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Abstract 
In recent years, the new type of tumble waste dryer has been promoted and 
developed. Heat generation through phase transition is an environmental, 
friendly and efficient heat transfer drying method. In order to know under 
what conditions the water vapor has higher heat transfer efficiency in the 
semi-circular cylinder and more sufficient liquid phase transition, and under 
what conditions the quantity of heat transferred can be exactly controlled, we 
carried out relevant work. Based on the analysis of two-phase heat transfer of 
rotating body, a three-dimension model of garbage dryer is established. Then, 
the commercial CFD software ANSYS Fluent is used to simulate the two-phase 
flow in the semi-circular cylinder, and the simulation calculation is carried 
out. Finally, the theoretical calculation results are verified by experiments. 
Calculated by the simulation results analysis: according to the industrial use 
of setting conditions, simulation calculation results can achieve convergence, 
namely water vapor through the pipe wall heat conduction. Finally condense 
into liquid water, and to ensure that the liquid cavity in the body has a higher 
volume fraction, water vapor phase change rate is of more than 90%, the 
Nusselt number of the heat transfer surface is 60 to 300.  
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1. Introduction 

At present, the treatment of municipal solid waste has gradually been upgraded 
from the primary treatment methods such as simple removal, field stacking and 
open-air simple landfill to advanced treatment methods such as composting fer-
mentation, sanitary filling, biodegradation, incineration power generation and 
resource utilization. How to effectively and effectively control the garbage and 
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prevent pollution has increasingly become a hot issue that needs to be solved in 
the pursuit of global concern. Among them, garbage drying technology is a key 
part of garbage disposal. This paper introduces the theoretical research and nu-
merical simulation of the new two-phase flow garbage drying model. The main 
content is the setting of the simulation conditions of the two-phase flow model 
of rotary heat transfer. The maximum volume fraction of liquid phase and the 
maximum heat transfer efficiency of the drying device can be achieved under 
different parameter conditions by finite element analysis software, and the cor-
rectness of simulation results is verified by physical equipment. 

Recently, the main structure of roller dryer is that the feeding end is slightly 
higher than the discharging end. The wet material enters from the high end and 
is dried by effective contact with hot air in the rotary kiln. With the slow rotation 
of the drum, the dried material is discharged from the low end under gravity. In 
Zheng Guangqiang and Zhou Yan [1] study, the cylinder and rotary kiln of the 
dryer were modeled and solved by the finite element method, and their mechan-
ical analysis was studied. Considering that the wet material is heavier than the 
dried in both sides, a variable load is applied to the model to reflect the stress of 
the cylinder and rotary kiln more truly. In abroad, Canada’s A.S. Mujumdar [2] 
and others have studied roto-louver dryer. Roller dryer is another type of rotary 
dryer, in which the horizontal drum is equipped with longitudinal shutters, 
forming a conical drum in the external drum. The hot air passes through the 
shutters and liquefies at the bottom of the inner cylinder. Compared with the 
traditional rotary dryer, the dryer produces better heat and mass transfer rate 
and has a more compact mechanism. Because of the mild treatment of the prod-
uct, the shutter dryer produces less friction, so it is suitable for fragile materials, 
but their cost is higher. 

For the study of rotary drum motion and material movement, based on the 
mechanism of material space throwing, Li Miaoling [3] et al. established the 
numerical analysis model of material movement, deduced the formula of ma-
terial detention time with the weight of lifting plate holding capacity, studied the 
law of material space movement in rotary dryer, established the analytical model 
of material movement in cylinder and the numerical analysis model of detention 
time; Zhu Guihua, Xu Hongwei [4], et al. used roller dryer to dry materials. 
When studying the influence of the internal structure of drum on material 
movement path and drying effect in the drum, the collision effect of materials 
and the traction effect of fluid on materials are considered comprehensively. F. 
T. Ademiluyi [5] et al. of Nigeria have studied the effect of drying parameters on 
the heat transfer of rotary dryers. The material is dried in a laboratory-scale ro-
tary dryer at different inlet air temperature, inlet air speed, relative humidity, 
feed rate, driving speed and feeding speed. The results showed that the inlet 
temperature, inlet velocity, and feed rate have significant effects on the specific 
heat transfer coefficient and heat load of the material. A model for predicting the 
specific heat transfer coefficient of the heat load function is as a function of the 
inlet air temperature and velocity. Meanwhile the inlet air temperature, the inlet 
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air velocity, and the feed rate, is also given. The predictions are compared with 
the experimental data, and good consistency between them is obtained.  

The above-mentioned literature focuses on structural design and material han-
dling for the research of rotary dryers, but does not study the heat transfer con-
ditions and heat transfer medium and temperature. For example, when the dry-
ing material is a low-burning substance or an organic substance, an excessively 
high temperature causes combustion or carbonization; the drying heat source 
uses hot air or high-temperature flue gas, and the energy utilization rate is low. If 
the working fluid is changed into steam and water, on the one hand, the temper-
ature inside the dryer can be effectively controlled, and on the other hand, the 
latent heat of vaporization can be fully utilized to improve the energy utilization 
rate. 

Wang, W. [6] et al. applied the enhanced two-fluid model to study the influ-
ence factors of the coupled flow field between particles and fluids under various 
operating conditions, and considered the influence of virtual mass force. The 
mixture model regards fluid and particle phase as a continuous medium in the 
whole flow field, and particle phase is defined as pseudo-fluid. This method pro-
vides a reference for the study of the coupled flow field and its influencing fac-
tors on two-phase flow. Overseas, Guibo Li, Yongsheng Lian, Matt Mersch, Chris 
Omalley and Adam Hofmann [7] of the United States used the fluid transient 
interface capture to simulate the water sheet emitted from the nozzle of a fat blower 
and obtained the simulation data. Maria Adela, Puscas [8], et al. in France used 
the hybrid multiscale finite element to analyze two-phase flow. This method can 
perform the calculation of the basic functions including the small-scale varia-
tions of the permeability field in parallel and reduce the size of the global linear 
system. Two-stage MPI is used to adjust the computational resources of the al-
gorithm to achieve better scalability of the method. This can bring significant 
acceleration to the two-phase model and hybrid multi-scale method. The above 
research has an excellent reference for the numerical simulation method of this 
paper. In the previous research, we carried out the following supplementary re-
search: 1) Combining the two-phase flow model with the heat transfer model, 
using water and water vapor as heat transfer Working quality. 2) The tempera-
ture changes and heat transfer in the dryer under different inlet flow rates and 
inlet structures were investigated. 

Finally, we draw the following conclusions: 1) The heat transfer coefficient in 
the dryer increases as the inlet flow rate increases. 2) The phase change rate in 
the dryer decreases as the inlet flow rate increases. 3) Increasing the number of 
inlets in the dryer structure can effectively increase heat transfer efficiency. 4) 
Within a certain speed, the dryer speed has little effect on the heat transfer re-
sults. 

2. Establishment of Dryer Numerical Simulation 

Creating an accurate 3D model of the drying device is the key to solving this 
numerical simulation problem. After the accurate measurement and data collec-
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tion of the physical object, the geometric parameters without influence on the 
simulation results were corrected and a simplified three-dimensional model was 
established. 

This paper uses UG to reconstruct the data features of the 3D model. The 
model is mainly divided into two three-dimensional entity parts:  

Part one: The dryer drum is approximately a long cylinder as a rotating part. 
Part two: Air inlet, water outlet and the heating housing. 
The heating housing is tightly assembled with the cylinder, and the annular 

cavity is a fixed portion. The outer surface of the cylinder forms a contact surface 
with the inner surface of the housing. The heating fluid flows in from the inlet at 
one end of the housing and flows out at the other end. In order to make the si-
mulation close to the real situation, two small cylinders are created as models for 
the inlet and the outlet. As shown in Figure 1. 

An unsteady compressible flow equation is used depending on the flow prop-
erties of the fluid in the chamber and the flow of the two-phase flow. The K-epsilon 
turbulence model is used. Turning on the mixed multiphase flow model and the 
energy equation in FLUENT is to simulate the two-phase flow field in the cavity 
model and the process of fluid phase transition in the cavity. 

2.1. The Standard k-ε Turbulence Model 

The standard k-ε model is a semi-empirical model based on model transport equ-
ations for the turbulence kinetic energy (k) and its dissipation rate (ε). The model 
transport equation for k is derived from the exact equation, while the model trans-
port equation for ε was obtained using physical reasoning and bears little resem-
blance to its mathematically exact counterpart. 

Transport Equations for the Standard k-ε Model [9]. 
The turbulence kinetic energy, k, and its rate of dissipation, ε, are obtained 

from the following transport equations: 
 

 
Figure 1. Simplified physical model. 
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The turbulent (or eddy) viscosity, tµ , is computed by combining k and ε as 
follows  

2

t
kCµµ ρ
ε

=                            (2-3) 

And 

3
vC tanh
uε =                          (2-4) 

2.2. Mixture Model of Multiphase Flow 

We use a hybrid model. The hybrid model is a simplified multiphase flow model 
that is used to simulate multiphase flows with different velocities in each phase, 
but assumes local equilibrium on a short spatial scale. The coupling between the 
phases should be very strong. It is also used to simulate isotropic multiphase 
flows with strong coupling and multiphase flows with phases moving at the same 
speed. 

The hybrid model uses a single fluid approach: 
1) The hybrid model allows the phases to run through each other (interpene-

trating). Therefore, the volume fractions qα  and pα  for a control volume can 
be any value between 0 and 1, depending on the space occupied by phase q and 
phase p. 

2) The hybrid model uses the concept of slip velocity, allowing the phases to 
move at different speeds. (Note: The phase can also be assumed to move at the 
same speed, and the hybrid model is reduced to a uniform multiphase flow 
model). 

The hybrid model solves the continuity equation of the mixed phase, the mixed 
momentum equation, the mixed energy equation, the volume fraction equation 
of the second phase, and the algebraic expression of the relative velocity (if the 
phases move at different speeds). 

2.2.1. Continuity Equation for the Mixture [10] [11] [12] [13] 

( ) ( )m mm v m
t
ρ ρ∂

+∇ ⋅ =
∂


                      (2-5) 

where mv  is the mass-averaged velocity: 
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and mρ  is mixed density: 
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2.2.2. Momentum Equation for the Mixture [14] [15] 
The momentum equation for the mixture can be obtained by summing the mo-
mentum equations for all the phases. 
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mµ  is the mixed viscosity. 

1

n
m k kk
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=

= ∑                           (2-9) 

,dr kv  is the drift velocity for the second phase k: 

,dr k k mv v v= −
                             (2-10) 

2.2.3. Energy Equation for the Mixture [16] 

The energy equation for the mixture takes the following form: 
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The first term on the right-hand side of Equation (2-11) represents energy 
transfer due to conduction. ES  includes any other volumetric heat sources. 

In Equations (2-14), 
2

2
k

k k
k

vpE h
ρ

= − +                         (2-12) 

for a compressible phase, and k kE h=  for an incompressible phase. 

2.2.4. Relative (Slip) Velocity and the Drift Velocity 
The relative velocity (also referred to as the slip velocity) is defined as the veloc-
ity of a secondary phase (p) relative to the velocity of the main phase (q): 

qp p qv v v= −
                            (2-13) 

The mass fraction for any phase (k) is defined as 

k k
k

m

c
α ρ
ρ

=                           (2-14) 

The drift velocity and the relative velocity ( qpv ) are connected by the follow-
ing expression: 

, 1

n
dr p qp k qkk

v v c v
=

= −∑                       (2-15) 

FLUENT’s mixture model makes use of an algebraic slip formulation. The ba-
sic assumption of the algebraic slip mixture model is that to prescribe an alge-
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braic relation for the relative velocity, a local equilibrium between the phases 
should be reached over short length scale. The form of the relative velocity is 
given by: 

( )p m p
qp

drag p

v a
f
τ ρ ρ

ρ
−

=
                       (2-16) 

where pτ  is the particle relaxation time, according to Manninen et al. [17]: 
2

18
p p

p
q

dρ
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µ
=                           (2-17) 

The default drag function dragf  is taken from Schiller and Naumann [18]: 
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                (2-18) 

and the acceleration a  is of the form 
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                        (2-19) 

The simplest algebraic slip formulation is the so-called drift flux model, in 
which the acceleration of the particle is given by gravity or a centrifugal force 
and the particulate relaxation time is modified to take into account the presence 
of other particles. 

In turbulent flows the relative velocity should contain a diffusion term due to 
the dispersion appearing in the momentum equation for the dispersed phase. 
FLUENT adds this dispersion to the relative velocity: 
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2.2.5. Volume Fraction Equation for the Secondary Phases 
From the continuous equation for secondary phase p, the volume fraction equa-
tion for secondary phase p can be obtained: 

( ) ( ) ( ) ( ),
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    (2-21) 

2.3. Temperature Boundary Conditions of the Coupling Wall 

When a fixed temperature condition is applied at the wall, the heat transfer to 
the wall from a fluid cell is computed as 

( )f w f radq h T T q= − +                     (2-22) 

When you specify a convective heat transfer coefficient boundary condition is 
specified at a wall, FLUENT uses your inputs of the external heat transfer coeffi-
cient and external heat sink temperature are used by FLUENT to compute the 
heat flux to the wall as 

( ) ( )f w f rad ext extq h T T q h T Tω= − + = −             (2-23) 

Heat transfer to the wall boundary from a solid cell is computed as 
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( )s
w s rad

k
q T T q

n
= − +
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                     (2-24) 

2.4. Dynamic Mesh Update Method of the Rotation Area 

For the mesh re-division of the cylindrical rotation model, we use the spring-based 
smoothing method. In the spring-based smoothing method, the edges between 
any two mesh nodes are idealized as a network of interconnected springs. The ini-
tial spacings of the edges before any boundary motion constitute the equilibrium 
state of the mesh. A displacement at a given boundary node will generate a force 
proportional to the displacement along all the springs connected to the node. 
Using Hook’s Law, the force on a mesh node can be written as 

( )in
i ij j ij

F k x x= ∆ −∆∑
                        (2-25) 

The spring constant for the edge connecting nodes i and j is defined as: 

1
ij

i j

k
x x

=
−

                          (2-26) 

At equilibrium, the net force on a node due to all the springs connected to the 
node must be zero. This condition results in an iterative equation such that 

1
i

i
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ijj

k x
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k
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∆
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∑
∑


                      (2-27) 

Since displacements are known at the boundaries (after boundary node posi-
tions have been updated), Equation (2-27) is solved using a Jacobi sweep on all 
interior nodes. At convergence, the positions are updated such that 

1 ,n n m converged
i i ix x x+ = + ∆
                      (2-28) 

3. Simulation Results and Analysis 

We use the fluid simulation software fluent to simulate the conditions of differ-
ent inlet flow rates, which are 0.25 m/s - 0.75 m/s, and the calculation of differ-
ent structure models, which are 1 entrance, 5 entrances, 7 entrances and 9 en-
tries, the output data is imported into CFD-Post for viewing and analysis.  

3.1. Temperature Conditions at Different Inlet Flow Rates 

For the treatment of numerical simulation results, we first analyze the tempera-
ture changes and distributions of various parts of the fluid region at different in-
let velocities. As shown in Figure 2, the temperature nephogram is used to ana-
lyze the temperature distribution at the horizontal plane near the center of rota-
tion, i.e. the location of the inlet and outlet. The initial inlet temperature is 113 
degrees (industrial high-temperature steam). When steam enters the chamber, 
the diffusion of the stream varies with the inlet velocity. It can be seen that when 
the inlet velocity is 0.25 m/s, the heat transfer is concentrated in the first half of 
the chamber, which has been completely cooled at 1.8 m. The outlet temperature  
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Figure 2. Temperature distribution nephogram in the central plane. 
 
is normal; when the inlet velocity is 0.5 m/s, the fluid has basically cooled com-
pletely at 2.6 meters, and the outlet temperature is close to a normal tempera-
ture; when the velocity is 0.75, 1.0 and 1.5 m/s respectively, the fluid cannot be 
completely cooled in the chamber. The outlet temperature is higher than the 
room temperature, ranging from 310 K to 338 K. 

Figure 3 draws a straight line with the center position in the 0.65 planes, thus 
temperature distribution curve is achieved at each inlet velocity. It can be seen 
that when the fluid enters the cavity, the stream directly contacts the surface 
with lower temperature, and the temperature decreases rapidly. From the con-
trast Figure 4, it can be seen that the turning point of the temperature drop 
slope occurs, which is just the peak value of the volume fraction of the liquid 
phase at that point. It shows that the latent heat of vaporization generated by the 
phase transformation is the main factor leading to the temperature decrease. Af-
ter that, the rate of temperature change becomes slower, which is due to the fact 
that most of the vapor phase changes into condensate water after phase trans-
formation, which is stored under the cavity, and the mass of vapor participating 
in wall heat transfer decreases greatly. Meanwhile, after 0.6 m, the curves of each 
inlet velocity begin to separate. When the inlet velocity is 0.25 m/s, the inlet ve-
locity is the smallest, and the flow rate at the same time is the smallest. The heat 
transfer between the gas phase and the wall is more sufficient. At 1.76 m, the 
heat transfer process of the stream is completed, and the temperature reaches 
room temperature. When the inlet condition is 0.5 - 1.5 m/s, the temperature 
change rate decreases with the increase of the inlet velocity. The outlet tempera-
ture increases accordingly. 

3.2. Phase Transitions at Different Inlet Flow Rates 

Looking at the phase transition curve Figure 4, at 0.294 m, the volume fraction 
of the liquid phase is the peak value. It can be seen that the slower the inlet ve-
locity is, the lower the peak value. Since the slower inlet velocity, the better the  
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Figure 3. Temperature variation curve of center position at the z-axis. 
 

 

Figure 4. Liquid volume fraction curve at z-axis at the center position. 
 
transfer near the inlet, the larger amount of liquid phase is stored in the first 
half, such as at the inlet velocity of 0.25 m/s, before 1.76 m, a large amount of 
liquid phase is accumulated at the bottom of the wall and is fully completed li-
quefaction; in contrast, the faster the inlet velocity is, the less liquid phase can be 
fully liquefied in the first half. For example, in the case of 1 m/s inlet velocity, the 
volume fraction of the liquid phase in the first half is much less than that of 0.25 
m/s, but till the outlet, liquefaction always exists in the gas phase, and at 1.2 m, 
the volume fraction of liquid phase exceeds that of 0.25 m/s. 

Figure 5 is the average volume fraction of liquid at each inlet. It can be seen 
that when the inlet flow rate is less or equal to 0.5, the volume fraction is small 
and the phase transition is sufficient. Within the range of 0.5 to 1 m/s, the aver-
age volume fraction at the outlet rises sharply. When the inlet flow rate is more 
than 1 meter per second, the volume fraction the outlet rises slowly and the slope 
of the ascending curve is lower. 
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Figure 5. The average outlet liquid volume fraction curve for each inlet velocity. 

3.3. Analysis of Wall Heat Transfer 

As shown in Figure 6, the average heat flux at each inlet flow rate increases li-
nearly with the increase of the inlet flow rate (the turning point at 1 and 1.5 m/s 
is caused by coordinate changes).  

By calculating the Nusselt number on the heat transfer wall and analyzing the 
variation curve for the simulation results of different inlet velocities, it can be 
concluded that with the increase of the inlet velocity, shown in Figure 7, the 
Nusselt number on the heat transfer wall increases linearly, from 62 to 312, and 
the comprehensive heat transfer level is not high.  

3.4. Separate Analysis of Phase Transitions under Individual  
Conditions 

Since the large difference in the liquid volume fraction nephogram, it is difficult 
to show in a single diagram. Now the inlet velocity is set with 0.25, 0.75, 1.5 m/s 
respectively for separate analysis.  

Figure 8 shows the liquid volume fraction nephogram of the bottom surface 
at an inlet velocity of 0.25 m/s. It can be seen that phase transition occurs in the 
first half of the cavity due to the slow inlet velocity, and a large number of liquids 
are stored in the central part of the first half. The phase transition is fully com-
pleted and the gas phase cannot reach the outlet. 

As shown in Figure 9, the liquid volume fraction cloud at the inlet velocity of 
0.75 m/s shows that the fluid diffuses rapidly after entering the chamber. The 
phase transformation process mainly occurs at 2.1 m. The gas phase cannot be 
completely transformed into a liquid phase in the chamber, and the outlet con-
tains the gas phase.  

Figure 10 is a liquid volume fraction nephogram with an inlet velocity of 1.5 
m/s. It can be seen that the gas phase directly reaches the back surface of the 
cavity due to the fast inlet velocity and weak diffusion of the fluids going into the 
inlet, and then diffuses and flows going back to both sides. Phase transformation  
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Figure 6. Average wall heat flux curves at various inlet velocities. 
 

 

Figure 7. The Nusselt number of heat transfer walls at different inlet velocities. 
 

 

Figure 8. Liquid volume fraction nephogram of bottom surface at inlet velocity of 0.25 
m/s. 
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Figure 9. A volume fraction nephogram of the liquid phase at an inlet velocity of 0.75 
m/s. 
 
occurs at a higher position of the cavity, and the phase transformation concen-
trates near the outlet. The overall liquid volume fraction is low and the outlet is 
low. It contains a lot of gas phase. 

After calculating the average liquid volume fraction and the Nusselt number of 
the heat transfer wall surface, the phase transition rate of the non-rotating model 
is 99.051% of that of the rotating model, and the Nusselt number of the model 
without rotation is 98.8 percent of the rotational model.  

3.5. Structural Optimization of the Dryer Model 

Aiming at the problem of low overall heat transfer coefficient and low compre-
hensive heat transfer level, this paper optimizes the structure of the model in 
order to achieve higher heat transfer efficiency. After analyzing the simulation 
results of the model fluid, we found that the main reason for the low Nusselt 
number of the heat transfer wall is that the entrance is smaller than the whole 
model. The entrance is concentrated in the middle of the model, and the space 
on both sides of the cavity is not available. To make full use of heat exchange, we 
have changed the entrance model to 5, 7, 9, shown in Figure 11, and arranged 
them evenly. As shown in Figure 12, the numerical simulation results show that 
the Nusselt number of the heat transfer wall is greatly increased at 1054, 15,741, 
19,587 respectively.  

3.6. A new Number to Analyze the Comprehensive Benefits 

In summary, although the heat and heat transfer coefficient increase with the 
increase of inlet velocity, when the velocity is too high, the phase transformation 
of fluid is insufficient, and the utilization rate of heat is not high. Therefore, it is  
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Figure 10. A volume fraction nephogram of the liquid phase at an inlet velocity of 1.5 
m/s. 
 

 

Figure 11. One of the models of structural optimization. 
 
necessary to find a balance between the two conditions. So we define the value 
CED (Comprehensive heat transfer efficiency of dryer model) to represent the 
comprehensive heat transfer efficiency of the dryer model. Its expression is: 

4CED 100000 /f inNu V v∗ ∗=  

The results are shown in Figure 13, and it can be concluded that the value is 
between 0.75 meters per second to 1.0 meter per second. 

4. Conclusions 

In this study, we established a 3D model which is consistent with the dryer and 
calculated the temperature distribution, phase transformation and heat transfer 
of the fluid under different boundary conditions by using the fluid dynamics 
simulation software.  

The results show that the phase transformation mainly occurs at the inlet and 
the first half of the cavity. When the inlet velocity is 0.5 m/s or less, the water  
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Figure 12. Nusselt number of heat transfer walls with different structures. 
 

 

Figure 13. The CED number in different inter flow velocity. 
 

vapor in the inlet basically completely transforms into a liquid. The outlet tem-
perature is close to normal temperature, which is not conducive to the overall 
heat transfer. However, the liquid phase transformation rate is high and the uti-
lization rate of heat is high. When the inlet velocity reaches 0.75 m/s or above, 
heat transfer occurs in the middle and rear parts of the cavity. The gas phase of 
the inlet cannot be converted into a liquid. The outlet temperature is obviously 
higher than the normal temperature. Between 50 and 60 degrees Celsius, there 
are a large number of gas phases at the outlet. When the inlet velocity is too 
high, at 1.5 m/s or above, a large number of fully heat-exchanged gases impinge 
on the back surface of the cavity and move towards the cavity. There are rela-
tively more phase transitions near the exit and in the back half of the cavity, and 
the gas diffusion in the first half is weak, which is not conducive to the overall 
heat dissipation of the model.  

The results show that the phase change rate of the fluid can be obtained by 
detailed analysis and conversion of phase change parameters and conversion of 
volume fraction to mass fraction. However, since most of the liquid is stored on 
the surface of the cavity, the phase change rate of the fluid cannot be obtained by 
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the volume fraction of the liquid at the outlet. We estimate the phase change rate 
of liquid by the volume fraction of the liquid at the outlet. The inlet condition is 
0.25 m/s. The phase transition rate is 100% at the same time. From the curves in 
the results, it is found that the phase transition rate decreases significantly from 
0.5 to 1 m/s at the inlet velocity.  

The results show that for the wall heat flux, with the increase of the inlet ve-
locity, the heat flux increases linearly and tends to be stable when the velocity 
reaches a certain value. Correspondingly, the wall heat transfer coefficient of the 
cylinder also increases.  

The results show that the heat transfer rate and heat flux of the model de-
crease, but the influence is small. In practice, objects with different internal 
shapes change direction and position with the rotation. This part of the situation 
is difficult to be reflected in the simulation software, which makes it different 
from the actual situation and belongs to a reasonable error. 

After optimizing the inlet structure, the model shows a high heat transfer effi-
ciency in the numerical simulation results. Especially when the number of inlets 
reaches 7, the heat transfer wall Nusselt number exceeds ten thousand. The inlet 
structure shows a different in heat transfer efficiency of the model. 
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Nomenclature 

Cµ : A constant. 0.09Cµ = . 

kG : The generation of turbulence kinetic energy due to the mean velocity gra-
dients. 

bG : The generation of turbulence kinetic energy due to buoyancy. 

MY : The contribution of the fluctuating dilatation in compressible turbulence 
to the overall dissipation rate. 

1 2 3, ,C C Cε ε ε : Constant. 1 1.44C ε = , 2 1.92C ε = . 
v: The component of the flow velocity parallel to the gravitational vector. 
u: The component of the flow velocity perpendicular to the gravitational vec-

tor. 

kσ : The turbulent Prandtl number for K equation. 1.0kσ = . 

εσ : The turbulent Prandtl number for ε equation. 1.3εσ = . 
ρ : Fluid density. 
k: Turbulent kinetic energy (J). 
ε: Dissipation rate of turbulent pulsating kinetic energy. 

iu : Speed in the Xi direction. 
,kS Sε : User-defined source terms. 

p: Pressure on fluid micro-element. 

mv : Average speed of mass. 

mρ : Mixed density. 
m : The mass transfer due to cavitation or user-defined mass sources. 

kα : The volume fraction of the kth phase. 
n: The number of phases. 
F


: The volume force. 

,dr kv : The drift velocity for the second phase k. 

mµ : The mixed viscosity. 

effk : The effective conductivity ( ( )k k tk kα +∑ , where tk  is the turbulent 
thermal conductivity, defined according to the turbulence model being used). 

pτ : The particle relaxation time. 

pd : The diameter of the particles (or droplets or bubbles) of secondary phase 
p. 

a : The secondary-phase particle’s acceleration. 

mv : The mixture turbulent viscosity. 

Dσ : A Prandtl dispersion coefficient. 

kh : The sensible enthalpy for phase k. 

fh : Fluid-side local heat transfer coefficient. 

wT : Wall surface temperature. 

fT : Local fluid temperature. 
q: Convective heat flow from the wall. 

radq : Radiative heat flux. 

extT : External heat-sink temperature defined by you. 

exth : External heat transfer coefficient defined by you. 
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sk : Thermal conductivity of the solid. 

sT : Local solid temperature. 

nD : Distance between wall surface and the solid cell center. 

ix∆ : The displacements of node i. 

jx∆ : ix∆ ’s neighbor j. 

ijk : The spring constant (or stiffness) between node i and its neighbor node j. 
n: The positions at the current time step. 
Nu: Nusselt number. 

fV : Liquid phase volume fraction at the outlet. 

inv : Liquid flow rate at the inlet.  
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