but to the conservative and non-conservative systems. The equation 

is: 
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The total energy change of all materials during the crushing and 

granulation of high-temperature liquid slag can only be equal to the 

amount of the energy passed into or out of the system. The total 

energy is the combination of the mechanical energy, thermal energy 

and any internal energy of the system [14]. The energy conservation 

equation is: 

( ) .( ) . ( )pCT C Tu T
t
   


+ =   +


       (6) 

The above three equations: u is the speed,  is the density,  is 

the dynamic viscosity, p is the pressure,  is the surface tension, 

k is the surface free rate, s is the Dirac function on the interface s , 

and n is the free interface on unit law vector,  is the thermal 

conductivity, T is the temperature, and is the latent heat absorbed 

and released when the interface undergoes a phase change. 

A continuous surface tension model proposed by Brackbill J.U. 
[15] was selected to simulate evaporation and condensation at the 

water-steam interface. The mass exchange was: 
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 
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In the above formula, q is the heat exchange between water and 

steam, and  is the heat transferred. 

In this paper, the portion of water, steam, and high temperature 

liquid slag in the grid control volume is set to iC , and their 

transport equations are: 

i i i i

i

C C u C u C u
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   
         (8) 

i phase change from three media causes a change in volume 

fraction. 

The physical properties of water, steam and high temperature 

liquid slag are now expressed as follows: 
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3.2 Numerical calculation method 

3.2.1SIMPLE algorithm 

Since the solution process of high temperature liquid slag is to 

solute a coupled field, the current methods are coupled solution 

method and separate solution method. Because the coupling method 

is computationally inefficient and requires high computational 

software. The separate pressure correction algorithm is the most 

widely used method in multi-physical field coupling calculation at 

present, and SIMPLE can realize the pressure correction algorithm. 

The idea of the SIMPLE algorithm is to solve the algebraic 

equations in turn when the pressure field is given. Thus, a 

momentum equation that satisfies the local continuity is obtained. 

But it is not necessarily globally continuous and the pressure 

equation must be corrected. Substituting the pressure and velocity in 

the discrete momentum equation into the continuity equation to 

correct the pressure equation [16]. Then the velocity equation is used 

to improve the velocity, and the new velocity is substituted into the 

momentum discrete equation until to obtain a stable convergence 

solution. 

Correcting the velocity and pressure of equation. We set the 

initial pressure and the three-dimensional velocity field be

0000 ,,, wvup respectively. Subtracting the original pressure from 

the improvement value and the corrected pressure P is obtained. 

The relationship is as follows: 

0
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0

u u u

v v v

w w w

p p p
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The resulting momentum equation is: 
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In the above formula, , ,u v w

l l lS S S  is the sum of the other terms 

of the discrete momentum equation except pressure. According to 

the correction relationship of equation (10), the velocity of the 

three-dimensional coordinates can be obtained. 

The conservation equation is solved iteratively by SIMPLE 

algorithm, and then the convergence of the test results of the mass 

conservation equation is substituted. The specific solution steps are 

shown in Figure 3.1: 

 

Fig.3.1 Iterative solution procedure of SIMPLE algorithm 

3.2.2 Interface Tracking Algorithm 

In this paper, the VOF method is used to study the interface 

tracking algorithm. This algorithm is similar to the 0-1 algorithm in 

fuzzy mathematics. Taking the two fluids of vapor and liquid as an 

example, if C  represents a volume fraction, 0=C  represents a 

liquid phase, then 1=C  represents a gas phase, and 10 C  

represents a gas-liquid two-phase mixed control body [17]. Since C  

changes over time, a fixed time step is required to calculate the 

amount of volume that each control surface passes through. The 

geometry of the fluid is controlled by the reconstruction of the 

surface. Solve C  by transport equation: 

.( )iC VC S+ =                (12) 

In the above formula, C is the volume fraction, V is the 

velocity vector, and S is the source phase. 

In this algorithm, a multi-phase control body interface is 

represented by a straight line. Take the grid split example, as shown 

in Figure 3.2. 

 

Fig.3-2 Two-dimensional uniform grid interface normal vector 

The polygon enclosed by the oblique line in the above figure 

represents the volume share of the fluid. The physical meaning of 

the normal direction of the interface is again the gradient direction 

of the volume fraction. Try to find the angle between the line and 

the x axis as  and unitize  to . 
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Based on the volume share function and the straight normal 

vector, the line equation can be determined. As shown in Figure 3-3, 

the distance from A to the interface is: 

             ),(min AEHdl =               (14) 

 

Fig.3.3 Interface reconstruction of linear equation  

In Figure 3-3, ABFGD is the target area of the fluid, and the area 

can be expressed as: 

21
2 1

21 2
1

1 ( )( )

2
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l n x
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l l
S

l n yn n
H l n y

l

−  
− −  

=  
−  

− − 
  

   (15) 

In the above formula, H is the Heaviside more-order function. It 

can be seen that if l is obtained, then can be used to uniquely 

determine the interface position. 

3.2.3 Multi-physical field coupling processing method 

The VOF method is difficult to achieve when a multi-phase 

coupled physics field occurs. As shown in Figures 3.4, it is a hybrid 

control body comprising a liquid phase and a gas phase. It is 

assumed that the right surface of the control body can be displaced 

or deformed, and the liquid phase is continuously evaporated to 

remove water vapor, so that the right surface of the control body is 

compressed by water vapor, thereby having a horizontal rightward 

velocity. The vaporized water vapor is tracked by the VOF method, 

and after a period of time, the area of the shaded portion appears as 

shown [18]. In reality, the liquid phase of the control body is zero, 

and the water is emitted by the water vapor. Because of the 

evaporation relationship, the volume of the liquid phase should be 

slightly reduced. 
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Fig.3.4 Mixed control body of liquid phase and vapor phase 

In reality, it is difficult to calculate the variation of the volume 

due to the uncertainty of the straight line and the velocity field of 

the reconstructed interface. In this paper, the gas-liquid mixture is 

distributed to the nearest all gas phase. Calculating the dispersion of 

velocity field on the control volume is zero by using the 

approximation method, in which the velocity field is solved by 

continuity equation. Therefore, the VOF method can control the 

control volume of the multi-phase coupling by approximation [19]. 

Because of the surface tracking algorithm, the study only needs to 

calculate the variation of the liquid phase, and the result can be 

calculated by the conservation equation. 

3.2.4 Continuous surface tension model 

Surface tension is due to the imbalance of molecular gravity. In 

general, the forces of different molecules are different. If the 

resultant force of the molecule is not zero and cannot be in 

equilibrium, it will cause the surface of the liquid to automatically 

scale. The force generated by this phenomenon is the surface 

tension. The magnitude of the surface tension is related to the 

temperature of the medium and the nature of the multi-phase 

coupling. Because tension exists only on the surface of the liquid, 

all variables in the numerical calculations exist on the boundary of 

the mesh [20]. In this paper, the surface tension model CFS is used to 

study it. The unit area force equivalent to the tension in the 

momentum equation is calculated as follows: 

           )()()( ssssa xnxkxF


=             (16) 

In the above formula, x is a spatial position vector, is a 

tension coefficient, k is an interface curvature, and n is a unit 

normal vector pointing in the fluid. In the actual calculation, we use 

the integral method to get a smooth surface as much as possible, and 

integrate the unit area force: 
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Through the integral calculation, you can get: 
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In addition to this, the normal vector is expressed as follows: 

)()( xcxn


=                 (20) 

Combining equation (20), we can calculate that the curvature k
is: 

)].().[(
1

nn
n

n

n
k −=               (21) 

4. Mathematical model establishment and numerical 

simulation based on COMSOL 

4.1 Control equations in COMSOL and the establishment of 

mathematical models 

The Cahn-Hilliard convection equation is a conceptual model that 

minimizes the energy of time [21]. It enhances the protection of the 

field by approximating the interface diffusion flux proportional to 

the chemical potential gradient. This equation simulates the 

generation, evolution, and dissolution of the interface: 

).(. GMu
t

=+






           (22) 

where is the concentration fraction of the two components, which 

is referred to as the order parameter. It has different constant values 

throughout the phase and the invariant values vary rapidly between 

interfaces. M is a diffusion coefficient called fluidity, which governs 

the diffusion-dependent time scale of the interface, and G is the 

chemical potential of the system. Fluidity can be expressed as
2MM = , where cM is the interface thickness dimension that 

controls the mobility of the diffusion and time stability 

characteristics. The chemical potential is obtained from the total 

energy equation ]/)1([ 222  −−=G ,  represents the 

mixed energy density. Equation (22) shows that the evolution of

over time depends on convective transport due to the divergence 

velocity and diffusion of the chemical potential gradient transport. 

In order to simulate the high temperature liquid slag flow and 

solidification problems, equation (22) is combined with the 

incompressible Navier-Stokes and continuity equations. The surface 

tension and variable physical properties are as follows: 

0. =u                      (23) 
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T Fuupuu
t

u
+++−=+




)]([. 

 

 (24) 

Equation (23) represents the constraint of the incompressibility of 

the fluid. Equation (24) Navier-Stokes equations describe fluid flow 

[22].In these expressions  and  are fluid density and viscosity, 

respectively. The reverse permeability of the porous medium is 

assumed to be approximately effective for the actual porous 

medium. The state variables are fluid pressure P and velocity field 

u  
In addition, the governing equation for steady-state convective 

diffusion heat transfer is: 

QTkTuC += ).().(                (25)  

where C is the heat capacity and k is the thermal conductivity of 

the fluid. 

In the actual problem，In order to achieve optimal heat transfer 

and fluid flow, It is proposed to use the dual objective function 2A

here. Specifically, the target is specified to minimize the average 

temperature and total fluid power consumed in the system. 

CwBwA 212 +=
            

 (26) 

 2( ) [ ( . )]B k T C T u T d 


=  +       (27) 
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The above equation (26) is implemented as a global expression. 

In this expression, B is proportional to the average temperature of 

the design region of constant heat generation Q , and C is related to 

the total flow power in the fluid system. 

In terms of equations 1w  and 2w  are the portions of the 

thermal fluid of the objective function of the weighted value 

scale .Finding these values helps to converge and modifies the final 

best topology by affecting the advantages of one physical process 

relative to another. For the sake of simplicity, these weight values 

are manually selected. 

In order to determine the optimal steady-state fluid flow and 

channel layout, the thermal conductivity and the reverse 

permeability coefficient of the porous medium were interpolated 

using the convex interpolation format [23]. These effective properties 

(ie, k and ) are interpolated by the main design parameters 
varying from 0 (non-conductive solids) to 1 (conductive liquids). 

The surface force of the object is calculated by deriving the total 

free energy in the space coordinate system. The results are as 

follows: 

                 =GFst                     (29) 

It is considered that the surface tension is an intrinsic property 

corresponding to the excess free energy density of the interface 

region. The metal surface tension coefficient is equal to the integral 

of the free energy density of the entire interface, which is the case of 

)3/(22  =  in the planar interface. 

In order to include the effects of temperature in the model, the 

thermal equation must also be coupled to the interface equation 

(22) , the momentum equation (26) and the continuity equation (27). 

The heat equation for fluids, including convection and conduction 

heat transfer, is obtained as follows: 

).(. TkTuC
t

T
C pp =+




        (30) 

where T is the absolute temperature, pC is the specific heat 

capacity, and k is the thermal conductivity. pC and k are defined as 

a function of the order parameter to obtain a constant value in the 

bulk phase and smoothly change through the interface. 

The built-in laminar two-phase flow is numerically simulated 

with the heat transfer module COMSOL. 

4.2 Boundary conditions of COMDE-based PDE model 

4.2.1 Laminar Flow Model 

Laminar flow is a flow state of fluid that flows as a laminate. 

The fluid appears as laminar flow when flowing at low speed in the 

tube. Since the flow of high temperature liquid slag conforms to the 

motion characteristics of laminar flow [24], we establish a laminar 

flow model. 

According to the mass conservation governing equation, we 

can get the following governing equation: 
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Volume force：
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The constraints and letters in the laminar flow model are shown 

in Table 4.1 below. 

Table4-1  The property or value of a constraint for a laminar model 

constraint 

name 

attribute or value constraint 

name 

attribute or 

value 

label Laminar Flow turbulence 

model type 

null 

reference 

pressure 

level 

 atmpref 1=  material 

damping 

coefficient 

eta=  

dynamic 

viscosity 

equation 

0=  boundary 

conditions 
no slip 

velocity 

field 
( ) ( ), , 0,0,0u x y z =

 

pressure 

constraint 
00 =p  

symmetric 

hypothesis 

equation 

0. =nu  compressibility compressibl

e（Ma<0.3) 

4.2.2 Heat Transfer in Fluids Model 

Equation: 
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T
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t
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 
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
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(34) 

The constraints and letters in the fluid heat transfer model are 

shown in Table 4.2 below. 

Table4.2  Fluid heat transfer model is the property or value of the constraint 

name 

constraint 

name 

attribute or value constraint 

name 

attribute or 

value 

thickness 1=zd  absolute 

pressure 
 atmpA 1=  

thermal 

conductivity 
kK =  density rho=  

atmospheric 

pressure 
cpTC p =  specific heat 

rate 
1=  

boundary 

selection 
( ) 0. =−− Tkdn z

 

temperature 
iTT =  

assumed 

equation 
0TT =  temperature 

cTT =0
 

 

4.2.3 Transport of Diluted Species model 

Control equation: 

( ) iiii
i RcucD
t

c
=+−+




..

         

(35) 

                 iiii uccDN +−=
               

(36) 

 
 The constraints and letters in the dilute material transfer mo
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del are shown in Table 4.3 below. 

Table4.3  A property or value that constrains the name of a dilute material 

transfer model 

constraint 

name 

attribute or 

value 

constraint 

name 

attribute or value 

label Transport 

of Diluted 

Species 

Transfer 

mechanism 

convection 

number of 

substances 
1 concentratio

n 
phi  

velocity 

field 
u  diffusion 

coefficient 
phiD  

concentrati

on 
0phiphi =

 

reaction 

speed 
smdeltalambRphi *=  

Assumed 

equation 
0. =nu  compressibil

ity 

compressible flow

（Ma<0.3) 

 

4.2.4 Point weak partial differential equation (PDE) model 

Label: PDE 

Name: wp 

Assume the equation: =
pi

iweak0

 

Weak expression: 

  ( ) ( )0intint* phiphilamtestweak −=          (37) 

Initial value: 0=lam  

0=




t

lam
 

4.3 COMSOL high temperature liquid slag crushing and 

granulating simulation 

4.3.1 Model Properties and Expressions 

Set the entire model properties in the four physical models of 

COMSOL Multiphysics, and enter the corresponding variable name 

and value or expression (Table 4-4). 

Table4-4  Variable name (corresponding mathematical symbol) and its 

expression 

variable 

name 

value or expression variable 

name 

value or expression 

0x
 0 0y

 0 

r  0.5 rhog  1 

rhol  10 etal  1 

gy  -10 n  0.02 

iT  1 cT  -0.2 

e  0.1 cp  1 

0phi  

ryy

xxsqrt

−−+

−

)2)^0(

2)^0((
 

Hphi  2/))/tanh(1( nphi−+  

rho  

Hphi

rhogrhorhog

*

)1( −+
 

eta  

Hphi

etagetaetag

*

)1( −+
 

k  Hphikgkkg *)1( −+  0int phi  )0(1int Hphitop  

Fs  lambd−1  A  

)3^/(

2)^1(*

qlambd

lambdC

+

−−  

Sx  uA*−  Sy  uA*−  

cpH  ),(2* eTmThsfldcL −  cpT  cpHcp +  

0Hphi  2/))/0tanh(1( nphi−+  smdelta  

)2^*2^2exp(*

)(/2

phin

pisqrtn

−
 

lamb  )(2int lamtop  Fx  

phix

smdeltakappasigma

*

**
 

Fy  

phiy

smedltakappasigma

*

**
 

phiint  )(1int Hphitop  

4.3.2 Simulation simulation diagram display 

The simulation of the change process of the free interface 

under the pressure pulse is shown in Figure 4-1: 

 
a 0.0134ms  b 0.0577ms   c.0.0674ms  d.0.0778ms 

 

e 0.089ms    f 0.104ms   g 0.119ms    h 0.147ms  

Fig. 4.1 The change process of the free interface of high  

temperature liquid slag 

Pictures a and b indicate that the pressure is transmitted from 

the bottom up to the position of the high temperature liquid slag, 

and the vapor film shrinks inward under external high pressure, so 

that the water comes into contact with the high temperature liquid 

slag, thereby generating water vapor. c and d indicate that at the 

moment when the water contacts the high-temperature liquid slag, a 

large amount of water vapor is locally generated, thereby generating 

a local high pressure, so that the surface of the high-temperature 

liquid slag forms a peak and extends outward. At this time, the high 

pressure rapidly discharges the water around the liquid residue, so 

that the active area rapidly expands. 

The pictures e to h show that the peaks on the surface of the 

high-temperature liquid slag continuously grow, and breakage 

occurs, thereby forming liquid slag particles, and granulation 

occurs. 

We simulate the shape of the local vapor film and wire produced 

by water vapor as shown below: 
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           a 0.0ms                b 0.0727ms 

 

 

 c 0.089ms              d 0.119ms 

 

 

 a 0.0ms              b 0.089ms 

 

 

 C 0.999ms            d 0.199ms 

Fig.4.2 Vapor behavior and metal filaments growth 

The red area in Figure 4.2 represents the high temperature 

liquid slag. At the initial moment, the molten high temperature 

liquid slag is round. After the vapor film collapses in Figure b, the 

surface of the high temperature slag forms an uneven pressure field, 

forcing the surface of the liquid slag to form a peak. The peaks 

gradually grow and eventually break. From the two pictures c and d, 

the peaks of the spikes first break during the growth process, which 

is the granulation mechanism of the high temperature liquid residue. 

4.3.3 Simulation of surface velocity values of high temperature 

liquid slag in different time periods under laminar flow model 

A simulation diagram of the surface velocity values of high 

temperature liquid slag at different time periods under the laminar 

flow model is shown in Figure 4.3: 

 

 

Fig.4.3 Surface velocity diagram of molten droplet at t=0-0.32s 

Conclusion: It can be seen from the simulation diagram that when 

the high temperature liquid slag and water droplets have not met, 

the velocity of the high temperature liquid slag surface is relatively 

stable. However, when the high-temperature liquid slag comes into 

contact with water, the water vapor which is in contact with the 

water rapidly squeezes the liquid surface, thereby causing 

displacement of the liquid surface of the high-temperature liquid 

slag, thereby generating a speed. 

 

 

Fig.4.4  Contour map of t=0-1.66s molten drop pressure 

The above figure shows the pressure distribution law of the high 

temperature liquid slag granulation process at different times. The 

external pressure triggers the transfer process. When the external 

force reaches 4.0 MPa, the high temperature liquid slag begins to 

granulate, but the pulse generated by the granulation process is 

much larger than the external force, so the high temperature liquid 

slag will produce small shock. The high temperature slag pressure 

contour follows the melting flow and solidification process, and the 

pressure at the same position during the flow is higher than the 

pressure at the solidification. That is, the pressure of the edge layer 

is greater than the pressure in the solid state when in a liquid state. 

In this paper, the growth rate of high temperature liquid slag top 

filaments under different pressures and the transverse diameter of 

the interaction zone between high temperature liquid slag and water 

under different pressures are also calculated. as the picture shows: 

 

 

Fig.4.5 Filaments growth rate at the top of high temperature liquid slag under 

partial triggering pressure 

 

Fig.4.6 Transverse diameter of interaction zone between high temperature 

liquid slag and water under different triggering pressures 

Figure 4-5 shows the filament growth rate curve at the top of the 

high-temperature liquid slag. In this paper, the growth rate of high 

temperature liquid slag top filaments under different pressures and 

the transverse diameter of the interaction zone between high 

temperature liquid slag and water under different pressures are also 

calculated. Figure 4-6 shows the transverse diameter of the 

interaction zone between water and high temperature liquid slag 

under different trigger pressures. It can be seen from the figure that 

the difference in the amount of steam generated is not large, so the 

impact of the contact area is not significant under different 
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triggering forces. 

4.3.4 Simulation of surface temperature of high temperature liquid 

slag at different time periods under fluid heat transfer model 

The first two figures below show the local reaction temperature 

field when the high temperature liquid slag is in contact with water, 

and the temperature isotherm in the middle. 

 

Fig. 4.7  Surface temperature diagram of molten drops at t=0-1.66s 

 

 

Fig. 4.8  Surface temperature gradient diagram of molten droplet at t=0.16-1.66s 

Conclusion: It can be seen from the simulation diagram that the 

surface temperature gradient and the surface temperature map of the 

high temperature liquid slag are consistent, and the surface arrow is 

also oriented away from the outer surface, thereby verifying that the 

temperature away from the outer surface is getting higher and 

higher. It can be seen from the simulation diagram that the 

temperature of the surface temperature of the high temperature 

liquid slag is significantly lower than the temperature of the inner 

layer, and the farther away from the inner layer, the higher the 

temperature, and the farther away from the outer layer, the lower the 

temperature. 

In addition, the paper also makes statistics on the growth rate of 

the top filament of the high temperature slag at different metal 

temperatures and the transverse diameter of the mutual region when 

interacting with water. The statistical graph is as follows. 

 

Fig.4-9 Growth rate of top filaments under different temperature conditions 

Figure 4-9 shows that the growth rate of the filaments at the top 

of the high-temperature liquid slag increases as the temperature of 

the filament increases. The higher the metal temperature, the greater 

the amount of steam that is instantaneously generated upon contact 

with water, resulting in less uneven local pressure, As a result, the 

local pressure becomes more uneven, which increases the growth 

rate of filaments. Figure 4-10 shows the increase rate of the 

transverse diameter of the active area when the high temperature 

liquid slag interacts with water. Since the amount of steam 

generated at the moment of liquid-liquid contact increases, the 

expansion speed of the two-phase mixing action zone increases. 

 

Fig.4-10 Variation of transverse diameter of interaction region under different 

temperatures 

4.3.5 Comprehensive map of surface velocity, pressure and 

temperature of high temperature liquid slag in different time 

periods 

 
The above figure simulates the simulation results between four 

coupled physics fields in COMSOL, and the resulting legend results 

are basically similar to the actual situation. It can be explained that 

this method of simulation can not only simulate the reality 

realistically and quickly, but also provide a more convenient 

simulation method for scientific research. 
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Fig. 4-11  Surface velocity, pressure and temperature of molten droplet 

4.4 Simulated cloud image of the influence of different Laval 

nozzle diameters on the flow field 

As can be seen from Fig. 4-12, as the Laval nozzle is 

continuously increased under certain conditions, the diameter of the 

core region of the jet formed by the high-temperature liquid slag 

crushing becomes larger and larger. It is known from the 

conservation theory that the speed of the broken high-temperature 

liquid slag is relatively smaller, but the broken area is getting larger 

and larger, so that the control binding force of the liquid slag is 

reduced, which indicates that the diameter of the Laval nozzle has a 

significant effect on the crushing of high temperature liquid slag. 

The effect of slag crushing is significant. The smaller the diameter 

of the Laval nozzle, the more the crushing zone will accumulate, the 

better the slag binding will be, and the better the speed parameters 

will be. However, production efficiency should be considered in 

actual production, so the diameter of the Laval nozzle cannot be 

infinitely small. 

In addition to the above rules, it can be found that there is 

substantially no change in the fracture area before the nozzle 

diameter is D=14, when D=20, the diameter of the fracture zone 

increases sharply after the nozzle blows off the liquid slag, and the 

core fracture zone which is small with respect to the small diameter 

and the velocity almost disappears. Since the speed cannot be 

reached, the effect of crushing and granulating the high-temperature 

liquid slag is certainly not satisfactory. In summary, the optimum 

diameter of the Laval nozzle during high temperature liquid slag gas 

granulation should be 10 mm. 

               

D=8mm                  D=10mm 

       

D=14mm                D=20mm 

Fig.4-12 the flow field distribution of different nozzle diameter 

4.5 Influence of Mach number of different fans on gas quenching 

and granulation 

Figure 4-13, 4-14 below shows the velocity distribution of the 

indoor flow field during high temperature liquid slag gas quenching 

and granulation when the wind turbine power is 1.0 and 1.5 

respectively. Through simulation study, it can be found that the 

length and width of the fracture area increase with the increase of 

the Mach number. In this way, the exchange of gas momentum and 

liquid slag momentum can be accelerated. Moreover, the Mach 

number has a great influence on the speed of the broken liquid slag. 

As the Mach number increases, the gas blowing speed increases 

significantly, which also makes the gas provide more impact kinetic 

energy per unit time. The high-temperature liquid slag is known by 

the law of conservation of momentum. The fragmentation naturally 

increases, which is obviously beneficial to the gas quenching and 

granulation process. In the same period of time, the fracture area of 

the high Mach number is relatively long due to the large velocity of 

the liquid slag. 

 

 

      

Fig.4-13 The flow field distribution of M=1.0 

       

Fig.4-14 The flow field distribution of M=1.5 

In addition, according to research and analysis, in the case of 

turbulent flow, the velocity decay law on the jet center line 

conforms to the following relationship 
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29.0

96.0

0

0 +

=

r

axv

vm
               (38) 

In the formula: 

a —the experimental constant, equal to 0.07-0.08, 

0r —the radius of the nozzle section, 

mv —jet central velocity, 

0v —the initial speed of the exit 

According to the analysis of Equation (38), under the same 

nozzle diameter, at the same position, the jet central velocity is 

proportional to the exit velocity, and the exit velocity is determined 

by the exit Mach number, that is, the larger the Mach number at the 

exit, the greater the jet central velocity. 

5. Conclusion 

The granulation process of high temperature liquid slag is a fairly 

complex process, because it involves heat transfer of fluid and the 

coupling of multiple physical fields and multiple phase transitions, 

so there are many factors affect the granulation process of high 

temperature liquid slag, such as temperature of high temperature 

liquid slag, surface tension of high temperature liquid slag, viscosity 

of high temperature liquid slag, external trigger force etc. The whole 

process can be divided into high temperature liquid slag granulation 

process and slag particle solidification process. In this paper, the 

fluid mechanics software COMSOL is used to simulate and 

calculate the granulation and solidification process of high 

temperature liquid slag to make statistics Icon, especially the 

growth rate of surface filaments and the expansion diameter of the 

area of contact between water and high temperature liquid slag. 

Some laws in the granulation process were revealed, such as the law 

of multi-field coupling of the pressure field, the distribution law of 

slag grain solidification temperature field, granulated surface and 

steam film of instant contact. These laws are in multi-field coupling 

of the pressure field, temperature field, velocity field and fluid 

mechanics field in the granulation process and provide theoretical 

support and visualization results for granulation and heat recovery. 

The most important thing in this paper is to use the SIMPLE 

algorithm of staggered grid to develop a multidimensional 

coordinate system to represent the calculation steps of multiple 

phase fluid heat transfer, which provides a mathematical basis for 

studying such problems. Firstly, the process of water-quenching 

treatment of high-temperature liquid slag is mainly simulated, and 

the simulation results are basically consistent with the actual 

experimental results. The calculation results show that the intense 

heat transfer and the filament growth crack on the surface of the 

high temperature liquid slag are the main reasons for the granulation 

of the high temperature liquid slag. And in which the intense heat 

transfer is caused by the instant contact between the water droplets. 

Secondly, the simulation of the morphology of the contact filament, 

the shape of the vapor film, the temperature, and the pressure and 

the velocity of the high temperature liquid slag surface were made. 

The simulation was carried out under the action of external 

triggering force, which indicated that the growth and fracture of 

metal filament on the surface of high temperature liquid slag is the 

main reason for granulation. In addition, the growth rate of the 

filament is proportional to the external pressure and the temperature 

of the high temperature liquid slag. However, the external force has 

little effect on the expansion speed of the reaction zone. On the 

contrary, the self-temperature of the liquid slag has a great influence 

on the surrounding physical field and the expansion speed of the 

reaction area. 

The diameter of the Laval nozzle is increased, the length of the 

core of the jet is increased, the speed is reduced, the width of the 

gas jet is increased, and the bundling property of the jet becomes 

poor. The diameter of the Laval nozzle is too small, and the 

reduction of the diameter of the nozzle increases the fluid. 

Resistance, on the other hand, requires more motor power at the 

same gas flow rate. Taken together, the optimum diameter of the 

Laval nozzle is D = 10mm. The Mach number of the jet, within the 

allowable range, is more favorable for the granulation of the slag 

particles. 

Aiming at the research work of this paper, the physical 

mechanism of high temperature liquid slag in the process of 

crushing and granulation is summarized, and the research ideas in 

related fields are provided. It has certain inspiration and practical 

value for the related research work. 
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