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ABSTRACT

In order to improve stir uniformity in the filling process of fried pepper sauce, mixture of fried pepper sauce
in stirred tank is as research object to study its flow characteristics. First, extreme theory of energy
consumption is applied to analyze movement of solid-liquid two-phase flow in stirred tank. A mathematical
model of movement relation of the two-phase flow is established based on the analysis. The computer then is
used to numerical simulation analysis to obtain different sectional distribution of velocity field and density
field for double helical structure. The results show as follows: the middle section of flow field in double
helical structure has large average flow velocity, forms turbulence that has big intensity, wide range, and good
liquidity. So it has good mixing effect, and it can realize stir uniformity in a wild range; but the flow
characteristics significantly decrease in the corner of near wall field, and there are dead corner of stir. The
calculation results can provide data basis for automatic filling technology.
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1. INTRODUCTION

Fried pepper sauce is product that its raw material is
mainly composed of dry red pepper particles and rapeseed
oil. First, the raw material is fried in high temperature. After
it is cooled, the product is then acquired by automatic filling
process. During processing, pepper particles are immersed in
rapeseed oil and absorb rapeseed oil, which cause pepper
particles to sink in rapeseed oil and lead to non-uniform
filling in the filling process. This is bottleneck problem in the
processing of automatic filling [1].

The filling quality directly depends on mix uniformity of
fried pepper sauce in stirred tank. The mixture in stirred tank
mainly comprises pepper particles of solid phase and
rapeseed oil of liquid phase, so it belongs to solid-liquid two-
phase fluid. In order to improve stir uniformity of mixture in
stirred tank, the fluid characteristics of solid-liquid two-phase
will be studied. In the paper, base on movement analysis of
solid-liquid two-phase flow, the researches of fluid
characteristics of two-phase include distribution of velocity
field and density field in stirred tank of double helical
structure, which will provide theoretical data basis for
automatic filling technology.
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2. MOVEMENT ANALYSIS OF SOLID-LIQUID TWO-
PHASE FLOW

Fried pepper sauce is made by uniformly mixing pepper
particles with rapeseed oil, so it is regarded as solid-liquid
two-phase fluid. Its flow velocity distribution is a kind of
mixed fluid velocity distribution that is connected with
density and itself characteristics of pepper particle. At
present, on the impact of suspended particles on flow velocity
distributing, its functional relationship is establish between
parameters to reflect distribution uniformity of the flow
velocity and some factors such as fluid density, pepper
particle size, or Richardson number to reflect density
gradient, but they only obtain some obvious rule to some
extent [2-5]. Flow velocity distribution of solid-liquid two-
phase is a multivariate compound function. It is a problem of
turbulence flow that flow velocity distribution is not
necessarily same direction with density change of suspended
particles in a certain direction [6-8]. Therefore, extreme
theory of energy consumption is used to describe it in order
to find right combination relationship between these
variables.

2. 1 Extreme theory of energy consumption
For more phase fluid, when it flows under given initial and

boundary conditions in a separate system, the density,
velocity and pressure distribution are not only to satisfy




continuity equation and energy equation, but also always
automatic adjust at any time to make system energy
consumption rate to be an extreme value. This is basic
thought for extreme theory of energy consumption. When it is
described by mathematical form under certain condition, it is
an extreme problem of math [9, 10].

Mathematical extreme problem have extreme value
problem of known function and functional extreme value
problem of undetermined function. For functional extreme
value problem of undetermined function, it may be expressed
as integral form. When it is not expressed as integral form,
calculus of variations is used to solve the extreme problem
[11].

2. 2 Building mathematic model

The process of fried pepper sauce in stirred tank is a
complex flow of solid-liquid two-phase fluid [12, 13]. In
order to realize its numerical simulation, there are some
assumptions as follows:

1) Liquid phase (rapeseed oil) is incompressible fluid, and
solid phase (pepper particle) is continuous medium. Physical
properties of each phase are constant [14, 15].

2) Pepper particle is spherical, its size is uniform, and
Phase transition is not considered [16].

According to extreme theory of energy consumption, if
there are density distribution and velocity distribution of two-
phase, the actual energy consumption rate always reaches at
an extreme value. In two-dimensional steady uniform fluid,
when solid particles are fully suspended and balanced,
mathematical expression of the theory is [10]

J'OH 7,,U,, Jdy = extreme value 1)
where y,, = (r, —7)C+y, H is depth of rapeseed oil in stirred
tank; J is gradient; u,, is shorthand notation ofu,(y) , and
flow velocity distribution of mixture; C is shorthand notation
of C(y) , and is vertical distribution of density; r, is

volumetric number of particles; r is volumetric number of
liquid; r, is volumetric number of mixture. Equation (1)
reflects extreme value with density distribution (C) and flow
velocity distribution (u,, ). There are following constraints:
Density distribution (C) and flow velocity distribution (u,,)

satisfy continuous equation of suspended particles in the two-
phase flow:

dC

aC+K,—=0 (2)
dy
and energy equation:
rud=r du, d(u,z,) 3
dy dy

where K, =K?y )2, o is particle

m

e
dy ’ d

falling velocity in rapeseed oil; K, is exchange coefficient of
momentum; z,, is shearing force of solid-liquid mixture; K is
Carmen coefficient K=0.4 . C and u, is obtained by
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Equation (1) -(3) , which uses variation method to solve.
Equation (1) -(3) is converted by calculus of variation.

=, R

_J. [(l‘f'ﬂ)}/mu J-— ﬂym sz (dum)z

du
1 1 md
Uy, Oly)y

(4)

+AaC + AK? y —e —]dy extreme value

where fB,4 is Lagrangian multiplier, and may be any
constant. According to extreme condition of functional, the
following equation is obtained:

(snj{m/z) Jﬂys“(yd“
y ~dy
+/1a>——(iK2y —m)}5Cdy
4 {(1+ﬁ)7m3+ K y (d”m) —IK?y? OIC]}(m dy =0
(®)
Boundary conditions are
3 du,| U
um|y:H_umax d_y y=H — & ﬁ )
dC
C:|y:H_O d—y|y_H_
The boundary condition (6) into equation (5) is
U, 001K2U3 Ku*
0,2 =K Gy O30, /{(1—
g
d U3
——[K?y?(0.01K? B Pl 0
KV 001K 20y e Ty
37_mJ+ d [37m (dum)z K y
y dym yody’ g
_Ge-PK'Y 00K 303 dey ®
Ku.
(- w) gHw o dy

where u. is friction velocity; g is acceleration of gravity; U is

H
vertical mean velocity of mixture IO u,,dy =HU . Equation

(7) and (8) is function of density and flow velocity
distribution. Because they are nonlinear differential equation,
it is difficult to solution by analytical solution, and must use
numerical analysis method with computer.

3. MODEL OF NUMERICAL ANALYSIS
3. 1 Building simulation model
In our research, it uses cylindrical stirred tank and double

helix blade (see Figure 1).The main parameters of cylindrical
stirred tank are as follows: the total length is 1000 mm, the



total height is 525 mm, the bottom radius of circular tank is
250 mm, and the fluid height is 305 mm. The main
parameters of double helix blade are: the diameter of blade is
400 mm, the helix pitch is 600 mm, the number of blade is 3
pieces, and the distribution angle of helix blade is 180
degrees.

Figure 1. Stirred structure of double helix

Numerical calculation uses the Fluent platform [17]. In the
process of numerical calculation, fried pepper sauce is
simplified to solid-liquid two-phase flow. The density of
rapeseed oil of liquid phase is 930 kg/m3, and its viscosity is
0. 4 p. The density of pepper particle of solid phase is
1280930kg/m3, its average diameter is 10 mm, and the
volume number is 75 % [18-20].

The whole area is divided into liquid zone and solid zone.
The liquid zone is calculated by hexahedral grid, and the
solid zone uses tetrahedron grid [21, 22]. In order to ensure
the accuracy of calculation process, the grid is refined in
some important areas such as interface of liquid-solid (see
Figure 2) , and place near wall for fluid, so the total number
of grid is 214328.

Figure 2. Grid model in computer

3. 2 Boundary condition

The import is set velocity conditions to steady state,
homogeneous, certain speed along the axial. The export is set
flow conditions to free. The wall condition is set to no slip. A
standard wall function is used to the near wall area. The
interface between liquid and solid zone is set to rotate wall ,
which its speed is 5rad/s.

4. RESULT ANALYSIS
4. 1 Distribution of velocity field

1. Velocity field of shaft section
To study the velocity distribution of solid-liquid two-phase
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flow, different shaft sections of velocity field are adopted to
analyze comparatively, which are X=0 mm, X=50 mm, X=-50
mm , X=100 mm, X=-100 mm. Figure 3 shows velocity
distribution of five sections in stirred tank.

In the figure 3, there are obvious intersection areas of
radial and axial flow around blade in the stirred structure of
double helix blade. There is main radial flow away from the
blade area. There is obvious regional turbulence between
blades under the action of helix blade, which promotes fluid
mix degree between upper and lower layer. There is very poor
liquidity near wall area in stirred tank because its speed is low,
which cases a stir dead angle. Because flow field of blade is
main radial flow and there is smaller axial flow near blade
area, a large range of mixed flow is not formed, which causes
that liquidity is poor. In addition, the different intensity
turbulence area is formed in the center area of blade around
fluid field. With the stirring of fried pepper sauce, the
turbulence area is moving with helix style to promote fluid
mix in different area of stirred tank. The top liquid is free
surface, and it is easy to realize flow, so the average speed of
fluid on the top of tank is large than the bottom of tank. In the
bottom of tank, there are some influences of gravity and wall,
so the liquidity of fluid is inhibited to some extent.

[ms*1]

(d) X=100mm



(e) X=-100mm
Figure 3. The velocity vector diagram of different shaft
section (X) for the structure of double helix blade

2. Velocity field of longitudinal section

Two groups of different longitudinal section is selected to
analyze velocity field: Y=100 mm, Y=400 mm in the near
wall area; Y=200 mm, Y=300 mm in the blade area (see
Figure 4).

According to analysis result of figure 4, it is conclude that,
in the structure of double helix blade, the flow velocity of
upper region is large and it is easy to form flow loop area; the
flow velocity of bottom region is obviously lower than the
upper region, so turbulent area almost does not exist. In short,
the speed of upper region is large, and the speed of bottom
region has certain increase, but the overall distribution is
uniform. For the stirring shaft area, fluid speed is low, but the
speed is gradually increased with increase of the radial
distance, which form mixed flow with certain intensity. For
the near wall area, according to the distribution of fluid
velocity in figure 4, the average speed of bottom region is
larger. For the liquidity around the stirring shaft, it is best in
the near axial area, because the propelling helix blade
provides large axial flow speed to effectively promote
uniform mixing of the different regions. In addition, from
figure 4, it is also show that the flow velocity and turbulence
intensity of blade region is obviously larger than the near wall
area, so fluid field in the blade region has large speed and
obvious turbulence phenomenon, which promotes flow of
upper and bottom region.

In a word, for the fluid in the stirred tank of double helix
blade, the average flow velocity is large, and it is easy to form
turbulence that has strong intensity, wide range, and good
liquidity, but the flow characteristics is obvious decline in the
near wall area.
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Figure 4. The velocity vector diagram of different
longitudinal section () for the structure of double helix
blade

4. 2 Distribution of density field

In the stirring of fried pepper sauce, density distribution of
solid-liquid two-phase reflects uniformity degree of stirring,
which is very important to fluid characteristics. Density
distribution of solid-liquid two-phase is researched at X=0
mm and X=100 mm of shaft section, Y=50mm of longitudinal
section in the near wall area, and Y=250mm of longitudinal
section in the blade area (see Figure 5).

Figure 5 (a) and (b) show distribution of density field at



X=0 mm and X=100 mm of shaft section. From the figures,
density field in stirred tank has high density area and low
density area to some extent, but entire distribution of density
field is more uniform. Low density area at the top is small,
and high density area at corner of the bottom is large.
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Figure 5. The density distribution diagram of different
shaft section (X) and longitudinal section () for the structure
of double helix blade
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Figure 5 (c) shows density distribution in the near wall area.
It can be concluded that, in the mixing of solid-liquid two-
phase in stirred area, density distribution has uniform area to
some extent. Density distribution is uniform in middle area.
Low density area of the rapeseed oil is at the top.
Accumulation area of high density is more at the bottom,
which is likely to form a serious stirring dead corner.

Figure 5 (d) is density distribution in the stirring area. It is
obtained by analysis that the stirring uniformity in the stirring
area is more improvement than the near wall area, there are
not obvious high density area and low density area in the
density field of blade area, and the whole flow field tends to
the state of uniform mixing. Thus, for the structure of double
helix blade, the stirring uniformity in the middle of flow field
is very good, and can realize a wide range of homogenization,
but there is the stirring dead corner at the near wall area.

In a word, from the figure 5, the uniformity of density
distribution is very good in the middle of stirring area, high
and low density area is very less, and mixing performance is
the best.

5. CONCLUSION

In this paper, the movement of solid-liquid two-phase flow
is analyzed based on extreme theory of energy consumption.
Velocity field and density field distribution of solid-liquid
two-phase of fried pepper sauce in stirred tank of double
helix blade is obtain by the Fluent platform. To analyze the
computation result, there is following conclusion:

(1) From the above distribution diagram of velocity field,
with the stirring of helix blade, flow speed at the upper region
is large, and it is easy to form circulation area. Flow speed at
the bottom region is lower than the upper, and the upper
region almost has not turbulent area. In addition, flow speed
and turbulent intensity in the blade area is obvious higher
than the near wall area, and liquidity around the stirring shaft
is also large.

(2) In the middle of stirring area, uniformity of density
distribution in stirred tank of double helix blade is good,
distribution of aggregated area of high and low density is very
less, and mixing performance is the best.

In short, the paper obtains the flow velocity and density
distribution of different section based on building flow model
of mixture of fried pepper sauce in stirred tank, which
provides data basis for automatic filling technology. Because
the movement of solid-liquid two-phase is very complexity,
the research in the paper is performed under the condition of
certain basic assumptions. In the future, experimental method
is used to measure, because it is not only to provide boundary
conditions for numerical calculation, but also further verify
the result of computational results.
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