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ABSTRACT

In order to gain the performance characteristics and technical parameters in drying processing, the paper describes the heat
and mass transfer mechanism of solvent which dries and volatilizes during gravure printing, and establishes multi-beam air
impinging drying model for suspended hot air drying device; based on standard RNG k-& model, fluid numerical simulation
& calculation are performed for drying oven; the paper extracts hot air fluctuation range and features of velocity on prints
surface through sections technique, then discusses the uneven mechanism by combining geometric structure; the research
complicates hot air trace in different locations of drying oven; the reasons for turbulence and the influence on drying effect
are analyzed. The research on structural characteristics of the impinging jet flow field provides evidence and support to

drying system optimization and innovative design.
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1. INTRODUCTION

The drying system is an important component of a gravure
press, which completes forceful drying on prints within a
very short time after printing to thoroughly volatilize solvent
in liquid state into gas, so as to effectively control remaining
solvent on the surface of prints [1]. The drying system is the
largest energy-consumption unit of the gravure press whose
efficiency is a key factor in restricting velocity of the gravure
press and prints quality. The drying technique is an
interdisciplinary technique with experimental properties. The
structure of the drying device, performances of ink,
temperature of hot air and printing wvelocity in gravure
printing will affect drying efficiency, in which, the hot-air
dynamics characteristics and structural parameters of drying
oven directly affect drying efficiency of the printed products
and energy consumption of prints [2].

A lot of researches have done for improving hot-air drying
effect of gravure printing and structure of drying oven. Feng
Peiyong[3] and Wang Ani [4] have done research on
mechanism of hot air drying prints and established the
mathematical relationship model between hot air convection
drying parameter and remaining solvent; Liu Jian [5] has
carried out comparative analysis on different tuyeres of oven
and improved the structure; Xu Zonglei [6] has established
relationship between hot air output and input parameters of
traditional drying oven; Shen Xianwen [7] has identified
internal hot air flow state of oven and input/output
relationship of hot air, and optimized the oven according to
analytic results.

The above research has explained volatilizing and drying
process of solvent and internal hot-air flow state of drying
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oven, which is not persuasive to explain the reasons for
complicated flow state and impact to drying. This paper takes
hanging drying device of FR400 gravure press as the research
object, describes the heat and mass transfer mechanism of the
solvent which dries and volatilizes, establishes multi-beam air
impinging drying model for suspended hot air drying device.
Based on RNG k-g model, the paper completes hot-air flow
field value calculation through fluent and researches hot air
flow state and dry characteristics.

2. INK DRYING MECHANISM AND DRYING DEVICE
2.1 Volatilization and drying mechanism

Gravure ink is composed of pigment, resin, solvent and
other components. The volatilization of solvent in the ink
demands a great quantity of heat consumption [2]. At present,
the drying of high velocity gravure press mostly adopts hot-
air convection mode. As shown in Figure 1, high velocity hot
air pounds on ink surface directly, transferring the heat to ink,
so as to volatilize part of the solvent. Hot air brings volatile
and finally makes ink dry completely. The flow path of hot
air is short with thin border, leading to comparatively less hot
consumption. The drying capacity is several times and even
at magnitude level than conduction drying. In addition, it has
good and fast drying with less solvent remaining on surface
of prints. The drying process belongs to physical and
chemical process of heat and mass transfer [3] [4].
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Figure 1. Ink drying model
2.2. Working principle of hot-air drying system

Structure of the drying device of a gravure printing
machine is shown in Figure 2. Firstly, air is heated by the
heating tube 11 and the heated air is blown to the drying
mechanism 5 by the air blower 8, and then blown on surfaces
of the substrate 4 by the air tuyere 3, and finally exhausted by
the air exhausting duct 2 [2]. Parts of hot air enter the
secondary circulation loop to realize secondary utilization of
thermal energy.
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Figure 2. Hot air drying system model

The paper establishes simulation model based on drying
oven of FR400 gravure press. As shown in Figure 3, deflector
guides hot air in inlet to chambers at top and bottom. The
lowest tuyere is tuyere 1. All tuyeres are ranked from bottom
up till tuyere 13. The hot air is jetted out in a long and narrow
tuyere by pressure difference and forms high velocity air flow
from free jetting area. Which is pounded on the membrane at
a certain distance from the gap of tuyere vertically (or
inclined), which model is as shown in Figure 3.
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Figure 3. Suspended drying oven model

As shown in figure 4, since there are rows of tuyeres, jets
between tuyeres interfere with each other, which is the multi-
beam air impinging jet drying. After forming stable flow, hot
air scatters on the plane which forms wall jet area and hot air
stagnation in the middle. In a very small transitional area (the
length is related to Reynolds coefficient) close to the tuyere,
high-velocity jet flow causes a shear layer, which instability
grows rapidly and forms vortex with surrounding flow. It is
closely related to hot air loss and solvent steaming and
flowing velocity, which further affects the drying
velocity[5][8].
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Figure 4. Multi-beam air impinging jet drying model

3. FLUID NUMERICAL SIMULATION
3.1 CFD simulation model

Under control of the basic control equations for fluid flow
(mass conservation equation, momentum conservation
equation and energy conservation equation), flow states of the
fluid can be analyzed through numerical simulation to obtain
the flow field in the fluid domain and distribution of hot air
on a continuous area, so as to approximately simulate the
situation of hot air flow and to implement optimal design on
the structure according to the analysis results [5]. This
research regards air flow of drying oven as turbulence flow of
incompressible 3D air and analyzes values of flow velocity,
temperature and evenness of drying oven through fluent.

Due to complexity of hot air fluid domain inside the drying
device, Boolean operation should be carried out on the whole
drying device to distinguish all areas of hot air flow [6].
Therefore, it should be assumed that the drying device is
closed, the fluid domain of hot air is only limited inside the
drying device and no loss of air velocity and air pressure is
considered; errors of fabrication and assembly should be
neglected and deformation problems of the drying device
caused by fabrication precision and installation should be
neglected [7].

The hot air in the drying device belongs to constant viscous
fluid. The Reynolds number is calculated to determine flow
states of hot air in the drying system [8] [9].

Re=p b )
14

Where V refers to average velocity at the section, L refers
to length; v refers to moving viscosity of fluid. The Reynolds
number of hot air in inlet of FR400 drying oven model is
352,130 [10], greater than the critical Reynolds number of
4,620, so it is turbulent flow and the turbulent flow RNG k-¢
model should be used for simulation calculation [11].



To simplify the question, the following assumptions are
made:

(1) The fluid domain within the hot air flow area is a
constant;

(2) The flow of hot air inside the drying device is steady
turbulent flow;

(3) The flow process of hot air in the whole fluid domain
is steady flow [12];

(4) Flow velocity of air at inlet of the air tuyeres is
uniform and is average value of the total flow quantity
[13] [14].

3.2 Boundary conditions

(1) Wall boundary conditions and physical properties

Set the wall of drying cabinet with heat insulation but no
slippery, adopt standard wall function, and give the surface
roughness of 0.005m according to wall quality of drying
cabinet, then the air density is p=1.205kg/m® , Viscosity
coefficient is ,,=1.7894e—05Pa-s , specific heat is
Cp =1006.43J/kg - K and  thermal conductivity s
£=0.0242W/m-K [15].
(2) Boundary conditions on hot air inlet

The turbulence strength and dissipation rate is identified as
k =0.391, ¢ =1.86 according to hydrodynamics. The fan
velocity is 2232r/min, pressure in inlet is 3,929Pa, and
temperature in inlet is 360K. When the referential pressure is
OPa, the production techniques shall ensure external pressure
of chamber of drying cabinet between -10Pa to 20Pa, while
the outlet pressure should be adjusted accordingly [16].
(3) Choose solution method and control parameters

This paper chooses 3D single precise segregated solver
based on flowing properties of hot air in drying oven and
steady 3D flow, and adopts implicit method to linearize
dissipated nonlinear control equation, so as to calculate
equation set of related variable in each calculation unit and
solve each equation (about u,v,w,p&T ) one by one in

sequence[17] [18].

Choose SIMPLE as the solving method of control equation
and two-phase discrete pattern, set pressure under-relaxation
factor coefficient to 0.3, energy under-relaxation factor
coefficient to 0.8, and others to default value. The
convergence standard of monitoring parameters is the motion
control equation while the iterative residue of dynamics
control equation is approximately 1103 and iterative residue
of energy control equation is approximately 1>10 [19] [20].
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4. HOT AIR VELOCITY IN DRYING OVEN

4.1 Hot air velocity field
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Figure 5. Hot air velocity nephogram

Analyze characteristics of hot air drying system
specifically and cut 9 sections with equal distance along the
direction vertical to tuyere. As shown in Figure5, it is the hot
air velocity nephogram of the section, which indicates that it
flows faster in the intersection between tuyere and inlet and
inlet channel, it flows slowest in the back of returning air
chamber, and the oven returns air from the right of return air
chamber.
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Figure 6. Velocity nephogram of the back

The Figure 6 shows the velocity nephogram of the back
inlet channel, which indicates that hot air in back inlet
channel mostly blows inclined downward and doesn't enters
back blowing chamber, leading to energy loss.



g o
]
g Q||| =|a|o|wv] ||| —|w
o Hl|=s|e|lwn]|S|wv|w|lslel—ca]=]on
N Sl = =] o] =] =]~
5 g ||| S| S| == ===~
m>
%2l ala|alw| | = || n| =] |
= gle|l | ol oS =] =
=1 Rt Bad B Bt EC B B Bl Bl Bt ] Bl B
SN B I B B eIl A B - A A B e
o Zlaalalalalalalaldalalalcla
| w| | || of | ||| ] || o =
—_ vl o||wla|l =] || =] © Z
4 Ll A I It B Bl Bl B ] B Bt ] I ] o
A A e Bl BT Bel Bl A Ex 1 Rl el A e ~
Al a| af Al A e i e | elf ] | @f e
=
= || = olw| o | =] w| || || o 0
D | | el a|w| | o] ] =] | en] ]| =] o -3
~ o | T QA el e =l s ol ool = e
n =11 R e BT B Bl N B el Bl e =1 e s
= A c| af cif e eaf et Q] e 1 1] | Af e
9
=
< o|lwn|wla|l=m|le|lw|lwvwlwlo|lw|le|=] v -
Q | | F| | | =| & w| S| B ||| © [
o el Il Bl IS B Sl Il B Bed Bl Il B Bl B B &
— wi|l | |l ol vl vl oa]l = —_
= cl| | A caf e e A ] | f ] Af df &
]
=
QL a| | =|lela| || al =|a| =]~ — <
(2] | =S| 0| =] O] = ]| en] v -
= = [ R =] el = =)
o I el =1 Bl Bl el B 1 e =1 Bl Eiel A =l e o
o | | Al af e | i ] Af et ] | | e
=]
% ||| wlo|wv| | alalalo]e|sx] o -
5y =+| o | | a| vl =] o] F|eln] S =
o) Lol Bl IRl Bl Be] el I B IAE] B B ] Bl D] B o1
— S| = || | B | | | | || F| = =
[5) Al a| | cf e Af af ] | @f ] | | e
>
B
< ||| =] wn| el vl ol o] v = -~
- || ||| =l =] aaf B ||| oo N
o) [ I I A Y B Bt Bl Bl Bt Bl et Bl IRk N B B a1
A A Bl Bl B-TE = Bel Bl Rl Bl Biel Bad A e i
jun) Al a| af cf A e cf A e et ] | @f e
.
o
) | | of ol | =|w| x| | a| ||| o« —_
4 s| S| | el a| == S|l x| alel=] o ey
= i I ] et B e B B Y et et ] B B b3
< | | wi| v =] oo wf ci| | | = = | = o~
i |t el | A el el | etf ] | Sl e
of —=| 1| e
= 1| en|=lwv] of =foef o o — o
5@@:1)@@@&_:@@3333:\11_%‘80
£ |5|5| 5| 5| 5|c|3| 8|58 B G5 EElEE
5] 5] -
L I I = B s B = e e = = = = B =
N NSRS N1 RSl ] ol Wl e I e B IO =

In order to analyze flow state within drying oven
straightforwardly, analyze hot air velocity, temperature and
other parameters on surface of substrate in quantitative
manner, the paper chooses 7 slices in the tuyere region as
figure 5 to represent different locations on the substrate and
extract fluid value at the 12mm vertical to outlet of tuyere as
the drying parameters for surface of substrate, as shown in
Table 1. It shows hot air velocity at different location of
sections of the substrate, which indicates that air coming out
from tuyere by 20.743m/s~28.511m/s. The largest velocity
difference in different location is 7.768m/s, the largest
difference of average velocity in each tuyere is 1.207m/s, and
the average velocity is 24.158m/s.

4.2 Horizontal velocity fluctuation

Analyze air velocity in different tuyeres and paint the
change curve of velocity along horizontal direction, which is
as shown in Figure 7, to present change and uniformity of
horizontal outlet velocity.
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Figure 7. Velocity curve of tuyere along horizontal positions

The minimal variable of slice 3 is 1.277, the maximal
variance of slice 6 is 3.358, indicating that fluctuation at slice
3 of the substrate is the smallest while that at slice 6 is the
greatest. In regard of drying capacity or drying effect at
different regions with different average air velocity
characteristics, the drying effect is the worst in the far left
position (slice 1) and right to the middle (slice 5) of prints
while the effect is the best in the far right position.

Analyze the relationship between geometric structure and
hot air wvelocity in drying system from the granularity
according to geometric structure of drying oven. Hot air
going downward in left and right chambers enters tuyere 1
and 2 after collision with the wall and interacts with each
other, showing sinusoid fluctuation and less uniform velocity.
Air in tuyere 3 and 4 comes from hot air at two sides of
turbulence in right and left chambers, which is symmetric and
shows w-shape distribution. Affected by the location, air
velocity in tuyere 3 is not uniform enough while air velocity
in tuyere 4 is quite uniform. Tuyere 6 is located at the
intersection of two turbulences with obvious interference; in
the right of round pipe shows slower air velocity but obvious
fluctuation; tuyere 5 and 7 at two sides shows stable air
velocity; tuyere 8, 9, 10, 11 and 12 has stable air velocity
because inlet air in the left chamber is influenced by deflector,
among which tuyere 10 is at the center of two deflectors;
tuyere 13 is at the top of drying oven, which left and right
chambers have received impact of turbulence at the top,
showing sinusoidal fluctuation with worse uniformity.

4.3 Lengthways velocity fluctuation

Prints go through tuyere 1 to 13 in turn. Paint hot air
velocity change curve if we set location of tuyere equivalent
to time course of prints within the drying oven. Define tuyere
1 to 3 as the pre-drying stage, tuyere 4 to 10 as the constant
drying stage, and tuyere 11 to 13 as the decelerated drying
stage. Figure 8 shows air velocity change in different drying
stages in different regions of prints.
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Figure 8. Velocity curve of tuyere along time

As shown in Figure 8, air velocity in symmetric positions
in the left and right chambers shows similar trend. Left and
right regions of prints shown in slice 1 and 7 are affected by
the side wall and show V-shape fluctuation in pre-drying
stage after entering the oven.

The fluctuation is more serious in constant drying stage,
the air velocity is higher in medium stage (at tuyere 6), and
air velocity is more stable in decelerated drying stage; in
regions shown in slice 2 and 6, hot air shows greater
fluctuation in pre-drying stage after entering the oven, and M-
shape fluctuation in constant drying stage, lower velocity in
medium stage (at tuyere 7) and stable velocity in decelerated
drying stage; in the medium region of substrate shown in
slice 3 and 4 is affected by round pipe in the middle, which
hot air fluctuates greatly in pre-drying stage after entering the
oven, shows flat fluctuation in constant drying stage, and
lower velocity in medium stage with constant drying (at
tuyere 6 and 7), but greater fluctuation in decelerated drying
stage.

5. HOT-AIR FLOW STATE OF DRYING OVEN

As shown in Figure 9, flowing trace of single mass point
within a continuous process is a method of Lagrange to
describe flowing. The flow state of hot air in drying oven can
be mastered intuitively through analysis on overall and local
flow trace of drying oven.

Figure 9. Trace map of drying oven

Firstly, hot air goes in drying oven and forms turbulence on
two ends of deflector in left chamber and upper right chamber
because of change of channel section and interaction of hot
air and oven.
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The asymmetric pressure distribution in the front and at the
back causes greater pressure drag and generates boundary
separation. The ongoing hot air changes the direction after
meeting deflector and forms turbulence in left chamber
through interaction with the wall.

Hot air enters right chamber of drying oven through the
channel. A small part of hot air goes right and large quantity
of hot air moves forward from the back of drying oven,
leading to collision of hot air from two different directions
and collision of hot air and wall. In addition, the inlet is close
to upper right of the chamber, which space is comparatively
small; therefore, turbulence is generated here in right
chamber. Secondly, the trace map shows clearly that there are
more hot air flow in the round pipe in inlet because of
influence of different air intake methods in the left and right
chambers. Hot air in the round pipe enters through right
chamber, so the flow is less.

Figure 9 indicates that vortex forms between two tuyeres
mainly by return air from the right of drying oven (far from
the outlet). The return air in the right moves to the right in the
form of whirl. Hot air from tuyere 9 to 13 is discharged by
upper tuyeres and the hot air of rest tuyeres is discharged by
lower tuyeres. Most hot air is pumped by lower outlets,
effectively increasing the time for substrate to contact with
hot air, so as to achieve better drying effect.

Figure 10. Trace section of tuyere

Extract trace section along direction vertical to tuyere, as
shown in Figure 10. Hot air returns at two sides after reaching
prints. Vortex region forms between two return regions in
nearby tuyeres. The size and shape of vortex region is
affected by location of tuyeres, distribution distance, structure
and size of tuyere, which distributes in interval. The
generation of vortex region can expand the drying region of
ink and accelerate energy exchange on surface of paper,
which is conducive to ink drying.

Extract trace section at corresponding connecting round
pipe along direction vertical to tuyere, as shown in Figure 11.
Hot air between tuyere 1 to 6 is pumped by lower outlet at the
orifice plate and forms small vortex at the bottom, which is
easy to cause deposition of solvent in hot air. Hot air between
tuyere 6 to 13 is pumped by upper outlet and forms greater
vortex at the top of drying oven, which causes deposition and
gathering of solvent in hot air. Therefore, upper outlet shall
be set below the vortex region.
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Figure 11. Trace section of connecting pipe
6. CONCLUSION

Taking hanging drying device of FR400 gravure press as
the research object, the paper researches hot-air velocity field
in key positions and hot-air flow state based on structure of
drying oven to provide evidence for structure improvement
and innovative design for drying system.

The major conclusion is as follows:

(I) Hot air impinging substrate is in line with multi-beam
impinging jet drying model and hot air drying system is
in line with RNG k-eturbulence model, based on which
CFD hot air simulation model is established.

(2) The hot air velocity on surface of prints fluctuates
between 20.743m/s to 28.511m/s, which are more even
in tuyere in the middle and worse at upper and lower
sides; the drying process of prints is different in
different regions, with worse effect in left region.
Therefore, try to reduce text and picture allocation in the
left.

(3) Turbulence is generated on two sides of deflector in left
chamber and upper right chamber of drying oven and
vortex region is formed between tuyeres in interval,
which is conducive to ink drying; drying oven gets
returned air by the right side, therefore, it should adopt
tuyeres at upper and lower rows; considering solvent
gathering, the upper returned air shall be set in lower
vortex region.
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