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ABSTRACT

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. In this experiment, the heat transfer mechanism and
hydrodynamic performance of inert particles 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 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

http://www.iieta.org/Journals/IJHT

industrial production.
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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.
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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



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:

1 1 b D 1D
—="4R, +——+ +=. 1
a Ra AD Re a D

< )

where, K is total heat transfer coefficient, w/(m?.K);
a’ is convection heat transfer coefficient of flow outside
tube, w/(m?.K); a is convection heat transfer coefficient of
flow inside tube, w/(m?.K); Rsl is fouling resistance outside
the tube wall, m?.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;

Ais 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:

Stm3 = Stmz = 0127 Rem20'354 Pr‘0-362 Ug.266¢s_1 (2)

538

h,e
Stm2 - 27L2 (3)
pLCleuL
&
St.. = & (4)
/OLCleuL
CP u
Pr = LA 5
A ®)
Up
Re,, = LoL
’ S(l_ng),UL ©
-1 _
h, _ hzdp (ULdppL] (CprLj ' ©)
CR oM k M k
According to Eq. (2) ~ (7),
h,d 1-¢
N — 2Yp 20762R 0.646 P 0.638 0.266 4 -1 L2
u2 k emz r uR ¢s g|_2 (8)
For St ; =St,, Then,
he s =he, ©)
d 0.646 0.638 0.266 4 -1 17 L2
Nu, =%=0.763Rem2‘ Pro®®y, %% g, g—i (10)

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:

h=2390u,"u.* (o, —p,) d,/e” (11)
wherein:

p11.958(p,—p, ) (12)
x=1791(p,~p )" & (13)
y=055-1958(p,~p.) (14)

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.



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:

h=Sh, +h

where, h is two-phase flow saturated boiling and heat transfer
coefficient, w/(m2.K);

Hnpis nucleate boiling and heat transfer coefficient,
w/(m?.K)

hiis-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:

(15)

S

(16)
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where, hss is heat transfer coefficient for three-phase flow
boiling , w/( m2.K);

E is three-phase convection heat transfer enhancer,
dimensionless

S; is three-phase nucleate boiling inhibitor, dimensionless

his is liquid-solid two-phase flow heat transfer coefficient,
w/( m2.K)

hno,sis nucleate boiling and heat transfer coefficient with
solid particles, w/( m?.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
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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 pi, vapor
apparent flow velocity ug, flow medium density pj, viscosity
ut, inert particles diameter d,, flow inert particle density ps,
gravity acceleration g, in-tube height H, fluidized bed
diameter D, and solid particles content & The general
expression for the pressure drop of inert particle fluidized
bed evaporator tube is listed thorough dimensional analysis:

f(AP,g,u, oy, 14, D, oy, H U, £,) =0 (17)

In Eq. (17), there are in total 11 parameters, wherein, s is
dimensionless, and there are 10 physical quantities involving
three basic dimensions; i.e., length L, quality M, and time 6.
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 nl, n2, n3, n4, ©5, w6 and ©7, the
Eq. (17) can be transferred into dimensionless form as:

¢(ﬂ1'ﬂ2’ﬂ3'ﬁ4’ﬂ5’ﬂ6’ﬂ7): f(gs) (18)

The new measuring units m/cl, s/c2 and Kg/c3 are used to
transfer the Eq. (38) into dimensionless form, then,
APcC e, A Uct, ™ pCC N pCCTN mes gt
¢ APeGC 161722 CsC 03011 R (19)
Des dyen g6C, s Hen & ugCe,

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);

AP

pTE =Eu (30)

pITD.UI: Re, (31)

L (32)

Fr= ;1; (33)

%ug _Re, (35)
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.

From Eq. (30) and Eqg. (32), the empirical correlation formula
of pressure drop in tubes of inert particle fluidized bed
evaporator can be obtained:

Ha Y oy
AP =C,puFriRe] Re,* [TZPJ (%j g (37)
1

Under heat, fluid of which the liquid mass flow is w
entering the tube from the bottom and is heated by the heat
flux g 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,

W, =W, = MAX (38)
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W, =W (l— x) =MA (1— x) (39)
where

M is mass velocity, Kg/s,

Al is sectional area of the tube, m?

In a thermodynamic equilibrium state, the steam content can
be calculated through thermal balance. According to the
thermal balance, there is:

q-A=y, - W; +W-Ai, (40)
It can be obtained from Eqg. (40):
q-7DZ =y, -W; +WA;, (42)
x:%:i(ﬂ_Nij (42)
W  » \DM
According to the definition of void fraction:
ﬂ:i = ;
A 1+M_pGuG (43)
We o
There is:
1
ﬂ:—
141X Pells (44)
X pu

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:

(45)

3 du 3
SF= Zl:[—plaf,Agdx—p,oc,Adxd—t'—af,Adp — oA, + 2:45'1\/\/'1 ] =0
=

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:

W =_Wji (46)
If i=j, when,
And CLT :ui%, Eqg. (46) can be written in the following
form:

dp _<&f du,  (dP
&—g[ P9+ O ax +(deFRJ (47)

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:



A=f (Re,,e/d) (48)

The liquid phase Reynolds number Re; and vapor phase
Reynolds number Re in Eq. (48) can be determined from Egs.
(43) and (48), reflecting the friction pressure drop during the
three phases flow.

Ar =FrRe/? [ps—p.] (49)
P

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
Rel, dimensionless number group gas and volume fraction of
solid particles es 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 In (Nu) of multiple regression analysis

of variance

Sources  Degrees Sum of The The F  Significance

of of mean

. squares value level
variance  freedom square
D¢ SS MS F Sig

Return 3625 0544 10231 0.000

analysis

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 Star}da}rd T test Significance
deviation

Cl 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
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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 Rel 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, P, is not significant. Influences of
dimensionless density are not so significant (see Figure 1).
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1500 ¥ i

Heat transter coertncient o1 predicted value

1000 42X
1000

T T T T
1500 2000 2500 3000
Heat transfer coefficient of the experimental value

3500

Figure 1. Heat transfer coefficient of the experimental
value compared with the predicted value



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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24 G 4
g R
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0 T T
0.5 1.0 15 2.0
The liquid flow

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. AP«xu? 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.
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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



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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