DE GRUYTER

Open Physics 2022; 20: 87-93

Research Article

Jie Zhang*, Hai Gu, Jianhua Sun, Bin Li, Jie Jiang, and Weiwei Wu

Effect of geometry error on the non-Newtonian
flow in the ceramic microchannel molded by SLA

https://doi.org/10.1515/phys-2022-0004
received December 21, 2021; accepted January 10, 2022

Abstract: The ceramic microchannel manufactured by
stereolithography (SLA) can be used in many engineering
cases. SLA is an accurate 3D printing technology, while
the small geometry error is inevitable. The involved flow
is always non-Newtonian fluids. Therefore, it is necessary
to analyze Bingham fluids flow in the ceramic micro-
channel with geometry errors. To conduct the numerical
simulations, a modified lattice Boltzmann (LB) model is
presented. Then, the good consistency between the the-
oretical and numerical solutions demonstrates the effec-
tiveness of the improved method. The required cases are
analyzed by using the proposed method. Both the stream-
lines and outlet velocity distribution show that the geo-
metry error increases the outlet velocity. The Bingham para-
meters are important factors in the flow of the microchannel.
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1 Introduction

Stereolithography (SLA), as a type of high-precision 3D
printing technology, has been widely used to mold various
parts [1-3]. The commonly used material is photosensi-
tive resin. In recent years, to broaden the application,
some experiments have been done to develop new suitable
materials. The photosensitive resin is always selected as
the basic material and other materials (such as polyimide,
ceramics) are mixed with it. The ultraviolet solidifies
the resin and then the other materials are wrapped by
the solidified resin [4-6]. In this way, the parts can be
manufactured easily. If the content of the resin is small,
additional post-processing is not required; otherwise, a
degreasing process is necessary. When the ceramic mate-
rials are applied to SLA, the high solid content of the
ceramic powders is essential and the resin is also required
to improve the flowability [7,8], therefore, the degrease is
included in the processes to increase the content of the
ceramics and decrease the resin.

The ceramics have the advantages of perfect stability,
high strength, and hardness, and have been widely applied
to many engineering areas. However, it is difficult to mold
into parts by using conventional CNC manufacturing. SLA
provides a new way for the molding process. Based on the
high precision, SLA can be used to print the ceramic micro-
channel [9]. However, when 3D printing is compared with
traditional machining technologies, such as CNC machining,
the main disadvantages are the poorer accuracy and
mechanical performances. Particularly, poor accuracy is
more obvious for printing micro parts. The layer thickness
results in the inevitable stair-stepping effect. The dimension
shrinkage always occurs in the phase transition. The nozzle
dimension, laser power, extrusion speed, and scanning
speed have been confirmed to affect the printing perfor-
mances. The lack of accuracy may affect applications such
as the fluids flow and heat transfer in the microchannel.

In the present work, the non-Newtonian flow in the
ceramic microchannel manufactured by SLA is investi-
gated and the effect of the geometry error is considered
in detail. To realize the abovementioned analysis, the
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numerical simulation is adopted here. Fluent, as a common
commercial computational fluids dynamic analysis software,
has been widely used to solve the fluids flow [10-12]. However,
secondary development is always required in compli-
cated cases, which increases the difficulty in the solving
process. Lattice Boltzmann method (LBM) is a program
method which has a clear and convenient physical com-
putational process, and can be used to solve many complex
fluid dynamics cases [13,14]. Based on the advantage, it
is used to solve the micro non-Newtonian flow mentioned
above. Chen and Shu proposed a simplified LB model
for power-law fluids flow, which adopts the corrector
predicting scheme [15]. Li and Tian presented a hybrid
immersed boundary LB model and finite differential
method to analyze the non-Newtonian fluids [16]. Weiwei
et al. proposed a universal improved model for common
non-Newtonian fluids flow based on the multiple-relaxa-
tion-time (MRT) LBM [17]. Rezaie and Norouzi conducted
the numerical investigation of magnet hydrodynamics
non-Newtonian fluids flow over a circular cylinder by using
LBM [18]. Li et al. proposed an axisymmetric LB model for
power-law fluids flow, and the effectiveness is also demon-
strated [19]. Kefayati proposed an immersed boundary LBM
to solve the thermal and thermos-solutal case, which can be
efficiently applied to both Newtonian and non-Newtonian
fluids flow [20]. Adam and Premnath numerically investi-
gated non-Newtonian fluids flow by proposing a cascaded
central moment LBM [21]. Chiappini proposed a LB free sur-
face model to simulate the injection molding process for
non-Newtonian fluids [22]. Wang et al. employed a diffu-
sive interface LB model with a lattice advection-diffusion
scheme to analyze the viscoelastic non-Newtonian drop
flow [23]. In most of the above cases, the LBM is modified
with some models, which is mainly caused by the changeable
located relaxation parameters [24]. The modified LBM can
improve the stability in solving the non-Newtonian fluids flow.

The work is organized as follows. In Section 2, an
improved LB model for Bingham fluids is proposed and the
effectiveness is validated. In Section 3, the geometrical model
of the microchannel is introduced, the geometry error is
described, and then the required simulations are conducted.
In Section 4, the discussion and conclusion are given.

2 Numerical simulation method

2.1 Improved LB model for Bingham fluids

In this section, the flow analysis method is introduced
and validated. As mentioned above, LBM has been used
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in many engineering cases. To improve the stability and
accuracy of the numerical method, LBM is modified
based on the standard LB model containing an external
force. The standard expression is shown as follows [25]:

f(r+ebt, t+6t)—f(r,t)

1
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where r denotes the displacement vector, T denotes the
relaxation time, 6t is the time step, which is equal to 1. ¢;
denotes the discrete velocity, which is expressed as:
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where c is the lattice speed, which is defined by ¢ = 6x/6t,
6x is the lattice step, which is always set to 1, thus, c is
equal to 1. f and f°? denote the general and equilibrium
distribution functions, respectively, where f Y is expressed
as follows:

(e 'Zu) . (e-u? uw?
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where c; is the lattice sound speed, which is described as
c32 = ¢?/3, u denotes the velocity vector, w; denotes the
weight coefficient, which is given by wq = 4/9 for i = 0,
w; = 1/9 for i = 1-4 and w; = 1/36 for i = 5-8.
The strain rate tensor S,g for the power-law fluid can
be calculated as:
N ) @)
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where p denotes the numerical density.
Then, the second invariant of strain rate tensor Dy
can be calculated as:

Sup

1
Dy= ) SupSap. ®)

a,f=1

The shearing rate can be further obtained according
to the following expression.

y = J2Dy. (6)
There is the following description based on the iso-
tropic constraint condition.
0 1
Zfieqeiaeiﬁ = PuUqlp + Paaﬁ = PuUqlp + Ep‘sa s (7)
i=1

where 6,4 denotes the Kronecker delta.
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The general distribution function and momentum flux
tensor can be expanded based on the Champ-Enskog expan-
sion rule. The specific equations are expressed as follows:

fi = [0+ ef 0 + €2, Mg =~ TG + T (8)

af?

where [] o and Hf,%) stand for the equilibrium and non-
equilibrium momentum flux tensors, respectively. They
can be obtained by solving the first moment of the velocity.
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Substituting equation (9) in equation (8), the specific
expression for the momentum flux tensor can be obtained
as follows:

)

I1=

ap

—Pbyp + pugiip + 214, Sap, (10)

where u, denotes the dynamic viscosity for the Bingham
fluids, which is described by the standard form as
follows:

W [1 - exp(-mly]],
where p,,0 is the viscosity coefficient and m is a stress-
related factor, which is set to 400 here. Bingham fluids
are similar to Newtonian fluids, the biggest difference is
that Bingham fluids exhibit the yielding behavior, only
when the yielding stress is larger than the initial yielding
stress, the effective flow occurs. Therefore, the rheolo-
gical equation is always truncated and equation (11) is a
modified equation for convenient calculation. The relaxa-
tion time T can be calculated by the following:

Hp 1

" pétc? Y (12)

Hp = 10 + (11)

If the fluids discussed here is assumed to be incom-
pressible fluids, then the general momentum flux tensor
can also be described as follows:

H = PuUgUp — Opg.

1
s (13)
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The stressor tensor can be further calculated based
on equations (10) and (13).

Oap = —Pbag + 214, Sap

14
+ Zybo{l + a4

[1 - exp(-m[y])] - 1}Saﬁ-

b0| |

Considering the N-S equation at the incompressible
limit, the following equation can be obtained based on
the Chapman-Enskog expansion.

PO(up) + (PUL)Oqup = —0pP + 20,,04Sap

+ 2}1b0{1 + | |
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Therefore, the description of F can be obtained as follows:
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For the general LB model with the external force, the
relative item is expressed as follows:

F—wl(l—g) u+(ei~u).
T c2 c

Substituting equation (16) in equation (17), the mod-
ified equation used to describe the non-Newtonian effect
for power-law fluids can be expressed as follows:

6t\le—-u (e-u
A )[— ' —]

X {1 + 1 - exp(-mly])] - 1}6aSaﬁ.

2.2 Validation

el]F. (17)
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When the effectiveness of a numerical simulation method
is required to be validated, the known cases in the litera-
ture and the theoretical solutions of certain cases can be
used for comparison. Poiseuille flow is a classical fluids
flow case, which owns the theoretical solutions for most
of the generalized Newtonian fluids. For Bingham fluids,
the solution is expressed as follows:
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where H is the distance between two plates, y denotes the
distance between a certain point and the middle position,
O0P/dx is the pressure gradient, y,, is the critical value
because of the initial yielding stress, which is calculated
as:

Tho

Yor = —m-

(20)

In the simulation and the theoretical calculation, the
relevant parameters are set as follows. H is equal to
1, OP/dx is set to -2 x 1074, Upo is 0.01, lattice nodes
are 150 x 150, and the initial yielding stresses are set to
4% 107%,5x107°, and 6 x 107°. The comparisons between
the theoretical and numerical solutions are figured in
Figure 1. The result shows that the numerical solution
of each case is well consistent with the theoretical solu-
tion, which demonstrates that the proposed numerical
method is effective.

3 Bingham fluids flow in the
ceramic microchannel
manufactured by SLA

3.1 The ceramic microchannel

It is assumed that the condition of the manufactured

ceramic microchannel is shown in Figure 2(a). In the

printing process, many factors may cause the geometrical
error and the randomly distributed rectangles are used to

describe the possible errors (Figure 2[b]). The different
dimensions of the rectangles are considered for various
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Figure 2: Designed microchannel: (a) without geometry error and
(b) with geometry error.

Bingham parameters to analyze the flow. The fluids flow
from the left to the right.

3.2 Numerical simulations

To explore the effects of the geometry error and Bingham
parameters on the flow, six cases are conducted for the
analysis. The lattice nodes are set to 360 x 360 and the
inlet velocity is set as a parabola form, whose maximum
value is 1 m/s. When the printed microchannel is accurate
enough, the simulated model is set as case 1, which is
shown in Figure 2(a). The Bingham parameters are set as
follows. The viscosity coefficient o is 0.005 and the
initial yielding stress 7,0 is 4 x 107° Pa. The streamlines
are shown in Figure 3(a). The red color represents the
high-velocity area and the blue color corresponds to
the low-velocity area. The active flow mainly involves
the flow channels and the high-velocity flow concentrates
in the middle positions. Once the fluids flow out from the
baffles, the flow rapidly expands into a bell mouth form.

V' numerical solution for 10=4x10-5

O  numerical solution for 10=5%10-5

O numerical solution for t0=6x10-5

theoretical solution for 10=4x10-5
— ~ theoretical solution for 10=5x10-5
""" theoretical solution for t10=6x10-5

Figure 1: Validation by theoretical solutions of Poiseuille flow.
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In cases 2—-4, the geometry errors of the microchannel
are considered as 0.1, 0.2, and 0.4 mm, respectively, and
the errors are described as random rectangles, whose
positions are kept unchanged. The simulated results are
shown in Figure 3(b)—(d). A similar phenomenon is that
when the flow encounters the rectangle, a slight deforma-
tion occurs. The obvious deflection of the flow appears in
Figure 3(d) while the error is large enough. Therefore, the
geometry error must affect the flow. In case 5, the visc-
osity coefficient is increased to 0.1, and the other para-
meters are the same as that of case 3. The streamlines
show that the dark red area is smaller than that in case
3. The initial yielding stress is increased to 5 x 107 Pa in
case 6 and the other parameters are the same as that of
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case 3. The result shows that the high-velocity area is
much smaller than that in case 3. Both cases 5 and 6
illustrate that Bingham parameters also have significant
effects on the flow.

In addition, the outlet velocities of six cases are given
in Figure 4 for comparison. The outlet velocity of each
case has severely increased. The outlet velocity exhibits
the oscillation form. The minimum velocity occurs near
the boundary, which is negative. From the horizontal
position, the peak area corresponds to the channel posi-
tion, while the valley area corresponds to the baffle posi-
tion. The curve of case 4 is different from others, which
further validates that the increase in the error may affect
the outflow. According to the velocity distribution, the

()

Figure 3: Streamlines of six cases: (a) streamlines of case 1, (b) streamlines of case 2, (c) streamlines of case 3, (d) streamlines of case 4, (e)
streamlines of case 5, and (f) streamlines of case 6; case 1: without geometry error, the viscosity coefficient is 0.01 and the initial yielding
stress is 4 x 107 Pa; case 2: with geometry error of 0.1 mm, the viscosity coefficient is 0.01 and the initial yielding stress is 4 x 107> Pa; case
3: with geometry error of 0.2 mm, the viscosity coefficient is 0.01 and the initial yielding stress is 4 x 107 Pa; case 4: with geometry error of
0.4 mm, the viscosity coefficient is 0.01 and the initial yielding stress is 4 x 107> Pa; case 5: with geometry error of 0.2 mm, the viscosity
coefficient is 0.1 and the initial yielding stress is 4 x 10~ Pa; and case 6: with geometry error of 0.2 mm, the viscosity coefficient is 0.01 and

the initial yielding stress is 5 x 107° Pa.
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inlet velocity
outlet velocity of case 1

outlet velocity of case 2
outlet velocity of case 3

outlet velocity of case 4
""" outlet velocity of case 5

-~ outlet velocity of case 6

""" u=1 m/s

outlet velocity/m/s

05 . . .

0 3 6 9

outlet

Figure 4: Outlet velocity distribution of six cases.

increase in the error results in a larger outlet velocity. As
the Bingham parameters increase, the outlet velocity also
becomes larger.

4 Discussion and conclusion

The Bingham flow in the ceramic microchannel manufac-
tured by SLA is analyzed. To achieve the non-Newtonian
flow simulation, a modified LB model is proposed and
validated by the theoretical solutions of Poiseuille flow.
Then, six cases are considered and analyzed to explain
the Bingham flow in the microchannel. The results show
that the geometry error and Bingham parameters (visc-
osity coefficient and initial yielding stress) affect the flow.
The random distribution of the rectangles is used to
describe the error. The outlet velocity in Figure 3(a) sig-
nificantly increases when compared with the inlet velo-
city. The oscillation of the velocity mainly depends on the
positions of the baffle and channel.

When the error is small, the effect on the flow process is
also weak. As the error increases, the flow changes obviously
and the dark red area is slightly shrunk. Further, the
deflection of the flow direction also occurs to some extent.
Regarding the outlet velocity, it increases with the increase
in the geometry error.

The Bingham parameters are also considered. When
the viscosity coefficient is increased from 0.01 to 0.1, the
outlet velocity also increases. When the initial yielding

12 15 18

stress is slightly increased, the velocity is increased severely
and the dark red area is shrunk obviously. Therefore, the
change in the Bingham parameters must affect the flow.

In summary, when considering the flow in the ceramic
microchannel manufactured by SLA, the surface finish is
an important factor for the flow process and the velocity
distribution, and then the non-Newtonian behavior also
has an obvious effect on the flow. Thus, when the micro-
channel is designed and molded, the above factors should
be taken into consideration to contribute to obtaining the
expected outflow.
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