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Abstract: The flow field and flow state of thin-film
evaporators are complex, and it is significant to effectively
divide and quantify the flow field and flow state, as well as
to study the internal flow field distribution and material
mixing characteristics to improve the efficiency of thin-film
evaporators. By using computational fluid dynamics ( CFD)
numerical simulation, the distribution pattern of the high-
viscosity fluid flow field in the thin-film evaporators was
obtained. It was found that the staggered interrupted blades
could greatly promote material mixing and transportation,
and impact the film formation of high-viscosity materials on
the evaporator wall. Furthermore, a flow field state
recognition method based on radial volume fraction statistics
was proposed, and could quantitatively describe the internal
flow field of thin-film evaporators. The method divides the
high-viscosity materials in the thin-film evaporators into
three flow states, the liquid film state, the exchange state
and the liquid mass state. The three states of materials
could be quantitatively described. The results show that the
materials in the exchange state can connect the liquid film
and the liquid mass, complete the material mixing and
exchange, renew the liquid film, and maintain continuous
and efficient liquid film evaporation.
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0 Introduction

A thin-film evaporator through the rotation of the
blade will be forced to scrape the fluid material into a
uniform thickness of the liquid film so that materials can
obtain high heat and mass transfer efficiency and realize
rapid evaporation and concentration, which plays an
important role in medicine, chemistry, textiles, food and
other fields'”. Among them, fluid flow, film-forming
states, distribution characteristics of the flow field, and
the mixed transmission mechanism of the flow field in
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thin-film evaporators have decisive influences on
continuous and efficient fluid evaporation in the
evaporators. Researchers have carried out a lot of
research on fluid flow and heat transfer characteristics in
thin-film evaporators'* | and they found that flow field
distribution had an important effect on heat and mass
transfer in the evaporators, and played a key role in the
rapid evaporation of fluid in the evaporators.

There are two main movements of the fluid in the
traditional straight-plate vane thin-film evaporators. The
first movement is the spiral vertical descent of the circular
wave, and the cylindrical circular wave material group
moves along with the direction of blade rotation. The
other movement is a scraping film gap between the blade
tip and the wall, and the material flows down at the gap
and near the wall. Komori et al. "* studied the mixing
mechanism of the flow state in the thin-film evaporators
and proposed to improve the structure of the evaporators
by replacing the traditional single-row blade with a multi-
row blade . It was found that a multi-row blade could
effectively promote material exchange between the
circular wave and the film. In addition, the influence of
the arrangement spacing and inclination angle of the
multiple rows of blades on the evaporator flow field was
also investigated. Mckelvey et al. "® believed that the
flow mixing of circular waves was the key to the efficient
operation of the whole thin-film evaporators. Although it
is difficult for fluids with high viscosity to carry out
effective flow mixing by gravity, to carry out the rapid
evaporation of materials, material exchange and renewal
can be realized between the circular wave and the liquid
film so that the liquid film can continue to evaporate with
high quality. These flow structures indicate that fluid
flow and mixed transport have an important effect on heat
transfer between materials, enabling more efficient
evaporation.

In the early stages, the numerical simulation of the
flow field in the thin-film evaporators was a two-
dimensional (2D ) simulation study, lacking the axial
transmission characteristics of fluids. Therefore, the
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numerical simulation of the evaporators gradually changed
from a 2D cross-section model'*’ to a three-dimensional
(3D) model """, and more exploration was carried out
on the axial transmission of the evaporator flow field and
material mixing. The 3D two-phase flow field model
proposed by Pawar et al. " took into account the
influence of gas-liquid two-phase flow and axial material
transfer. The simulation results showed that the material
flows in the gap between the blade tip and its wall surface,
indicating that the gap played an extremely important role.
Wang et al. """ studied the fluid flow in the evaporators to
optimize the structure of the evaporators. He et al. '™
established a circular wave axial flow model to study the
changes in the axial velocity by adjusting blade speed,
feed amount, material viscosity and other conditions.
Through the study and analysis of images, Guo et al. "
found that four different forms of the liquid film appeared
on the wall of the evaporators during the whole working
process. Researchers have studied the evaporator blades
and the residence time of the material in the evaporators.
Three different hydrodynamic states of the material were
found to arise in the thin-film evaporators'', and the
formation conditions and effects of these flow states were
discussed. Through the study of the 3D evaporator model ,
it is found that there are a variety of different flow forms
in the evaporator flow field. Through the analysis of the
convection state, it is possible to explore the distribution
state of the evaporator flow field and the characteristics of
the material mixed transport.

The improvement of the production capacity of thin-
film evaporators is an urgent problem to be solved, and
the quality of the flow field in thin-film evaporators has a
significant impact on their production capacity. The
above studies are based on Newtonian fluids with
relatively low viscosity. The common materials processed
in the evaporators during production, such as food, fiber
and resin, are mostly high-viscosity non-Newtonian
fluids, and their film-forming mechanism and states in
the evaporators will be more complex. Zheng et al. '™’
calculated the flow field distribution of non-Newtonian
fluids with different viscosities in thin-film evaporators
and believed that with the gradual increase of the
viscosities, the film formation of the thin-film evaporator
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walls became worse. Therefore, it is proposed to
interrupt and cross-combine the straight blades to increase
the mixing and spreading of materials by the blades, and
the multiple rows of staggered blades can promote the
material exchange of the circular wave and the liquid
film, increase the axial transmission of materials''®
improve the distribution of the evaporator flow field, and
enhance the production efficiency.

Drawing on the above experience, this paper adopts
the computational fluid dynamics ( CFD) method " to
conduct a 3D two-phase flow simulation'. The
simulation focuses on the complex flow field of the film
evaporators with multiple rows of staggered blades under
the high-viscosity non-Newtonian fluid material ™"’
Furthermore , the study examines the flow and distribution
states of the internal flow field of the film evaporators. A
new flow field state identification method based on radial
volume fraction statistics is proposed to classify the
material flow state, and through flow state analysis, the
evaporator flow field distribution states and material
mixed transmission characteristics are explored, and the
flow inside the evaporators is described more accurately to
achieve a quantitative description and evaluation of the
flow field distribution state.

1 Physical Mathematical Model

1.1 Model establishment

The CFD software Fluent was used for the numerical
simulation. Figure 1(a) shows the staggered interrupted
blade structure of the evaporators. There are 18 rows of
blades uniformly distributed on the rotor, and the blades
are composed of two different types alternately distributed
to complete the spreading and transmission of the
evaporator materials. Figure 1(b) is a schematic diagram
of the fluid domain of numerical calculation. The
evaporator model is referred to as the Komori
experimental model. The model is composed of a wall
surface, a rotor, a rotating blade, an outlet and an inlet.
In this model, the wall diameter of the evaporator is 250
mm, the thickness of the blade is 3 mm, the length is
150 mm, and the distance between the tip of the blade on
the rotor and the wall of the evaporator is 1 mm.

Inlet
Wall
(®)

Model structure; (a) staggered interrupted blade structure; (b) calculation geometric model
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The pressure solver was used to solve the simulation
calculation, and the pressure-velocity coupling algorithm
was used. The fluid of the whole simulation calculation is
assumed to be incompressible fluid, and only the
calculation under the condition of no heat transfer in the
evaporator is considered. For incompressible fluid motion
without heat transfer, the momentum equation and the

continuity equation' "’ are

%(pU) £V (pUU) =~ Vp+ V - [w(VU +

2
(VU)T)—BPkI}—p(-QU)ﬂ“Pg, (D)

vV .-U=0, (2)

where U is fluid velocity vector; u is fluid viscosity; p is
fluid pressure; p is density; k is turbulent kinetic energy ;
£ is blade rotation angular velocity vector; I is identity
tensor; g is the gravitational acceleration.

There are two kinds of media in the working state of
the thin-film evaporators; liquid material requiring rapid
evaporation and air existing in the evaporators.
Therefore, to simulate and calculate the gas-liquid two-
phase internal flow field state and mixing of the
evaporator more accurately, this paper adopts the volume
of fluid ( VOF) method"**” to describe the gas-liquid
interface. According to the computational storage method
of the VOF model, the following physical characteristics
in its control volume are

p=pa+(l-ap, (3)
p=pa+ (1 -au,, (4)

where p| is the liquid phase density; p, is the gas phase
density ; u, is the liquid phase viscosity ; M, is the gas
phase viscosity ; « is the liquid phase volume fraction.

In thin-film evaporators with complex internal flow
patterns, due to the forced film forming of the blade, the
material near the wall presents a complex turbulent state.
In this paper, according to the actual situation of the
evaporators, the shear stress transport ( SST ) k-w
turbulence model”* is used to calculate the turbulence
model.

For turbulent kinetic energy,

I(pk
(g’t)+v-(pku)=
M,
Ve llw+ )V h) + 6, - Y, (5)
k
for specific dissipation rate
J
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o
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where G, is the generation of k; G, is the generation of w ;
Y, is the dissipation of k; Y is the dissipation of w ; o, is

the surface tension coefficient of k; o, is the surface
tension coefficient of w ; u, is the turbulent viscosity; D
is the cross-diffusion term.

The evaporator inlet condition is set for the inlet
mass flow rate, and the mass flow rate value is
0.1 kg/s. The outlet condition is set as the pressure
outlet, connected with the external environment, and the
pressure value is set as the standard atmospheric pressure.
A single-motion reference frame model is used to realize
the uniform rotation of the rotor and the blade in the
evaporator. The internal fluid calculation domain of the
evaporator rotates at a speed of 90 r/min. The velocity
of the rotor and the blade relative to the fluid domain is
zero, and the wall surface is stationary. The second-order
upwind algorithm is used to solve the momentum
equation, and the rest are left with default settings. When
the setting is completed, and the calculation is initialized
the inside of the evaporator is set to be filled with gas to
conform to the real production environment.

1.2 Analog medium

In the thin-film evaporators for processing high-
viscosity non-Newtonian fluids, the viscosity of the non-
Newtonian fluid i and shear strain rate S are not up to the
linear function relation. Therefore, the physical
properties of non-Newtonian fluids are more complex,
and their rheological mathematical models are generally
invoked to describe their rheological properties. The
material under study is a food processing material,
fenugreek gum solution'’ | and the rheological model of
this material conforms to the Carreau model function
relation ;

)

m=p, +(Mo-m>[1+(FS)2]%, (7)

where I’ is relaxation time; n is the non-Newtonian
index; u, is the zero shear viscosity; u, is the limited
shear viscosity. In this research, I is 10.149 s; n is
0.413 3; u, is 38.803 Pa - s; u_is 0.009 978 2 Pa - s.

2 Results and Discussion

2.1 Flow field distribution

Figure 2 shows the flow field distribution of
fenugreek gum solution in an 18-row interrupted blade
thin-film evaporator with a mass flow rate of 0.1 kg/s
from the inlet at a speed of 90 r/min. Figures 2(a) and
2(b) show the internal flow field distribution diagram of
the evaporator from different perspectives, respectively.
The annular liquid film spreading on the outer wall and
the liquid mass at the blade tip can be seen in Fig. 2(a),
which can also be observed from the flow field
distribution diagram inside the evaporator. The wall of
the evaporator has a layer of the uniform liquid film,
which is the key to the evaporation and dehydration of the
thin-film evaporator. However, in the inner part of the
liquid film region, different from the circular wave
column liquid mass formed by the straight scraper blade
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in traditional research, the evaporator forms a periodic
distribution of inverted “L” shaped strip liquid mass.
The tip of the evaporator blade is enlarged, as shown in
Fig. 2(c). In Fig. 2(c), it can be seen that there are
circular liquid masses on the leading edge of the blade
and irregular material protrusions at the trailing edge of
the blade. The strip liquid mass in the blue circle in
Fig. 2(b) is enlarged, as shown in Fig. 2(d). This strip
liquid mass can be divided into two parts according to the
two sides of the “L” shape, and the two parts are located
on both sides of the blade (the hollowed-out region along
the axial direction of the liquid film is the position of the
blade). The part of the “L” shaped strip liquid mass
locates at the leading edge of the blade, as shown on the
right side of the blade, is the liquid mass scraped out of
the blade. It can be seen that its shape is similar to the
liquid mass with the shape of a circular wave. The part of

Direction

: H of rotatio
(@ u

the “L” shaped strip liquid mass located at the trailing
edge of the blade is called the liquid strand, which
extends in a slightly downward horizontal direction, as
shown on the left side of the blade. The material masses
accumulate in the leading edge of the blade flow out at
the blade gap and form a trailing tail at the trailing edge
of the blade during the blade rotating scraping film
process. This tail accumulates at the leading edge of the
next blade. The “L” shaped material distribution formed
by such liquid mass and liquid strand realizes the efficient
material exchange between the films of high-viscosity
non-Newtonian materials in the evaporator, as well as the
effective material transmission along the axial direction,
so that the materials can be better spread on the wall. It
solves the problem that such high-viscosity non-
Newtonian fluid materials are not easy to form films on
the evaporator wall.

®)

Fig. 2

@

Flow field distribution results; (a) top view of flow field distribution; (b) oblique view of flow field distribution;

(c) enlarged view of flow field at blade position; (d) enlarged view of “L” shaped strip liquid mass

However, although such a blade structure is
more beneficial to the film formation of high-viscosity
non-Newtonian fluid materials than the traditional
form, its flow field state is too complex. Figure 3
shows the flow field distribution of different sections.
The red with the value of 1.0 represents the liquid
phase, while the blue with the value of 0 represents
the gas phase. Figure 3(a) shows the cloud image of
the radial section of the flow field. The liquid mass at

the leading edge of the blade and the liquid strands at
the trailing edge of the blade can be observed by
enlarging the flow field near the two blades. The
shape of the liquid mass is regular and round, while
the shape of the liquid strand is an uneven strip. It
can be concluded that the distribution of materials in
the radial section of this flow field is very different
from that of the traditional circular wave-feeding film
(Fig. 4).
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Fig. 3 Comparison of flow fields in different sections: (a) cross-section cloud view of radial flow field;

(b) cross-section cloud view of axial flow field

In addition, the cross-section cloud diagram of the
axial flow field of gas-liquid integration number obtained
from different positions inside the evaporator ( as shown
in Fig. 3(b) ) can also be derived. Due to the presence
of “L” shaped strip liquid mass formed by the action of
staggered interrupting blades, the axial flow field inside
the evaporator is more complex than that of the
traditional straight blades''”. Figure 4 (a) is a
schematic diagram of fluid flow in the traditional thin
film evaporator, which is mainly composed of circular
waves and liquid films, and the fluid distribution is
relatively simple in axial and circumferential directions.
Figure 4 (b) shows the flow field distribution under
different viscosities. With the increase in viscosity, the
film-forming integrity deteriorates. The group and the
film of the flow field in the traditional straight-blade
evaporator only exist at the position where the circular

wave and liquid film contact, and the interaction
interface is relatively regular. There is no interaction
between the liquid films at other positions, that is, the
ability to renew liquid film is limited. However, the
evaporator in this paper adopts staggered interrupted
blades, so that the internal flow field has a periodic
distribution of “L” shaped strip liquid mass in addition
to the liquid film, which greatly increases the interaction
probability between the liquid film and the liquid mass.
At the same time, it can be seen from the axial section
that the interaction form of the films is more complex,
and the interaction between the films will change the
state of the liquid film itself. Due to the complexity of
the distribution form of the overall flow field, it is
difficult to accurately divide and quantitatively analyze
the liquid film and liquid mass regions, as well as to
describe the interaction between the films.
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2.2 Flow division and flow action mechanism
Because of the great difference in the evaporator
flow field state in different positions, a single section is
difficult to reflect the whole property of the flow field.
Therefore, the volume fraction of all grid nodes in the
whole model is extracted and analyzed statistically to
solve the above problems. For the real flow field inside
the evaporator, materials mainly exist in two forms, one
is the liquid film, and the other is the liquid mass ( “L”
shaped strip liquid mass contains liquid mass at the
leading edge of the blade and liquid strand at the trailing
edge of the blade ), and the two need to constantly
interact for material and heat exchange. Both of these two
forms of materials have a gas-liquid interface. When they
contact for material exchange, the gas-liquid interface of
the liquid mass and the liquid film also interact (as shown
in Fig. 5(a)). Therefore, the quantity distribution of
the gas-liquid interface reaches a peak in the interaction
zone between the mass and the film. Firstly, the data of
grid nodes with a volume fraction of 0. 5 is extracted and
analyzed. The gas-liquid material with a volume fraction
of 0. 5 is between the pure gas phase and the pure liquid
phase, and such nodes represent the gas-liquid interface
of the material. The location of the material interface is
determined by the number of peak values of 0.5 volume

Liquid film

Viscosity
increase

(b

Fig. 4 Flow field distribution of traditional thin-film evaporator; (a) schematic diagram of fluid flow*! ;(b) flow field
[15]

fraction grid nodes, and then the mean value and the
standard deviation of the radial volume fraction are
calculated.

As can be seen from Fig. 5(b), the region with
the highest concentration of the gas-liquid interface is
0.6-1.1 mm, that is, the location where a large
amount of substance exchange occurs between liquid
masses and liquid films. We made statistics on the
distribution of the gas-liquid interface at different radial
distances for the material volume fraction of 0.5,
analyzed and counted the interface positions of liquid
masses and liquid films between materials and the
interface positions of materials and gases, and then
judged the mixing exchange between materials and the
exchange region between materials and gas. As shown
in Fig. 5(b), the gas-liquid material with a 0.5
volume fraction is less distributed at the radial distances
of 0—0.6 mm and 1.1 mm, and more distributed at
the radial distances of 0. 6—1. 1 mm. According to the
cross-section cloud diagram of the axial flow field in
Fig. 5 (a), it can be concluded that the region
between 0. 6 mm and 1. 1 mm is the region with more
dots at the gas-liquid interface of liquid films and liquid
masses, which is a film exchange region for material
renewal between related materials.
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Fig. 5 Gas-liquid interface judgment: (a) cross-section cloud view of axial flow field; (b) distribution histogram of different radial distances

of materials at the gas-liquid interface with volume fraction of 0. 5

The identification of the exchange region can help us
further understand the flow field distribution inside the
evaporator. The mean volume fraction and its standard
deviation of each grid node under different radial
distances were further counted, and the variation curve of
the volume fraction with the radial distance was drawn.
Figure 6 (a) is a radial volume fraction calculation
diagram. Assume that the red liquid film is the pure
liquid phase, with a volume fraction of 1. 0, the blue is a
pure gas phase, the volume fraction is 0, and the specific
radial distance of the mean volume fraction v is

v=L,/(Ly +L,),

s (8)
where L, is the length of the liquid phase; L, is the
length of the gas phase. The average volume fraction of
the material can reflect the two-phase ratio of the liquid
phase to the gas phase, reflecting the specific state
properties of the material, while the standard deviation of
the volume fraction of the material can reflect the
exchange amplitude of the gas-liquid two-phase material
mixing in this region. Generally speaking, the larger the
average volume fraction, the more liquid phase
composition, whereas the more gas phase composition;
the larger the standard deviation of the volume fraction,
the more intense the material exchange and heat exchange
between liquid masses and liquid films.

Figure 6 (a) shows that the mean volume fraction
changes with radial distance, and the curve can be
divided into three regions according to its changing trend.
In the first region, that is, in the region of 0—0.6 mm

radial distance,

liq

the average volume fraction of the

material is stable around 1. 0, indicating that the material
in this region is all liquid phase, which is the liquid film
region. The standard deviation line segment shows a
small range and a small decline, indicating that the
material state is mainly liquid, and less involved in gas-
liquid two-phase mixing exchange. In the second region,
the radial distance is 0.6 — 1.1 mm and is exactly
consistent with the interaction region of the masses and
films obtained above. It can be seen that the mean
volume fraction of the material in this region drops
sharply, indicating that it begins to approach the gas-
liquid interface of the liquid film, and the continuous
introduction of the gas phase makes the mean volume
fraction decrease continuously. However, the standard
deviation increases sharply, indicating that the gas-liquid
phase in this region is violently mixed. It is further
verified that the most concentrated region of gas-liquid
with a volume fraction of 0.5 in Fig. 5 is the region
where the exchange between the liquid film and the liquid
mass is the most important and intense. The addition and
mixing of the gas phase make the volume fraction of the
liquid phase decrease continuously. Correspondingly, the
standard deviation begins to increase sharply. The wider
the distribution range of the material volume fraction in
the exchange region, the larger the standard deviation of
the volume fraction and the higher the stirring efficiency.
The third region is the region beyond the radial distance
of 1.1 mm. The average volume fraction of materials in
the third region is low and relatively stable, indicating
that the gas phase is the main part of this region. It is the
liquid-mass region, where materials exist in the form of
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liquid masses and are surrounded by a large amount of
gas. In this region, there is less gas-liquid coexistence
and less mutual doping, and the volume fraction
difference is large, so the standard deviation at the two
ends of the liquid-mass interface region presents a rising
phenomenon. When it gets to the edge of the outermost
blob, the blob gets smaller and is almost all gas, the
standard deviation is going to turn around from here. This
indicates that with the increase in radial distance, the gas-
liquid component gradually tends to be stable, indicating
that this region is mainly composed of gas-phase air.
Based on the above analyses, the flow field pattern
inside the thin-film evaporator can be divided into three
regions in terms of the radial distance to the wall. In the
first region, the radial distance is 0—0. 6 mm, the average
volume fraction of the material is close to 1.0, and the
standard deviation is relatively stable and small. It can be
determined as the stable and uniform liquid film region.
In the second region, the radial distance is 0. 6—1. 1 mm,
the average volume fraction of the materials decreases
sharply from 1. 0 to about 0. 1, and the standard deviation
also increases sharply, indicating that the materials are
mixed and stirred relatively well and that the gas-liquid
phase has a two-phase staggered mixing distribution. It
can be determined as the exchange region where the
mixing and exchange of materials takes place. In the third
region, when the radial distance is beyond 1. 1 mm, the
material volume fraction is relatively stable and within a

Liquid film renewal

low range. It can be determined as the liquid mass
region.

Figure 6 ( b) shows the distribution of material
volume fraction in the total region with a radial distance
of 6 mm. The volume fraction value of the material with
a high volume fraction is close to 1.0 ( pure liquid
phase ) , which is mainly concentrated in the region with a
small radial distance, while the volume fraction value of
the material with a low volume fraction is close to 0
(pure gas phase), which is mainly concentrated in the
region with a large radial distance. According to the three
regions divided above, the radial volume fraction
distribution is statistically analyzed. The volume fraction
distribution of materials in the liquid film region, the
exchange region and the liquid mass region are shown in
Figs. 6(c), 6(d) and 6(e). In the liquid film region,
the material volume fraction distribution is mainly pure
liquid phase. In the exchange region, the material
volume fraction distribution is relatively wide, and there
are different degrees of distribution. Within a small radial
distance, that is, near the end of the liquid film, the
distribution of the material with a large volume fraction is
more obvious. Within a large radial distance, that is,
near the end of the liquid mass, the distribution of the
material with a small volume fraction is more obvious. In
the liquid mass region, there is no more material
distribution of other volume fractions, and the volume
fractions of 0 and 1. 0 are more distributed.
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For the above calculation method of the volume
fraction within a specific radial distance, the flow field of
different liquid films in the evaporator has a different
performance , which can be used to judge the shape of the
liquid film. As shown in Figs. 7(a), 7(b) and 7(c),
the mean volume fraction curves of the liquid films with

Radial distance I

Volume fraction
Volume fraction

Radial distance

different shapes are quite different when calculating the
mean volume fraction. In Fig. 7, P, and P, represent the
pure gas phase and the pure liquid phase, respectively.
Therefore, the material flow state in the evaporator can
be analyzed and judged based on the radial volume
fraction mean curve.

Radial distance
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(b) (©

Fig. 7 Comparison of volume fraction curves of liquid films with different forms: (a) schematic diagram of

calculating radial volume fraction of homogeneous liquid film; (b) schematic diagram of calculating radial

volume fraction of raised liquid film; (c) schematic diagram of calculating radial volume fraction of air gap

liquid film

Through the above analysis and the distribution of
the gas-liquid interface along the radial distance, the flow
field inside the film evaporators can be accurately divided
into three states. The state of the liquid film and the
specific position of the gas-liquid interface of materials
can be known through the mean volume fraction of
materials within different radial distances. The standard
deviation of the mean volume fraction can also describe
and measure the intensity of film exchange in the
exchange zone. Through the flow state division, the
mechanism of action between the flow states in the
evaporators is understood. The interaction of the three
flow states is an important support for the formation of a

sustainable and efficient evaporation flow field in the
evaporators.

3 Conclusions

In this paper, a computational model of high-
viscosity non-Newtonian fluid in 18 rows of thin-film
evaporators with staggered blades is established using
CFD, and the flow field distribution characteristics of
high-viscosity materials in evaporators are obtained. A
flow field pattern recognition method based on radial
volume fraction statistics is proposed, which can be used
to classify the flow field and the state in evaporators. The
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results are expressed as follows.

1) The staggered interrupted blades can make the
high-viscosity non-Newtonian fluid carry out effective
axial transmission, promote material exchange between
materials, and solve the problem that the high-viscosity
non-Newtonian material does not easily form a film on
the evaporator wall.

2) The mean curves of the radial distance volume
fraction of different flow fields in the evaporators are
different. The flow state of the material flow field in the
evaporators can be analyzed and judged using the mean
curves of the radial volume fraction.

3) Materials in the evaporators can be divided into
three types: materials in the liquid film region, materials
in the exchange region, and materials in the liquid mass
region. It is one of the most important features of thin-
film evaporators that materials in the liquid film region
can increase the evaporation efficiency of the thin film.
The higher the average volume fraction of materials in
this region, the better the quality of the liquid film. The
materials in the exchange region can connect the liquid
film and the liquid mass inside the evaporators to
complete the material mixing exchange and renewal. The
larger the standard deviation of the material volume
fraction, the more intense the exchange of substances,
and the more continuous and efficient the evaporation of
the liquid film will be. The liquid mass region can gather
materials and provide raw materials for liquid mass and
liquid film material exchange.
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