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Abstract: Direct ink writing provides a new method for
ceramic material forming. The single-screw extruder is
used here to extrude viscous SiC slurry. Because the flow
mechanism of ceramic slurry in the slurry direct writing
extrusion device is unclear, lattice Boltzmann method
(LBM) is used to analyze the flow process of ceramic slurry
in the extrusion device. In this study, three different types
of special-shaped, single-screw extruders (constant depth
variable pitch screw, variable depth constant pitch screw, and
variable depth variable pitch screw) are investigated to explore
the effects of the shapes on the flow process. Compared with
the traditional single-screw extruder, more attention should be
paid to the difference in the flow channel. The non-Newtonian
rheological model of SiC slurry is built, then the LBM for the
non-Newtonian slurry is introduced and used to conduct the
simulations based on the aforementioned three different cases.
The results show that the effect of constant depth and variable
pitch screw on the flow of ceramic slurry is the least and the
flow of ceramic slurry in variable depth and variable pitch
screw is the most complex.

Keywords: 3D printing, LBM, ceramic slurry, flow analysis,
special-shaped screw

Nomenclature

DⅡ the second variable of the strain rate tensor
ea discrete speed of the D2Q9 model

f
a
eq equilibrium distribution function

r position vector
Sαβ strain rate tensor
u velocity vector
wa weight factor
ρ density
τ relaxation time
μ dynamic viscosity
δr space displacement
δt time displacement
ω collision frequency

1 Introduction

Ceramic materials have many advantages, such as high
melting point, high hardness, good wear resistance, and
chemical stability, which have been widely used in aero-
space, electronic manufacturing, biomedical, and other
fields [1,2]. There are many processing methods for molding
ceramic parts. Injection molding is the most traditional pro-
cessing method. When it is used to process a workpiece with
complex geometry, the complex process and long processing
cycle are required and the molding will fail [3]. As a new
technology of intelligent manufacturing, additive manufac-
turing (AM) provides a new way of processing the ceramic
parts [4–8]. Direct ink writing (DIW) is an extrusion method
of AM, which has been one of the mainstream processes for
molding ceramic materials by AM technologies in recent
years. It can realize complex ceramic parts with complex
geometries [9–15].

Generally speaking, DIW requires good material fluidity,
but the viscosity of the ceramic slurry is relatively high, and
traditional equipment (needle-cylinder device) cannot effec-
tively transport it. Therefore, a single-screw extruder is used
here to improve transportation performance [16]. The depth
and pitch screw are the main structural parameters. To
understand the effect of two parameters on the ceramic
flow, three different types of special-shaped, single-screw
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extruders (constant depth variable pitch screw, variable
depth constant pitch screw, and variable depth variable pitch
screw) [17–19] are analyzed, respectively [20].

To conduct the flow analysis, many common methods
can be adopted, such as experiments and numerical simu-
lation. For the experiment method, a sensor is used to
install on the extruder. It is difficult to find an appropriate
sensor with good wet-skid corrosion and impact resistance.
Therefore, the experimental method is not recommended
here. Numerical simulation has become a more suitable
alternative method. When the problems of fluid mechanics
cannot be solved by existing theories, the finite element
method and the finite difference method have helped solve
a lot of practical problems. Lattice Boltzmann method
(LBM) is a fluid calculation and modeling method different
from traditional numerical methods, which is a simple
algorithm, easy programming, has high parallelism, and
can handle complex boundary conditions. Therefore, the
LBM based on MATLAB programming is used here to ana-
lyze the ceramic slurry flow. LBM can process not only the
simple flow but also the complex situation, such as the
complex rheological behavior. David et al. [21] made an
impedance model of human arterial blood flow using
MATLAB. Ponalagusamy and Manchi [22] conducted a
flow analysis of non-Newtonian fluid in arteries with
mild stenosis. Siddiqa et al. [23] analyzed the power-law
flow in a narrow tube by LBM. Bouzit et al. [24] studied the
rheological characteristics and curvature radius effect of
non-Newtonian fluid flow in a curved square pipe. Bisht
and Patil [25] evaluated the applicability of the MRT LBM
for ordinary non-Newtonian fluids and conducted the rele-
vant case validation. Khabazi et al. [26] used MRT LBM to
simulate and analyze the Bingham fluid inside a two-
dimensional channel and considered several factors that
could affect the flow. Based on the aforementioned cases,
LBM can also be used to analyze non-Newtonian ceramic
flow in the single-screw extruder.

The main objective of this study is to analyze the dif-
ferences in flow during slurry transportation between
three types of special-shaped single screws and traditional
single-screw extruders. A LBM suitable for non-Newtonian
fluids such as ceramic slurry is proposed and used for
simulation analysis. Finally, the simulation results of the
three were compared for analysis and discussion.

This article is organized as follows. In Section 2, the
rheological model is built by testing the rheological beha-
vior of ceramic slurry. In Section 3, the LBM for non-New-
tonian ceramic slurry flow is proposed. In Section 4, the
numerical results are obtained by analyzing the flow in
three different types of profiled single-screw extruders.
Finally, the simulation results are discussed and concluded.

2 Rheological behaviors

2.1 Preparation of ceramic slurry

Rawmaterials contained an average particle size of 0.5 μm,
60wt% SiC powders, 20wt% carbon powder with an average
particle size of 250 nm, 5 wt% polyvinyl alcohol, and 20wt%
water. First, polyvinyl alcohol and water were mixed to pre-
pare the adhesive solution. Then, the ceramic powder and
carbon powder were added into the adhesive solution and
centrifuged at 1,000 rpm for 3minutes to completely dissolve
them. Finally, the ceramic slurry with a solid content of 80%
was obtained for subsequent experiments [27–29].

2.2 Rheological test and result

Based on the rheological test result, the Williamson model
and the Sisko model are considered the most possible
models for the slurry. In Figure 1, the comparison is

Figure 1: Nonlinear fitting results.
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made between the Williamson model, the Sisko model, and
the actual measured data.

It can be found that the fitting curve coincidence
between the Williamson model [30] and the measured
data is higher than that of the Sisko model [31]. Table 1
shows the specific equations and parameters of the Wil-
liamson model and the Sisko model. The R-square can
indicate the quality of the fitting result. The closer it is to
1, the better the fitting result is. Therefore, the Williamson
model is more suitable for the following simulation.

3 LBM for non-newtonian SiC
slurry flow

A complete lattice Boltzmann model generally consists of
three parts: discrete velocity model, equilibrium distribution
function, and evolution equation of distribution function.

The discrete speed of the D2Q9 model [32,33] can be
expressed as:
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where =c δ δ/x t, δxis the grid step size and δt is the time
step size, both of them are always taken as 1, so c = 1.
Generally, the step sizes in the x- and y-directions of the
grid are both taken as 1, so c = 1.

Under the condition of a stationary boundary, a stan-
dard reflection form was adopted. When the boundary
velocity has been determined, Zou and He [34] proposed
a new non-equilibrium-state reflection form as a new
boundary treatment method, which does not require the
boundary to be determined as a solid boundary.

The evolution equation of the discrete distribution
function in the D2Q9 model is as follows:

+ + − = − −r r r f rf δr t δt f t ω f t t, , , , ,
aa a a
eq( ) ( ) [ ( ) ( )] (2)

where ω is the collision frequency, f
a
eq is the equilibrium

distribution function, r is the position vector, t is the time,
δr is referred to as the space displacement, and δt is
referred to as the time displacement.

The formula for the relaxation parameter ω is as
follows:
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where τ is the relaxation time, μ is the dynamic viscosity,
and ρ is the density.

For D2Q9 model, the sound velocity of the lattice
= ec / 3as , we can know from Eq. (1) that =c 1/3s

2 .
In the D2Q9 model, the equilibrium distribution func-
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=
⎡
⎣⎢

+
⋅

+
⋅

−
⎤
⎦⎥

f w

e u e u u

ρ
c c c

1
2 2

,
a

a

a aeq

s

2

2

s

4

2

s

2

( ) (4)

where wa is the weight factor, u is the velocity vector, and
the value of the weight factor is described in detail as w0 =

4/9, w1 = w2 = w3 = w4 = 1/9, and w5 = w6 = w7 = w8 = 1/36.
When =c 1/3s

2 is known, Eq. (4) can be simplified as:

= ⎡
⎣ + ⋅ + ⋅ − ⎤

⎦f w e u e u uρ 1 3
9

2

3

2
.

a
a a a

eq 2 2( ) (5)

To recover the macro equation, the equilibrium distri-
bution function needs to satisfy the following equations:
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For the non-Newtonian fluid, its shear rate changes with
viscosity, and its relaxation time also changes. Therefore, the
strain rate tensor shall be derived as:
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The second variable of the strain rate tensor can be
calculated by the following equation:
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The shear rate is derived from the following equation:

=γ Ḋ 2 .II (10)

The rheological equation of the Williamson model is
expressed as:

Table 1: Fitting results of different flow models

Model Equation R-square Adjusted
R-square

Williamson = +μ γ1405.05/ 1 59.58 ̇ 1.303[ ( ) ] 0.999 0.9989

Sisko = +μ γ‒6,568 7,377 ̇ ‒0.12145 0.9125 0.9060
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Based on Eqs. (10) and (11), the dynamic viscosity can
be obtained, and then, the next iteration can be conducted.

MATLAB software is used here for numerical simula-
tion, and the specific steps are as follows:
1. Units shall be converted according to the Reynolds number.

Then, the specific physical quantities are transformed into
dimensionless numbers for numerical simulation. Define
the initial calculation parameters, such as lattice number,
entrance velocity, initial relaxation parameter, and initial
density.

2. Set the initial distribution function and the equilibrium
distribution function. Initially, the distribution function
is the same as the equilibrium distribution function, and
its expression is shown in Eq. (5).

3. Due to the simulation of the special-shaped, single-screw
extruder, the flow channel should be designed according
to different types of screws.

4. In each step, the calculation using lattice Boltzmann
requires two parts, namely, the collision process and
the migration process. The LBGK approximate equation
is selected for the design program, so the collision equa-
tion is as follows:

+ = − − ff r t δt f r t ω f r t r t, , , , .
aa a a
eq( ) ( ) [ ( ) ( )] (12)

The migration equation is as follows:

+ + =f r δr t δt f r t, , .a a( ) ( ) (13)

5. According to Eq. (11), the dynamic viscosity of the
ceramic slurry is constantly changing because it belongs
to non-Newtonian fluids, and new viscosity and relaxa-
tion parameters need to be calculated for the next
iteration.

6. Conduct non-equilibrium bound boundary treatment.
7. Generate a mobile cloud image through the function of

the image.

4 Effect of different-shaped single
screw on ceramic slurry flow

In the current work, three types of special-shaped single
screws have been considered: constant depth variable
pitch screw, variable depth constant pitch screw, and vari-
able depth variable pitch screw. The aim is to find the
effect of two parameters (depth and pitch screw) on the
ceramic flow in DIW technology.

4.1 Constant depth variable pitch screw

When a constant depth variable pitch screw is used, it is
not necessary to consider the depth change compared with
the traditional screw extruder. The flow channel of the
screw can be considered an isosceles trapezoid on the
x–z-section. The structure and the flow channel are shown
in Figures 2 and 3. The width of the channel inlet is 10 mm,
and the x–y-section at z = 5 mm is taken for analysis, while
the y–z-section at x = 50 mm is taken for analysis. The flow
in both the x–y- and y–z-sections is analyzed with a con-
stant. In the simulation, the involved parameters are set as
follows. The grid point is set to 200 × 50. When the differ-
ence in the velocities of two adjacent iterations is smaller
than 10−6, the simulation is finished. The same conditions
are adopted in the following situations.

When simulating the flow in the x–y-section, the inlet
velocity is represented by a parabola, with a maximum
value of 0.5m/s and a minimum value of 0m/s, the entrance
speed here is set based on the actual situation, and the same
conditions are adopted in the following situations. The cloud
diagram is shown in Figure 4(a); the orange represents the
high-velocity area, and the blue corresponds to the low-velo-
city area. As shown in Figure 4(b) and (c), the velocity ux
in the x-direction shows a trend of first increasing and then

Figure 2: Engineering drawing of constant depth variable pitch screw.

Figure 3: Flow channel of constant depth variable pitch screw.
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Figure 4: Simulation results of constant depth variable pitch screw in the x–y-direction: (a) velocity distribution diagram of a constant depth variable
pitch screw, (b) velocity distribution of ux in the x-direction, (c) velocity distribution of ux in the y-direction, (d) velocity distribution of uy in the x-
direction, and (e) velocity distribution of uy in the y-direction.
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slowly decreasing, the reason for the appearance of this pat-
tern is probably due to the gradually expanding opening of the
flow channel, but due to the small initial diameter, it has an
impact on the flow. While the velocity curve in the y-direction
shows a parabolic shape with an opening downward. As
shown in Figure 4(d) and (e), the velocity uy in the x-direction
shows a trend of first increasing, then decreasing, and finally

slowly increasing. The velocity uy in the y-direction first
decreases and then increases, remaining unchanged at a velo-
city of 0 and finally showing an upward trend.

When the flow in the y–z-section is investigated, the
inlet velocity is represented by a parabola, with a max-
imum value of 0.2 m/s and a minimum value of 0 m/s.
The value of the inlet velocity here is selected based on

Figure 4: (Continued)

6  Xu Deng et al.



Figure 5: Simulation results of constant depth variable pitch screw in the y–z-direction: (a) velocity distribution diagram of a constant depth variable
pitch screw, (b) velocity distribution of ux in the x-direction, (c) velocity distribution of ux in the y-direction, (d) velocity distribution of uy in the
x-direction, and (e) velocity distribution of uy in the y-direction.
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Figure 5: (Continued)

Figure 6: Engineering drawing of variable depth constant pitch screw. Figure 7: Flow channel of variable depth constant pitch screw.
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Figure 8: Simulation results of variable depth constant pitch screw in the x–y-direction: (a) velocity program of variable depth constant pitch screw, (b)
velocity distribution of ux in the x-direction, (c) velocity distribution of ux in the y-direction, (d) velocity distribution of uy in the x-direction, and (e)
velocity distribution of uy in the y-direction.
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the simulation results in the x–y-section. The cloud diagram is
shown in Figure 5(a). The velocity ux in the x-direction shown
in Figure 5(b) presents a similar “N”-shaped change trend, i.e., it
first linearly decreases, then suddenly rises, and finally linearly
decreases. The graph exhibits identical trends in the two inter-
vals x = 0–100mm and x = 100–200mm, as shown in Figure
5(c). It is speculated that the reason for this situation may be
due to the overall symmetry of the flow channel. The velocity

change trend in the y-direction presents a parabolic shapewith
an opening downward. As shown in Figure 5(d) and (e), the
velocity uy in the x-direction and the upper half of the flow
channel first decreases, then rises and decreases, and finally
rises; the variation pattern of the graphics here is the same as
that of ux. The overall velocity in the y-direction shows a
trend of first decreasing, then rising, and finally decreasing.
The graph is symmetric about the point (y = 25mm, uy = 0).

Figure 8: (Continued)
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Figure 9: Simulation results of variable depth constant pitch screw in the y–z-direction: (a) velocity program of variable depth constant pitch screw, (b)
velocity distribution of ux in the x-direction, (c) velocity distribution of ux in the y-direction, (d) velocity distribution of uy in the x-direction, and (e)
velocity distribution of uy in the y-direction.
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In summary, due to the relatively regular shape of the
expanded flow channel of the constant depth variable
pitch screw, the impact on the flow of ceramic slurry is
not significant and generally presents a form similar to
Poiseuille flow.

4.2 Variable depth constant pitch screw

When using a variable depth constant pitch screw, it is not
necessary to consider changes in pitch. The structure and
the flow channel are shown in Figures 6 and 7. The flow

Figure 9: (Continued)
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channel of the screw is rectangular in the x–z-section.
Similar to the constant depth variable pitch screw, the
flow in two different cross sections will be analyzed to
understand the flow mechanism.

When analyzing the flow in the x–y-section with the
variable depth constant pitch screw, the inlet velocity
is represented as the same as the case in Section 4.1. The
cloud diagram is shown in Figure 8(a). It is found that the
irregularity of the flow channel has a significant impact on
the flow of ceramic paste. As shown in Figure 8(b) and (c),
when ux in the x-direction is involved, the velocity curve
shows a trend of first rising and then falling, but in the
final part, it only shows an upward trend. The overall
velocity change trend in the y-direction is similar to a para-
bola with an opening downward. As shown in Figure 8(d),
uy in the x-direction tends to decrease first and then
increase before y = 40 mm and finally tends to stabilize.
However, after y = 40mm, a maximum value will be gen-
erated and then quickly recovers to around 0. In the
y-direction, it will first rise, then remain at 0, and then
a peak will appear. As can be seen from Figure 8(e),
the position of the peak will be delayed as the distance
increases.

When analyzing the flow in the y–z-section with the
variable depth constant pitch screw, the inlet velocity is
represented by a parabola, with a maximum velocity of
1.5 m/s and a minimum velocity of 0 m/s. The value of the
inlet velocity here is also selected based on the simulation
results in the x–y-section. The cloud diagram is shown in
Figure 9(a). The velocity component ux in the x-direction
shown in Figure 9(b) presents a trend of first decreasing,
then rapidly rising, and finally decreasing, and ux in the
y-direction shown in Figure 9(c) presents a parabolic shape
with an opening downward. As shown in Figure 9(d), uy in
the x-direction is divided into two parts. In the first half of
the flow channel, the change presents a trend of first
falling and then rising, then falling, and then rising again.
Then, repeat the previous change pattern at x = 100mm. In
the y-direction shown in Figure 9(e), it first decreases and

then rises, then fluctuates up and down at 0, and then an
opposite change occurred after y = 25 mm compared to
before.

Compared with the constant depth variable pitch screw,
the flow channel of the variable depth constant pitch screw
has a greater impact on the flow of ceramic slurry. This is
due to the adverse effect of the internal shape of the flow
channel of this screw on the flow. In summary, the flow path
of the variable depth constant pitch screw has a certain
impact on the flow of ceramic slurry. The slope of the lower
surface of the flow channel has some adverse effects on the
flow of slurry.

4.3 Variable depth variable pitch screw

When using a variable depth variable pitch screw, both the
depth and pitch are changing, which is more complex than
in the aforementioned situation. The structure and the
flow channel are shown in Figures 10 and 11. The flow
channel of the screw is an isosceles trapezoid in the x–z-
section, similar to the constant depth variable pitch screw.
Similar to the first two types of screws, the flow channel
should be divided into x–y- and y–z-sections.

When analyzing the flow in the x–y-section of the vari-
able depth variable pitch screw, the inlet velocity is set as
the same in the aforementioned two cases. The cloud dia-
gram is shown in Figure 12(a). From this figure, it can be
seen that the high-velocity area is significantly compressed.
As can be seen from Figure 12(b)–(e), the variation trend of
ux and uy is similar to and slightly different from the x–y-
section of the variable depth constant pitch screw, so the
variation rule of its velocity curve will not be described in
more detail.

When analyzing the flow in the y–z-section with the
variable depth variable pitch screw flow channel, the inlet
velocity is represented by a parabola, with a maximum
velocity of 0.2 m/s and a minimum velocity of 0 m/s. The

Figure 10: Engineering drawing of variable depth variable pitch screw. Figure 11: Flow channel of variable depth variable pitch screw.
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Figure 12: Simulation results of variable depth variable pitch screw in the x–y-direction: (a) velocity program of variable depth variable pitch screw, (b)
velocity distribution of ux in the x-direction, (c) velocity distribution of ux in the y-direction, (d) velocity distribution of uy in the x-direction, and (e)
velocity distribution of uy in the y-direction.
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value of the inlet velocity here is determined based on the
aforementioned simulation results. The cloud diagram is
shown in Figure 13(a). From this figure, it can be seen
that the flow channel in this case has a slight impact on
the flow of ceramic slurry, and it is not significant for the
compression of the notification area. As can be seen from
Figure 13(b)–(e), the variation trends of ux and uy are

similar to and slightly different from the y–z-section of
the constant depth variable pitch screw, so we will not
expand on them in detail here.

Compared with the two types of screws mentioned
earlier, the variable depth variable pitch screw has a sig-
nificant impact on the flow of ceramic slurry. This is
because the internal structure of the flow channel of the

Figure 12: (Continued)
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Figure 13: Simulation results of variable depth variable pitch screw in y–z-direction: (a) velocity program of variable depth variable pitch screw, (b)
velocity distribution of ux in the x-direction, (c) velocity distribution of ux in the y-direction, (d) velocity distribution of uy in the x-direction, and (e)
velocity distribution of uy in the y-direction.
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Figure 13: (Continued)
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variable depth variable pitch screw is much more complex
than the first two, and the adverse effects on the flow are
also significant. In summary, the influence of the flow
channel of the variable depth variable pitch screw on the
ceramic paste is the most significant among the three types
of screws.

5 Discussion

This article studies the simulation analysis of ceramic
slurry flow after three types of special-shaped screw flow
channels are, respectively, expanded in the x–y-section
and y–z-section.

First, the flow analysis results on the x–y section of
three cases are compared. According to Figures 4, 8, and
12, we can see from its cloud map that the high-velocity
area of the variable depth variable pitch screw flow channel
accounts for the smallest proportion. In other words, this
flow channel has the most significant impact on slurry flow.
However, the impact of the other two screw flow channels
on slurry flow is not significantly different.

Next, we will compare and discuss the simulation
results of the y–z-section. According to Figures 5, 9, and
13, We can see that in this case, the high-velocity area of
the variable depth constant pitch screw channel is the
smallest, which means that this screw has the most signifi-
cant impact on the slurry flow on the y–z-section. Then,
take a look at the constant depth variable pitch screw,
whose speed changes are the most regular and traceable.
The speed change of the variable depth variable pitch
screw is similar to the former.

6 Conclusion

As an AM technology, slurry DIW provides an innovative
and effective method for ceramic material forming.
To promote the transportation of slurry, a single-screw
extruder is selected. The flow channel will change corre-
spondingly when the profiled single-screw extruder is
used, which will affect the normal flow and the outlet
velocity distribution. In this study, three kinds of profiled
single-screw extruders were taken as examples to reveal
the basic mechanism of the flow channel obstacles in the
profiled single-screw extruders. The LBM is an effective
mesoscopic flow analysis method. To improve the stabi-
lity of non-Newtonian slurry, an LBM for non-Newtonian
fluid is proposed.

Based on the obtained velocity program and the speed
distribution diagram on the x–y/y–z-section, the following

conclusions can be summarized, which help select a sui-
table profiled single-screw extruder.

Combining the flow analysis diagrams of three types of
screws, it can be seen that the influence of variable depth
variable pitch screw on the flow of ceramic slurry is rela-
tively complex, with more changes in the flow direction.
The influence of constant depth variable pitch screw on the
flow of ceramic slurry is relatively small, and overall, it
shows a trend of Poisson flow.

In summary, to ensure the stability of the slurry trans-
portation process, variable depth variable pitch screws
should be avoided as much as possible for the transporta-
tion of ceramic slurry.

This article overlooks the occurrence of obstacles in
the flow channel. In future work, further research will be
conducted on the impact of obstacles generated in the flow
channel on the flow of ceramic slurry.
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