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1. INTRODUCTION 

In recent years, gravure printing has been widely used in 

the fields of plastic packaging, paper packaging, decoration, 

securities printing and publishing. Its wide use is due to its 

thick ink layer, abundant hierarchies, stable printing quality, 

fast printing, wide substrates and tendency to develop rapidly 

[1].  

Gravure ink is comprised 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 printing mostly 

adopts the hot-air convection mode. 

To accelerate the drying of ink and to increase printing 

speed, every type of gravure printing machine is provided 

with a drying device. The drying device is an important 

component of a gravure printing machine. It finishes the 

enforced drying of printed products within a very short time 

[2]. The drying efficiency of a drying device has become a 

key factor in restricting printing speed and quality, and is also 

key in affecting the performance of the whole machine [3].  

The drying technique is an interdisciplinary technique with 

experimental properties. The structure of the drying device, 

the ink performance, the hot air temperature and the printing 

speed will all affect drying efficiency in gravure printing [4]. 

Within this list of factors, the hot-air dynamic characteristics 

and structural parameters of tuyeres in the drying device also 

directly affect drying efficiency [1].  

2. MODELING A HOT-AIR DRYING DEVICE 

2.1 Convection drying device 

Existing drying systems have three drying patterns: heat 

radiation drying; heat conduction drying; and heat convection 

drying. At present, the most widely used drying pattern in 

gravure printing is the latter; involving hot-air convection. 

The structure of the drying system of a gravure press is 

shown in Figure 1. The air is heated by the pipe heater; the 

fan then blows hot air into the drying oven, and the heated air 

is jetted out through a long, narrow tuyere as a result of a 

pressure difference. This causes the air to impact the substrate 

at a high speed and at a certain distance from the row of 

vertical (or inclined) tuyeres, which makes the solvent dry 

and volatilize rapidly. Finally, air is discharged from the 

exhaust airway. Some of the hot air then enters a second 

recycling circuit for second utilization [5] [6]. 

 

 
Figure 1.  Hot-air convection drying system  
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Gravure printing machines are widely used in modern printing fields due to their particular advantages. This paper establishes 

a multi-beam air impinging drying model for a convection drying device, and builds a CFD analysis model. Through analyses 

of flow traces and pressure nephograms of a drying oven, the hot-air flow state and pressure distribution characteristics are 

presented, corresponding to a complex structure. Based on dynamic simulation analysis, an air duct with a connecting bottom 

structure is provided, which effectively improves non-uniform air blowing. The air suction port in the bottom is also designed 
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following comparative simulation analysis, this paper puts forward a new tuyere structure with a horizontal clapboard. The 
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paper analyzes the performance characteristics of a drying oven and mastered drying technical parameters, hence providing 

evidence and support for drying system optimization and innovative design. 
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 Figure 2.  Drying oven in an FR300 gravure press 

 

Figure 2 shows the drying oven in an FR300 gravure press. 

As shown, there are rows of tuyeres, which follow the multi-

beam air impinging jet drying model. Jets between tuyeres 

here interfere with each other. 

As shown in Figure 3, the air scatters on the plane and 

forms a wall jet area, with hot air stagnation in the middle. In 

a very small transitional area (the length is related to the 

Reynolds coefficient), close to the tuyere, high-velocity jet 

flow causes a shear layer. The instability of this layer grows 

rapidly and forms a vortex within a surrounding flow. It is 

closely related to hot air loss and the velocity of solvent 

steaming and flowing, which further affects the drying 

velocity[7][8].    

 

  
 

Figure 3. The multi-beam air impinging jet drying model 

2.2. CFD modeling on a drying device 

Under the basic control equations for fluid flow (the 

equations for mass, momentum and energy conservation), 

flow states of the fluid can be analyzed through numerical 

simulation. The basic equations for general hot-air flow 

control in the drying device can then be solved numerically 

[9].   

In this paper, in order to approximately simulate the hot-air 

flow state and to optimize design of the structure, CFD was 

adopted to implement numerical analyses of temperature, 

velocity and the uniformity of fluids in the drying oven [10]. 

Due to the complexity of the hot-air fluid domain inside 

the drying device, Boolean operations should be carried out 

on the whole drying device to distinguish all areas of hot air 

flow [11]. 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 speed and air 

pressure is considered. Errors of fabrication and assembly 

should be neglected and deformation problems caused by 

fabrication imprecision and installation should be neglected. 

The gridding model is then carried out, as shown in Figure 4. 

 

 
 

Figure 4.  The gridding model of a hot-air drying oven 

 

The hot air in the oven belongs to a constant viscous fluid, 

and meets the momentum conservation equation, the mass 

conservation equation and the energy conservation equation, 

that together control conservation.  

The evidence for judging the flow pattern of the fluid, i.e., 

the laminar flow, or turbulence, depends on the Reynolds 

number and whether the fluid has surpassed the critical 

Reynolds number [12]. The definition of the Reynolds 

number is as follows in Equation (1): 

 

e 
VL

R
v

                                                                         (1) 

 

Here: V is the average speed in sections, L is the 

characteristic length and v is the kinematical viscosity of the 

fluid.  

The Reynolds number of the hot air inlet of an FR300 

drying oven model is 332,530, which is greater than the 

critical Reynolds number of 2,330. Therefore, this represents 

turbulent flow and the RNG k-ε model should be used for 

simulation calculations [12] [14].  

To simplify the question, the following assumptions are 

made:  

(1) The fluid domain within the hot-air flow area is 

constant;  

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

turbulent flow; 

(3) The flow process of hot air in the whole fluid domain is 

a steady flow; 

(4) The flow rate of air at the inlet of the tuyeres is uniform 

and is an average value of the total flow quantity. 

The discrete mode, the implicit solving equation and 

unsteady solution parameters are adopted [15]. 

3. HOT-AIR FLOW STATE IN A DRYING OVEN  

3.1 Hot-air flow traces analysis in a drying oven 

A chamber trace of the drying oven has been extracted after 

Fluent analysis. As shown in Figure 5, the flowing trace of a 

single mass point within a continuous process is a method of 

Lagrange to describe flowing. The flow state of hot air in a 

drying oven can be mastered intuitively through analysis of 

the overall and local flow trace of the drying oven. 
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Figure 5. Traces map of a drying oven 

 

First, hot air flows into a drying oven and the section 

suddenly becomes bigger. Due to the interaction between hot 

air and the oven, the asymmetric pressure distribution 

between the front and the back causes greater pressure drag 

and generates a boundary separation. There is then turbulence 

at the two ends of the deflector; in the left chamber and the 

upper right chamber.  

The ongoing hot air changes direction after encountering 

the deflector, and forms turbulence in the left chamber 

through interaction with the wall. Hot air enters the right 

chamber of the drying oven through the channel. A large 

quantity of hot air then moves forward from the back of the 

drying oven and a little of the hot air goes to the right. This 

generates a collision of hot air from two different directions 

and a collision of hot air with the wall. Furthermore, the inlet 

is close to the upper right of the chamber, which is a 

comparatively small space. Turbulence is therefore generated 

here in the right chamber. In addition, the trace map shows 

clearly that there is more hot air flow in the inlet pipe, due to 

the influence of different air intake methods in the left and 

right chambers [16].  

3.2 Hot-air pressure analysis in a drying oven 

Figure 6 shows a pressure vector diagram of a drying oven 

where hot air is divided into two passages, which are then 

blown to air dividing channels at both sides, after entering 

tuyeres via an air suction port [17]. After being divided via 

the tuyeres, the hot air is blown to the substrate surfaces from 

the five rows of tuyeres.  

As shown, the uniformity of hot air blowing is mainly 

determined by the structure of the oven, such as the width of 

the air channels at both sides and the area of the connection 

part [18]. The following conclusions can be made:    

Firstly, the pressure difference between the tuyeres at the 

two ends is rather large. Pressure close to the suction port is 

large and the hot-air speed is correspondingly high, while 

pressure at the other end is small and the corresponding air 

blowing velocity is low.  

 

 
 

Figure 6.  Pressure vector nephogram of a drying oven 

 

Secondly, hot-air speed is mainly determined by the 

pressure of the oven, the change of which is shown in Figure 

6. Hot-air speed tends to decrease along the air blowing 

direction of tuyeres. To ensure equal air blowing velocity 

through tuyeres, proper measures should be taken to reduce 

pressure differences between two rows of tuyeres, so that the 

pressure of all the incoming ducts tends to uniformity. This is 

to ensure consistency of pressure from the middle of air tubes 

and finally to achieve the objective of a uniform velocity in 

the five rows of tuyeres.  

As stated above, hot air is sent into tuyeres inside the 

drying device, via the air suction port. It is then sent into two 

rows of tuyeres by flow guide plates. Whether the distribution 

of air pressure at the two sides is rational will directly affect 

the uniformity of air blowing in the tuyeres and will finally 

affect the air blowing velocity of various rows of tuyeres.  

4. STRUCTURE OPTIMIZATION OF A DRYING 

OVEN 

4.1 Structure optimization of air ducts 

According to analysis of the results in Section 4, the 

pressure difference between the incoming air ducts of the 

drying device and the structure is large. This severely affects 

the uniformity of air speed. The following solutions are 

therefore raised to modify the structure of the air ducts.  

The bottoms of both rows of air ducts are connected 

together, so that hot air flows can be connected with each 

other at the bottom, as shown in Figure 7. The connection 

height is H=200 mm. Modification of the air ducts whose 

upper and lower portions are connected together overcomes 

the defect of a single connected air duct in the existing 

structure, which effectively improves non-uniform air 

blowing[19][20].  

The pressure distribution is shown in Figure 8. A 

connecting air duct with a uniform pressure is provided for 

both the upper and lower air ducts. In the two groups of air 

ducts, the upper connected air ducts are primary air ducts and 

the lower air ducts mainly play the role of unifying air 

pressure at the bottom of the air ducts.  
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Figure 7. Structure of the optimization of air ducts 

  

 
 

Figure 8. Pressure distribution of the optimization 

structure 

4.2 Position optimization of the air blowing port  

The position of the air blowing port is very important. If its 

position is selected irrationally, hot air finishing drying 

cannot be exhausted on time. This can very easily cause 

solvent retention and can also lead to the content of organic 

solvent in the drying device exceeding minimum values [21]. 

 

    
 

(a) Original                                  (b) Optimization  

 

Figure 9. Trace map of a drying oven bottom 

 

As shown in Figure 9(a), hot air forms a whirlpool at the 

bottom of the drying device, so that hot air is difficult to 

exhaust; causing the problem of organic solvent retention. 

Organic solvents in ink are easy to volatize and belong to a 

group of inflammable and explosive substances. The 

concentration of organic solvents in the drying device should 

therefore be controlled strictly [22].  

 

 
 

Figure 10. Location of the air suction port 

 

It is found, through simulation analysis of the whole system, 

that the distance (L) from the center of the whirl to the 

bottom of the drying device is 26cm. That is to say, organic 

solvents can easily accumulate there, which will affect the 

substrate quality. Therefore, an air suction port is added at the 

point L=26cm. This is far enough away from the bottom of 

the drying device to eliminate the defect, to ensure quality of 

substrates, and to effectively decrease the explosion risk from 

organic solvents. The structure of the air suction port is 

shown in Figure 10.  

A trace map of the hot air flow is shown in Figure 9(b). It is 

easy to see that the flow state of the hot air at the bottom is 

approximate to laminar flow, which effectively solves the 

problem of organic solvent retention. 

5. STRUCTURE OPTIMIZATION OF TUYERES  

5.1 Flat clapboard structure optimization 

To improve the non-uniform circulation of hot air between 

the tuyere and to increase utilization efficiency, this paper 

puts forward a new structure for tuyeres, with a horizontal 

clapboard, as shown in Figure 11.  

 

 
 

Figure 11.  Flat clapboard structure 

 

The lengths of the horizontal clapboards are: 6 mm, 8mm, 

12mm, 18mm, 24mm and 30mm. The structural dimensions 

and average air speed in the substrate are shown in Table 1. 

 

Table.1 Clapboard length corresponding to air speed 

 

d (mm) 6 12 18 24 30 

s (m/s) 6.97 7.53 8.14 9.67 13.71 

 

As shown in Figure 12(a), when the length of the horizontal 

clapboard (d) was 12mm, after being blown via tuyeres, most 

hot air could not stay on the surfaces of the substrate for long, 
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and flowed directly to the air outlet. In Figure 12(b), the 

clapboard length is increased to 24mm. The flow track of hot 

air gradually forms a convolution on the surfaces of the 

substrate, which greatly increases the utilization efficiency of 

hot air [9]. Convolution is also beneficial for increasing the 

flow velocity of hot air on the substrate surfaces, so that the 

ink drying speed is noticeably increased and substrate drying 

is more uniform [23].  

 

 
 

(a) d=12mm  

 

 
(b) d=24mm 

 

Figure 12. Hot-air trace maps for different clapboards 

 

Figure 13 shows the pressure distribution of hot air. As 

shown, when the clapboard length is 24mm, air pressure of 

the tuyeres corresponding to the substrate is rather uniform. It 

can therefore be assumed that drying of the substrate by the 

structure will be more uniform. 

 

 
 

Figure 13. Hot-air pressure as d=24mm 

 

If only uniformity and the retention time of hot air on 

substrate surfaces are considered, the retention time of hot air 

is the longest and the pressure of hot air on substrate surfaces 

is relatively uniform when the horizontal clapboard length is 

30mm. However, the inner pressure of the oven body under 

the structure also increases noticeably. This can very easily 

cause solvent retention and will also generate unfavorable 

effects on the exhaust of hot air. The structure with a 30mm 

length of horizontal clapboard should therefore be rejected 

[24] [25].  

5.2. Interval of tuyeres  

The interval of tuyeres has a very important influence on 

the uniformity and stability of hot air inside the drying device 

[26]. An irrational interval of tuyeres may cause a decreased 

utilization efficiency of hot air and subsequent residual 

solvent.  Intervals of tuyeres and paper space are shown in 

Figure 14. 

Through comparative analysis and attempts with nine 

different structures, this paper finds that the vortex flow 

formed by the structure with m=160mm of internal and 

k=10mm of paper space on the substrate surfaces is 

significant. The hot air has a long retention time on the 

substrate and the air blowing speed is uniform.  

        

        
 

(a) m=120mm (original)    (b) m=160mm (optimization) 

 

Figure 14. Hot-air trace maps of different intervals of tuyeres 

6. CONCLUSION 

This paper established a hot-air drying system model based 

on an analysis of drying methods and mechanisms. The 

analysis was carried out using hot-air flow characteristics in 

an oven, through CFD simulation. The structure optimization 

is put forward as follows: 

(1)  A connecting air duct with H=200mm could provide 

uniform pressure for hot air; 

(2)  The structural addition of an air suction port at 

L=26mm could be beneficial in effectively controlling 

organic solvent retention; 

(3)  A new tuyere, with a horizontal clapboard of d=24mm, 

could form convolutions which would improve drying speed, 

the utilization of hot-air efficiency, and drying uniformity.  

(4)  A structure with internal m=160mm and k=10mm of 

paper space to the substrate surfaces is significant for 

increasing drying efficiency of the substrate and for 

efficiently decreasing solvent residue. 

This research therefore provides certain instructions for 

optimization in the design of drying ovens in the future. 
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