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Abstract

Under the micro-scale condition, feature size of the channel is one of the main factors influen-
cing the fluid flow characteristics. In printing process, ink thickness in the extrusion zone formed by
two ink rollers may reach micron scale. Compared with macroscopic fluid, the velocity field and the
pressure field of fluid may change when the feature size of fluid channel reaches micron scale. In or-
der to control printing quality, it is necessary to research the influence of feature size on ink flow
characteristics in micro scale. This paper analyzes it in theory, and then numerical simulation of an
ink flow model with different feature sizes is carried out in no slip condition. The influence of the
feature size on the ink flow characteristics and the wall shear force are obtained. Besides, the ink
flow model with different feature sizes is simulated numerically in slip condition, and the influence of
feature size on ink flow characteristics is obtained. Finally, by comparing and analyzing the above
results, it can be concluded that both the ink velocity and pressure at the inlet of the extrusion zone
are inversely proportional to the feature sizes whether in slip condition or not. And the ink velocity in
slip condition is larger than that without slip, the pressure at the inlet of the extrusion zone is less
than that in no slip condition. Within the micro-scale range, the ink velocity difference between the
two conditions cannot be ignored. Therefore, it is necessary to consider slip when analyzing the in-

fluence of feature size of micro-scale channel on ink flow characteristics.
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0 Introduction

With the development of science and technology
and the improvement of people’ s living standard, there
is an increasing demand for printing products in recent
years. Thus in the printing process, the key to ensure
the quality of printing products is controlling ink flow
characteristics and maintaining uniformity, stability
and suitability of ink transfer "/

In the inking system of offset press, hard and soft
ink rollers are arranged alternately. Among the rollers,
the material of hard roller is carbon steel, and the soft
roller is made of steel core and covered with rubber. In
the process of ink transfer, the ink flow channel is
formed by the interaction of ink fluid and ink rollers.
When the ink key opening of the offset press is
0.48mm, the process of ink transfer is simulated and
analyzed by Sun'*’. Results show that the thickness of

the ink passed to the paper is 0. S5um. A channel with
feature size below 100pum is taken as the division
standard of microchannel, which is proposed by Chung
and Kawaji'”'. And it has reached micro-scale range in
the ink transfer process. The factors influencing fluid
flow in microscale are different from those in mac-
roscale, such as scale effect and velocity slip. The fea-
ture size of a channel is one of the factors that affects
fluid flow. In macroscopic scale, velocity slip can be
neglected. However, the slip cannot be neglected in
microscopic scale. At present, there are many resear-
ches on the ink transfer process, but none of them con-
sider the microscale effect. Zhang'®”', et al have nu-
merically simulated the process of ink flow, but the ve-
locity slip is not considered. The channel size varies
with the pressure between two rollers. Therefore, it is
of great significance to research the influence of chan-
nel feature size on ink flow characteristics under slip
condition for controlling printing quality.
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1  Theoretical analysis of the influence of
micro-scale feature size on ink flow
characteristics

In this paper, two-dimensional Poiseuille laminar
fully developed flow is taken as an example'®'. The in-
fluence of feature size on ink flow characteristics is an-
alyzed in two cases, which are under the conditions of
slip and no slip (see Fig.1).

no slip condition

slip condition

U

s

Fig.1 Diagram of the slip velocity

Velocity distribution under no slip condition is
n’ d 2

ux—zj—a?[l—tf)] (1)

In the formula, p is pressure, h is half of the flow
channel height, and y is liquid viscosity.

Eq. (1) shows that without considering the slip,
the ink flow velocity u, is related to the ink channel
feature size 2h. As a result, u, varies with the feature
size of the channel.

In 1823, Navier'” presented a flow control equa-
tion for macro flow, which was widely used in fluid me-
chanics. Meanwhile, he pointed out that it was allowed
that the flow fluid had a small velocity slip related to
the solid surface. That is Navier boundary condition;

du
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The model is called linear slip length model,
where u_ is slip velocity, u, is fluid velocity, u, is wall
velocity, and L, is slip length. Considering the bounda-
ry velocity slip, the velocity distribution is

_ K dp FRY
0= (D= G+ (3)

It can be seen from Eq. (3) that when the feature
size h changes, the fluid velocity under slip condition
also changes.

Due to the uncertainty of the influence extent of
velocity slip on the results in microscale before the sim-
ulation analysis, ink flow models of feature size are nu-
merically analyzed under two conditions, which are slip

and no slip. Thus the influence of feature size on the
velocity field and pressure field is obtained. And by
contrast, it determines whether slip should be consid-
ered when the influence of feature size on ink flow
characteristics is analyzed.

2 Numerical analysis of influence of feature
size on flow characteristics of ink under
no slip condition

2.1 Ink flow model and mesh generation

Zhang'® obtained an ink flow model with feature
size of 0. 02mm, which was based on liquid-solid cou-
pling relationship. In the model, the wall internal di-
ameter is 30mm, the initial ink thickness at inlet and
outlet is set to 0. 08mm, and the center distance of two
rollers is 29.95mm. With the center distance of two
rollers and the wall diameter remaining unchanged, the
ink flow models under different feature sizes are ob-
tained by enlarging or decreasing in multiples. The
shape of the model is shown in Fig. 2, and the specific
dimensions of each model are illustrated in Table 1. As
seen from Fig.2(a), the ink layer is attached to the
surface of two ink rollers, and the micro-scale channel

hard roller
ink layer — _4

steel core

_— soft roller

(a) Ink layer between two rollers

outlet 1

inlet 1

inlet 2
(b) Ink layer
Fig.2 Ink flow model
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Table 1  The initial data of different ink models
Initial inlet Ink thickness Initial outlet
Number of . . . . . .
ink thickness in extrusion ink thickness
models

(mm) zone (mm) (mm)

1 0.04 0.01 0.04

2 0.08 0.02 0.08

3 0.16 0.04 0.16

4 0.32 0.08 0.32

5 0.64 0.16 0.64

is formed by the extrusion of two ink rollers. This pa-
per builds ink flow models as Fig.2(b). To a great ex-
tent, mesh quality affects the speed and accuracy of
calculation. Therefore, in order to get grids of good
quality, this paper uses a specialized fluid mesh gener-
ation software ICEM CFD to mesh each ink flow mod-
el. And hexahedral structured mesh is obtained by
block partitioning.

2.2 Setting of boundary conditions and ink physi-
cal parameters

Inlet and outlet are set as pressure inlet and pres-
sure outlet respectively. Inlet pressure is 0 and outlet
is static pressure. Two end faces of axial direction are
set as symmetrical boundaries ( symm). In order to
simplify the problem, variables should be reduced and
influence of the velocity difference on the simulation
results should be eliminated, the speeds of two wall
surfaces are all set to 200r/min and its linear speed is
0.314m/s. Both of them are set under no slip condi-
tion. In this calculation, the calculation model is a
standard k-epsilon one and the SIMPLE method is used
for coupling of pressure and velocity. Because this
analysis does not consider energy relation, the ink physi-
cal parameters are set as constant. The ink viscosity is set

to 10.2Pa + s and the density is set to 1012.98kg/m”.

2.3 Analysis of simulation results

Fig.3 and Fig.4 show the pressure nephogram and
velocity nephogram of the 0. 01mm ink model in no slip
condition respectively.

As seen from Fig.3 and Fig. 4, without consider-
ing the slip, the maximum pressure of the ink appears
at the inlet of the extrusion zone, and the maximum
tension appears at the outlet. Besides, the maximum
velocity appears in the middle of the ink layer along the
thickness direction in micro-scale channel.

The trends of pressure and velocity distributions in
other feature sizes are similar to those of Fig. 3 and Fig. 4,

but differ only in magnitude. As shown in Table 2, the
characteristic data of the ink at each feature size is ex-
tracted.
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Fig.3 Pressure nephogram of the 0. 0lmm ink model
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Fig.4 Velocity nephogram of the 0. 01lmm ink model

Table 2 The characteristic data of different ink models

Feature Max Ma.x Ma).( Wall shear
. pressure tension Velomty stress
se (mm) - vpa)  (MPa)  (m/s) (MPa)
0.01 105.1 105.1 0.557 0. 600
0.02 34.5 34.5 0.546 0.350
0.04 10.3 10.3 0.523 0.178
0.08 2.9 2.9 0.494 0.081
0.16 0.8 0.8 0.448 0.034

Fig. 5 shows the velocity distribution in the middle
of the ink flow channel along the direction of ink layer
thickness with different feature sizes under no slip con-
dition. Nodes represent position off the middle of the
ink layer. Node O stands for the middle of the ink layer
along the thickness direction. And nodes —20 and 20
represent respectively upper wall (walll ) and lower
wall (wall2).

As seen from Fig.5, when ignoring the velocity
slip at the solid-liquid interface, the ink velocity near
two walls is the same as each other. And its value is
equal to the linear speed of the rotating wall. The ink
velocity increases with the decrease of channel feature

size.



HIGH TECHNOLOGY LETTERSIVol. 24 No.31Sep. 2018

299

—%— (0.0lmm

—*— 0.02mm

0.60
0.55

0.50

0.45

0.40

Velocity (m/s)

0.35

0.30

T T T T T
-20 -10 0 10 20
Nodes

Fig.5 Velocity distribution along the direction of ink thickness

Fig. 6 shows the relation curve between maximum
pressure and feature size in extrusion zone under no
slip condition. As can be seen from Fig. 6, the pres-
sure at the inlet of the extrusion zone increases with the
decrease of the channel feature size.
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Fig.6 Relation curve between maximum pressure

and feature sizes

Fig.7 shows the relation curve between maximum
velocity and feature size in extrusion zone under no slip
condition. As shown in Fig.7, the maximum velocity
of the ink in extrusion zone increases with the decrease
of feature size.

As shown in Fig.5, Fig. 6 and Fig. 7, as the fea-
ture size of the channel decreases, the ink is accumu-
lated when it passes to the inlet of the extrusion zone.
The pressure at the inlet of the extrusion zone also in-
creases slowly. When the channel feature size is re-
duced to 0.04mm, the inlet pressure of the extrusion
zone increases more sharply. At this point, the flow
pattern of the ink in the extrusion zone can be recog-
nized as pressure drive. As the channel size decreases,
both the inlet pressure and the outlet tension increases.
That is to say, the pressure difference between the inlet

and the outlet of the extrusion zone increases, thus the
ink velocity increases.
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Fig.7 Relation curve between maximum velocity and feature sizes

As seen from Fig. 8, it depicts wall shear stress in
the extrusion zone of different feature sizes under no

slip condition.
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Fig.8 Relation curve between wall shear stress and feature sizes

Fig. 8 shows that with the decrease of the feature
size of the ink flow channel, the wall shear stress of the
extrusion zone increases. And when the channel size is
reduced to 0.04mm, the wall shear stress increases
more and more. Because the channel feature size de-
creases and the pressure difference between the inlet
and outlet of the extrusion zone increases, the ink ve-
locity increases and the wall is set under no slip condi-
tion, the ink velocity gradient in the thickness direction
of the ink layer is larger and the shear stress 7,

du

Hoo between the ink layers near the wall is larger.
¥ va
From the point of force balance, a larger wall shear

force is needed to balance the shear force between the
micro layers of the ink at the wall. Therefore, the wall
shear force increases with the decrease of channel size.
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3 Numerical analysis of the influence of
feature size on ink flow characteristics
under slip condition

3.1 Setting of boundary conditions and ink physi-
cal parameters

In consideration of the slip, the selection of calcu-
lation model, the coupling method of velocity and pres-
sure, the setting of inlet and outlet boundary condi-
tions, the velocity of upper and lower walls, the setting
of axial end surfaces and ink physical parameters are
the same as subsection 2. 2.

Two wall surfaces of the extrusion zone are set as
slip wall with fixed shear force. And the shear force
values are determined according to the wall shear stress
under no slip condition. Because the wall shear stress
under slip condition is smaller than that without slip'"’ |
this paper sets the former as 3/4 of the latter. The val-
ues of former are shown in Table 3.

Table 3  The wall shear stress of extrusion zone under

slip condition

Number Channel feature Wall shear
of models size (mm) stress ( MPa)
1 0.01 0.450
2 0.02 0.263
3 0.04 0.134
4 0.08 0.061
5 0.16 0.025

3.2 Analysis of simulation results

Fig. 9 shows the velocity distribution in the middle
of the ink flow channel along the direction of ink layer
thickness under slip condition.
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Fig.9 Velocity distribution along the direction of ink thickness

As seen from Fig.9, when considering velocity
slip, the velocity gradient along the ink thickness di-

rection is smaller than it without slip. And the ink ve-
locity in the extrusion zone increases with the decrease
of channel feature size. Compared with no slip condi-
tion, the ink velocity at the same channel feature size
increases, because the ink velocity is no longer limited
by the no slip boundary condition.

Extracting the characteristic data of the flow models
under slip condition, the result is shown in Table 4.

Table 4 The characteristic data of the models under slip condition

Number Feature Max Max Slip
of size velocity pressure velocity

models (mm) (m/s) (MPa) (m/s)
1 0.01 0.73 105.03 0.31
2 0.02 0.68 34.51 0.24
3 0.04 0.63 10.30 0.19
4 0.08 0.58 1.93 0.15
5 0.16 0.52 0.81 0.10

Fig. 10 shows the relation curve between slip ve-
locity in micro-scale channel and channel feature sizes.
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Fig. 10 Relation curve between slip velocity and feature sizes

under slip condition

Fig. 10 shows that slip velocity increases continu-
ally with the decrease of channel feature size. And
when the channel size is reduced to 0. 04mm, the slip
velocity increases faster and faster. According to the
law of Fig. 10, it can be inferred that when the channel
size increases to 1mm or larger, the slip velocity decrea-
ses gradually and infinitely approaches to 0. Therefore,
it is easy to explain why it is set as no slip boundary
condition in macroscopic scale.

As seen from Table 4, under slip condition, the
ink pressure at the inlet of the micro-scale channel de-
creases with the increase of feature size. And the ink
maximum velocity has the same change rules with pres-
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sure. The larger the feature size is, the weaker the ink
accumulation degree at the inlet of the extrusion zone
is. Thus the smaller the pressure at inlet is, the smal-
ler the driving force of the ink in the extrusion zone is,
and the smaller the ink velocity is.

4  Comparison of the influence of feature
size on ink flow characteristics under
conditions of slip and no slip

Fig. 11 and Fig. 12 show the curves between the
maximum pressure or maximum velocity and feature si-

zes under conditions of slip and no slip respectively.
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Fig.11 Relation curves between maximum pressure and feature

sizes under conditions of slip and no slip
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Fig. 12 Relation curves between velocity or velocity difference
and feature sizes

As seen from Fig. 11 and Fig. 12, the ink maxi-
mum pressure under slip condition is less than that un-
der no slip condition. The ink maximum velocity under
slip condition is larger than that under no slip condi-
tion.

Setting variable named slip differential factor ¢ :
é’ =

Fig. 13 shows relation curve between slip differen-

max velocity in slip — max velocity in no slip

max velocity in slip

tial factor / and feature sizes.
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Fig. 13 Relation curve between ¢ and feature sizes

Fig. 13 shows that / decreases gradually with the
feature size increases. When the feature size is small,
the slip differential factor / is large, so it is necessary
to consider slip. It can be speculated that when the
feature size increases to a certain degree, ¢ approaches
to 0. At this moment, whether considering slip has lit-
tle effect on the analysis results, so there is no need to
consider slip condition.

5 Conclusion

(1) Under conditions of slip and no slip, with the
decrease of ink flow feature size, ink velocity increases
gradually, the pressure at the inlet of the extrusion
zone increases slowly. When the feature size is reduced
to 0. 04mm, the ink pressure increases sharply.

(2) At same feature size, the ink maximum ve-
locity under slip condition is larger than that under no
slip condition. And at same feature size, the ink maxi-
mum pressure under slip condition is smaller than that
under no slip condition.

(3) With the decrease of channel feature size,
slip velocity increases gradually. And when the feature
size is less than 0. 4mm, slip velocity increases faster
and faster.

(4) When the feature size is small, the slip dif-
ferential factor ¢ is large, so it is necessary to consider
slip in simulation analysis. With the feature size in-
creases, [ decreases gradually and finally approaches
to 0. Therefore, when the feature size increases to a
certain degree, it is not necessary to consider slip.
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