
 

 
 
 

 
 

 
1. INTRODUCTION 

Evaporation/boiling heat transfer is a significant method of 
heat transfer involved in various industries and technological 
fields. Vacuum evaporation is a mature liquid food 
concentration method that is widely used at present. So it is 
important to provide a suitable evaporator and appropriate 
operating conditions for liquid food [1]. As for liquid food 
evaporation and concentration, there will be scaling problems 
of varying degrees on the wall of the evaporation/boiling side 
due to precipitation of dissolved materials in the liquid, 
condensation of protein and other reasons. The scale layer 
increases the wall surface thermal resistance and fluid flow 
resistance and reduces the heat exchange efficiency, and also 
directly affects the product quality, worsens the food color, 
smell, taste and favor. Excessively high heat flux leads to 
partial overheating of the wall surface or even damages the 
whole heat exchanger [2-4]. Furthermore, the fouling greatly 
affects the material and operation of the heat transfer 
equipment. Therefore, the enhanced heat transfer, fouling 
prevention and descaling technologies of liquid food 
evaporation equipment have attracted increasing attention 
from researchers. 

D.G.K laren, R.R autenbaeh, et al. have developed a 
liquid-solid fluidized bed heat exchanger. The heat transfer 
wall can remain clean for a long period and the heat transfer 
coefficient can be improved to a large degree in a serious 
scaling condition. The vapor-liquid-solid three-phase 
fluidized bed evaporator is a new evaporation equipment 
developed in recent years [5-8]. As for this type of evaporator, 
the inert solid particles are added in a traditional evaporation 
tube to realize the vapor-liquid-solid three-phase boiling heat 
transfer in the evaporation tube. The evaporator is featured 
with good descaling effect and high heat transfer coefficient, 
and it has already been used in the field of seawater 
desalination. However, the study and report of this kind of 
evaporator in food material concentration is lacking [9-12].  

In consideration of the characteristics of vapor-liquid-solid 
three-phase fluidized bed, this evaporator is applied in the 
liquid food-green tea extraction liquid 
concentration/evaporation process in this paper. The inert 
particles fluidized bed evaporation experiment device is 
designed and built combined with the characteristics of food 
material concentration [13]. In this experiment, the heat 
transfer mechanism and hydrodynamic performance of inert 
particle fluidized bed evaporator during extraction of 
concentrated green tea are studied, and the impact of various 
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experimental operation parameters on the evaporation and 
heat transfer performance as well as pressure dropping are 
analyzed [14]. Moreover, the dimensionless analysis method 
is used to establish a correlation formula between the heat 
transfer coefficient and the pressure drop dimensionless 
number of inert particle fluidized bed evaporator according to 
the characteristics of inert particles fluidized bed. In addition, 
the fouling prevention and descaling property and 
hydrodynamic performance of inert particle fluidized bed 
evaporator are studied, providing practical significance for 
industrial production. 

2. THEORETICAL ANALYSIS OF BOILING HEAT 

TRANSFER 

The calculation formulas for convection heat transfer are:  
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where, K is total heat transfer coefficient, w/(m2K);  

a` is convection heat transfer coefficient of flow outside 

tube, w/(m2K); a is convection heat transfer coefficient of 

flow inside tube, w/(m2K); Rsl is fouling resistance outside 

the tube wall, m2K/w; Rs2 is fouling resistance inside the 

tube wall, m2K/w; Dt is tube external diameter, m; 

D is tube internal diameter, m; 
b is tube thickness, m; 

λis thermal conductivity coefficient of tube, W/(mK).  

As for the inert particle fluidized bed evaporator, the 
formula of vapor condensation heat transfer coefficient 
outside the tube has already become mature. The fouling 
resistance at the external and internal sides of the tube wall 
can be obtained through the experience data, and it is not 
difficult to obtain the conductive thermal resistance of the 
wall surface [15-18]. However, the boiling heat transfer 
coefficient formula for inert particle fluidized bed evaporator 
is not mature at present, and the experimental study on the 
boiling heat transfer coefficient of inert particle fluidized bed 
evaporator will be carried out this paper.  

 

2.1 Three-phase flow heat transfer model 

For the three-phase flow heat transfer model, many 
researchers have studied the vapor-liquid-solid three-phase 
flow system, having obtained different empirical correlations 
according to the operation parameters, mainly including two 
types. Among them, one is in dimensionless number form, 
and the other is in parameter form.  

(1) Dimensionless number form 
EN. ZIEGLO have studied the heat transfer performance 

of liquid-solid two-phase flow and three-phase fluidized bed, 
assuming the liquid content is constant in the three-phase 
flow and two-phase flow systems by setting the example of 
glass particle and column Y-particle. Then the three-phase 
flow and two-phase flow heat transfer coefficient should be 
expressed by thermal resistance of fluidized bed [20-24]. The 
result is that the three-phase fluidized bed heat transfer 
coefficient and the corresponding liquid-solid two-phase 
fluidized bed heat transfer coefficient can be obtained by the 
following correlation formula:  
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According to Eq. (2) ~ (7), 
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As for the vapor-liquid-solid three-phase boiling heat 

transfer system, the above assumption cannot be combined 
with the real situation because the liquid vaporization and 
steam rate accounts for a large proportion, thus the heat 
transfer correlation cannot be directly applied to boiling heat 
transfer. 

(2)Parameter form 
O.N oREandG, et al. have studied the vapor-liquid-solid 

three-phase heat transfer coefficient under low particle 
density with the following correlation formula:  
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wherein:  
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As for the above two forms, the inert gas will be added to 

meet the research condition by means of electric heating. It is 
largely different from vapor-liquid-solid three-phase flow 
during heating of the steam, and the parameter form is also 
different from the actual operation parameters [25-29]. To 
summarize, the vapor-liquid-solid three-phase boiling and 
heat transfer are also studied.  
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2.2 Vapor-liquid-solid Three-Phase Flow Boiling and 

Heat Transfer Model 

For the vapor-liquid-solid three-phase flowing and boiling 
with solid particles, there is little literature related to heat 
transfer model. Currently, the two-phase flow boiling heat 
transfer formula is applied to the three-phase flow system 
based on Chen's dual-mechanism theory to summarize and 
modify the two-phase flow model, wherein the basic form can 
be classified as the summation model, asymptotic model and 
reinforcement model.  

It is explicitly expressed in Chen's model that among flow 
boiling, the two mechanisms including nucleate boiling and 
convection heat transfer come into action at the certain 
proportion respectively for each. Furthermore, the 
contribution of the two heat transfer modes varies in 
accordance with the improvement of flow condition. Chen's 
expression for two-phase flow boiling and heat transfer is:  
 

 nb th Sh h                                                                    (15) 

 
where, h is two-phase flow saturated boiling and heat transfer 

coefficient, w/(m2K); 

Hnbis nucleate boiling and heat transfer coefficient, 

w/(m2K) 

hlis-convection heat transfer coefficient of single flow, 

w/(m2K); 

S is nucleate boiling inhibitor 
Chen's extended expression for three-phase flow boiling 

and heat transfer is: 
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where, hfos is heat transfer coefficient for three-phase flow 

boiling , w/( m2K); 

E is three-phase convection heat transfer enhancer, 
dimensionless  

Ss is three-phase nucleate boiling inhibitor, dimensionless 
hls is liquid-solid two-phase flow heat transfer coefficient, 

w/( m2K)  

hnb,sis nucleate boiling and heat transfer coefficient with 

solid particles, w/( m2K) 

When n = 1, the model is the summation model; when n = 
2, the model is the asymptotic model; and when n = 3, the 
model is the reinforcement model. 

When large-scale industrial equipment is designed based 
on the model parameters obtained from a small device, the 
flow pattern of the two devices will be consistent with first. 
The flow characteristics of the three-phase flow based on the 
experimental observation are described, and the model for 
expressing the inside tube structure model is put forward. The 
three-phase boiling heat transfer is classified based on the 
characteristics of the inside tube and vapor-fluid exchange 
mechanism combined with the flowing substance status. The 
liquid belongs to the continuous phase while the solid and 
vapor belongs to the dispersed phase [30]. The flow pattern 
mainly relies on the fluid flow, nature of fluid and particles, 
as well as the evaporator structure, gas production rate and 
other factors. The turbulent motion of solid particles and 
liquid can break bubbles, and large bubbles will be broken 
due to the addition of solid particles, in which most of the 
flow area consists of a bubbly flow [31-34]. When the 

particle volume fraction is small with a large amount of 
produced bubbles, the bubbles will coalesce, while when the 
amount of particles is large under full fluidization, the bubble 
will be dispersed.  

3. PRESSURE DROP MODEL OF INERT PARTICLE 

FLUIDIZED BED EVAPORATOR 

The fluidization of particles of in fluidized bed evaporator 
basically consists of the following three interrelated 
processes. Firstly, the fluid passes through t he fluidized bed 
and inert particles layer. Secondly, the inert particles are 
separated from each other due to the fluid action to realize 
the fluidization of the particles layer. Thirdly, the status 
between inert particles and fluid is well maintained. In the 
experiment, the stabilization of the fluidized state during the 
operation process will be mainly considered, thus the third 
process is the most important. In the below, the change rule 
of flow resistance in tubes of inert particle fluidized bed 
evaporator will be studied [35-39].  

The pressure drop in the evaporation tube has the 
following parameters: fluid apparent velocity μ1, vapor 
apparent flow velocity ug, flow medium density pl, viscosity 

μ1, inert particles diameter dp, flow inert particle density ps, 
gravity acceleration g, in-tube height H, fluidized bed 
diameter D, and solid particles content εs. The general 
expression for the pressure drop of inert particle fluidized 
bed evaporator tube is listed thorough dimensional analysis: 
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In Eq. (17), there are in total 11 parameters, wherein, εs is 

dimensionless, and there are 10 physical quantities involving 
three basic dimensions; i.e., length L, quality M, and time θ. 
According to the principle of the second theorem, the 
dimensionless number in dimensionless analysis is equal to 
the difference between variable number n and basic 
dimensionless number m, or, n-m=10-3=7. When the six 
dimensionless numbers are π1, π2, π3, π4, π5, π6 and π7, the 
Eq. (17) can be transferred into dimensionless form as:  
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The new measuring units m/cl, s/c2 and Kg/c3 are used to 

transfer the Eq. (38) into dimensionless form, then,  
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To convert the equation above into a dimensionless 

equation, let:  
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Insert Eq. (20)- (22) into Eq. (19) 
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The following six dimensionless groups are obtained by 

arranging and merging Eq. (23)~(29);  
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From Eq. (30) and Eq. (32), the empirical correlation formula 
of pressure drop in tubes of inert particle fluidized bed 
evaporator can be obtained:  
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Under heat, fluid of which the liquid mass flow is w 

entering the tube from the bottom and is heated by the heat 
flux q on the tube surface and gradually evaporates. In this 
case, steam velocity uG increases with the increase of distance 
z from a tube. Relevant liquid and steam mass flow at point Z 
can be obtained from the steam mass flow; i.e., steam content 
x. The steam content x can be calculated through thermal 
balance in a thermodynamic equilibrium state, and thereupon,  
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where 

M is mass velocity, Kg/s, 
A1 is sectional area of the tube, m2 

In a thermodynamic equilibrium state, the steam content can 
be calculated through thermal balance. According to the 
thermal balance, there is: 
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It can be obtained from Eq. (40): 
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According to the definition of void fraction: 

 

1
=

1








 

G

G GL

G L L

A

uWA

W u

                                                    (43) 

 
There is: 
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The particle phase is adopted to simulate the fluid model 

for the vapor-liquid-solid three-phase flow system, and the 
obtained conservation equation of three-phase flow is: 
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The first right item in Eq. (45) refers to gravity, the second 

item force is acceleration, the third item is pressure, the 
fourth item is friction, and the fifth item is inter-phase 
interaction force. There is a formula in the fifth item as 
below:  
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, Eq. (46) can be written in the following 

form:  
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The above equation reveals that the pressure drop of 

vapor-liquid-solid three-phase flow is still composed of 
friction pressure drop, gravity pressure drop and acceleration 
pressure drop. For stable-state flow, the acceleration pressure 
drop can be disregarded [40-43]. 

In a single-phase flow system, according to the fanning 
equation, the friction factor is: 
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 = Re , / lf e d                                                               (48) 

 
The liquid phase Reynolds number Rel and vapor phase 

Reynolds number Re in Eq. (48) can be determined from Eqs. 
(43) and (48), reflecting the friction pressure drop during the 
three phases flow.  
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4. EXPERIMENTAL RESEARCH  

4.1 Experiment contents 

In the experiment, flow patterns are researched on an 
experimental facility of coated electric heating quartz glass 
tube, examining and analyzing the two phases of steam and 
liquid which are easy to scale under which working 
conditions and such flow patterns. Meanwhile, influences of 
the solid particle quantity on the flow pattern, flow 
characteristics and heat-transfer characteristics of vapor-
liquid two-phase flow and the relation among fluid velocity, 
particle concentration and fluid height of particles in a 
fluidized bed evaporator provide a basis for the explosive 
evaporation operation conditions of the steel three-phase 
fluidized bed evaporator.  

4.2 Steps of the process 

(1) Add a certain number of solid particles in the three-
phase fluidized bed evaporator system according to the 
demands of the experiment.  

(2) Turn on the material system and steam vacuum pump 
to make the whole vaporization system be in a vacuum state.  

(3) Turn on the electric heating quartz glass tube 
evaporator and control the heating electric power. As for the 
three-phase fluidized bed evaporator, turn on the heating 
boiler to make the boiler water temperature rise to boiling 
temperatures. 

(4) Start up the feed pump and shut it down after the tea 
extract reaches the set liquid level in storage tank 7.  

(5) Turn on the circulating pump, adjust the valve to make 
the liquid flow reach a certain value and then turn on the 
steam heating system, until the flow of heating steam is 
slightly larger than the material preheating. After the liquid 
boils, adjust the flow of heating steam and other operating 
parameters according to the experimental design table and 
record the data after the flow becomes stable. During an 
evaporation experiment with an electric heating quartz glass 
tube evaporator, the flow situation in the tube must be 
shooting.  

(6) Change the quantity of solid particles and repeat the 
above-mentioned work.  

(7) Firstly stop the steam heating after the experiment. 
Then close the valve after the liquid cools to a certain 
temperature and finally stop the circulating pump.  

(8) Turn off and close the cooling water.  
 

4.3 Results of the experimental 

Tables 1 and 2 show the variance analysis of regression, 
where regression sum of squares refers to the total 
contributions of all factors to the change in the heat transfer 

coefficient, reflecting the importance of all factors. The error 
sum of squares reflects the influence of experiment errors and 
other factors that are not controlled. It can be seen from Eq. 
(8) and Table 2 that within the scope of the experiment of 
inert particle fluidized bed evaporator, Reynolds number 
Re1, dimensionless number group gas and volume fraction of 
solid particles εs obviously influence the heat transfer 
coefficient positively. Prandtl numeral P has a positive non-
significant influence but negative significant influence. The 
influence of dimensionless density is not significant and PI is 
negative.  

 

Table 1. Converted to ln (Nu) of multiple regression analysis 
of variance 

 
Sources 
of 
variance 
 

Degrees 
of 
freedom 

Sum of 
squares 

The 
mean 
square 

The F 
value 

Significance 
level 

Df SS MS F Sig 

Return 
analysis 

7 3.625 0.544 102.31 0.000 

Error 48 0.254 0.0059   

The sum 50 3.5845    

 

Table 2. Heat transfer coefficient of the regression results of 
the analysis 

 

Variable  Numerical 
Standard 
deviation 

T test Significance 

C1 0.102 12.6 -0.178 0.847 

A 0.524 0.05 9.25 0.002 

B 0.269 0.05 6.25 0.001 

C 1.545 1.84 0.84 0.365 

D -0.825 0.06 -12.3 0.000 

E 0.632 0.04 12.58 0.000 

F -0.254 25.47 -0.02 0.941 

 
It can be seen from Tables 1 and 2 that multiple correlation 

coefficient is R=0.969, fitting the multiple correlation 
coefficient is close to 1 and the linear regression effect is 
good. It can be seen from the significance that the influence 
of Re1 is the most significant, showing that the influences of 
heating condition in inert particle fluidized bed evaporators, 
flow condition of fluid, physical dimension of evaporators 
and added solid particles on the heat transfer coefficient is of 
greatest importance. As the physical parameters change of the 
tea extract adopted in the experiment is small under the 
experimental conditions, Pr is not significant. Influences of 
dimensionless density are not so significant (see Figure 1). 
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Figure 1. Heat transfer coefficient of the experimental 
value compared with the predicted value 
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It can be seen from Figure 2 that when other parameters 
are specified, the heat transfer coefficient of inert particle 
fluidized bed evaporator firstly increases and then decreases 
with the increase of liquid flow.  
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Figure 2. Influence of fluid flow on the heat transfer 
coefficient 

 
In the inert particle fluidized bed evaporator, the liquid 

phase is a continuous phase. Inert particles and vapor are 
dispersed phases and the flow area of three-phase fluidized 
bed is decided by the flow rate of liquid. If the flow is small, 
the flow area will increase with the increase of flow.  
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Figure 3. Liquid flow affect on pressure drop 
 
Figure 3 shows that if the solid concentration and heat 

transfer rate are the same, the flow pressure drop of inert 
particle fluidized bed evaporator will increase with the 

increase of circulation flow of fluid. ΔP∝u2 can be obtained 

according to the formula of the flow pressure drop; i.e., the 
flow pressure drop increases with the increase of the flow 
rate of liquid. Furthermore, as the fluid flow increases, the 
friction between parties and fluid sharpens, collision rate 
increases, collision momentum increases and the drag force 
pressed on solid particles increases so that the fluid flow 
resistance increases, also increasing the acceleration pressure 
drop. In addition, with the increase of the flow rate of liquid, 
the flow in unit time increases, increasing the gravity pressure 
drop during the flow. The above-mentioned analysis shows 
that the increase in flow rate increases the flow pressure drop, 
gravity pressure drop and accelerates pressure drop. All the 
three aspects increase the pressure drop of the bed.  

In the process of solid fluidization, solid particles are 
supported by the friction of fluid. With the increase of solid 
concentration, the friction between solids and fluid and 
between solids and walls increases and flow resistance 
increases, increasing the friction pressure drop. Furthermore, 
the volume fraction of solid particles increases, causing an 
increase in the flow mixed-phases density in the three-phase 
system, thus increasing the gravity pressure drop in the whole 
tube. Influences of the two aspects affect the flow pressure 
drop of inert particle fluidized bed evaporator and the trend 
of solid concentration increasing function (see Figure 4).  
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Figure 4. Particle integral rate affect pressure drop 

 
Figure 5 shows that, compared with two-phase flow boiling 

heat transfer, the heat transfer coefficient of three-phase flow 
boiling heat transfer is obviously higher, because adding of 
particles increases evaporation cores, promotes the 
convection intensity of fluid at the heated wall surfaces and 
improves the thermal conduction properties of the working 
media. Due to this aspect, the heat transfer is strengthened, 
increasing the heat transfer coefficient. This is consistent with 
the heat transfer when solid particles float in boiling liquid 
researched by YuminYang; i.e., adding a small number of 
solid particles in boiling liquid can greatly improve the heat 
transfer performance of the coefficient. Meanwhile, if the 
particle sizes are the same, the higher the volume fraction of 
particles is, and the better the boiling heat transfer is. If the 
volume fraction of particles is specified, the smaller the 
particle is, the better the heat transfer performance Q is.  
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Figure 5. Three-phase circulating thermal coefficient 
compared with two-phase circulating thermal coefficient 
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5. CONCLUSIONS 

In consideration of the characteristics of vapor-liquid-solid 
three-phase fluidized bed, this evaporator is applied in liquid 
food-green tea extraction liquid concentration/evaporation 
process in this paper. The inert particles fluidized bed 
evaporation experiment device is designed and built 
combined with the characteristics of food material 
concentration. In this experiment, the heat transfer 
mechanism and hydrodynamic performance of inert particle 
fluidized bed evaporator during extraction of concentrated 
green tea are studied, and the impact of various experimental 
operation parameters on the evaporation and heat transfer 
performance as well as pressure dropping is analyzed. 
Moreover, the dimensionless analysis method is used to 
establish a correlation formula between the heat transfer 
coefficient and the pressure drop dimensionless number of 
inert particle fluidized bed evaporator according to the 
characteristics of inert particles fluidized bed. In addition, the 
fouling prevention and descaling property and hydrodynamic 
performance of inert particle fluidized bed evaporator are 
studied, providing a practical significance for industrial 
production. This paper draws the following conclusions: 

(1) Adding inert particles can strengthen the heat transfer. 
Three-phase flow boiling heat transfer coefficient is about 1.7 
times of the two-phase flow boiling heat transfer coefficient.  

(2) The heat transfer strengthening effect of solid particles 
is related to particle diameters, material and additional 
volume fraction. If the volume fraction is the same, the 
smaller the diameter is, and the better the heat transfer effect 
is. If the diameter is the same, the heat transfer effect will 
increase with an increase in volume fraction. Generally, when 
the volume fraction is 6%-12%, there will be a good effect of 
strengthening heat transfer and preventing and cleaning 
fouling. 

(3) The experimental result shows that the tube wall 
temperature of inert particle fluidized bed evaporator is lower 
than that of 1-2°C when there is no particle in the evaporator, 
which is significant for treating heat sensitive materials.  
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