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Abstract: An approach to design multi-channel cylinder dryer was proposed. The heat transfer performance and flow characteristic 
under various structural parameters were analyzed. First, an experiment was designed and set up to measure the condensing heat 
transfer coefficient and the pressure drop in order to verify the applicability of the Cavallini’s correlation. Then, the relationship 
among the count of channels, aspect ratio, spacing ratio, width, height and hydraulic diameter of a channel was given. Finally, the 
correlation of condensing heat transfer and the homogeneous model was introduced in order to observe the heat transfer performance 
and flow characteristic of the multi-channel cylinder dryer affected by different structures. The study reveals that the structural 
parameters including count of channels, aspect ratio, spacing ratio of a channel dramatically influence the condensation heat transfer 
coefficient and frictional resistance of the steam. Based on the selected paper machine, it is suggested that the overall performance of 
the multi-channel cylinder dryer is best if the count of channels is 150-200, the aspect ratio is 1 : 3 and the spacing ratio is 1 : 1-1 : 3. 
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1. Introduction 

The pulp and paper industry is among the most 

capital-intensive manufacturing industries in China. 

The large dryers that remove residual water from the 

paper are the most cost components associated with 

papermaking. So how to reduce the energy 

consumption and increase the drying efficiency are the 

urgent problems in the papermaking industry. In the 

traditional drying method, the steam is induced into 

the cylinder dryer in which the steam is condensed 

and the heat is released in the cylinder body, then heat 

penetrates through the wall of the dryer in order to dry 

the wet paper. The biggest problem for the traditional 

dryer is that the condensation water cannot be 

discharged in time, so generally there exists a water 

ring whose heat transmission resistance is about 87 

times larger than that of the cast iron. It will increase 
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the energy consumption definitely [1]. 

In previous results, many investigators have widely 

used siphons to reduce the thickness of the condensate 

layer to increase the condensing heat transfer rates 

from the steam to the paper outside of the cylinder 

[2-4]. Also, spoiler bars have been attached to the 

inside surface of the cylinder to produce resonant 

waves in the condensate layer to improve the 

condensing heat transfer coefficient [5]. However, 

although these devices are applied to the classical 

dryer, breakthroughs in the drying system for 

papermaking processes are still required because of its 

high energy consumption [6]. 

As shown in Fig. 1, ANL (Argonne National 

Laboratory) [7-9] designed a sleeve cylinder dryer in 

order to solve this problem. The steam enters the dryer 

from one side and enters the sleeve from another side. 

The steam will be condensed in the sleeve, instead of 

the cylinder  body. This  change of  structure  avoids the 
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Fig. 1  Schematic representation of sleeve cylinder dryer. 
 

formation of the condensation water ring, and the heat 

transfer efficiency could be raised greatly. Because of 

similar heat transfer behavior of all channels, ANL 

selected one channel with width of 18.90 mm and 

height of 3.14 mm, to measure the condensing heat 

transfer coefficient under various inlet pressures, mass 

fluxes and qualities. The result shows the condensing 

heat transfer coefficient for sleeve dryer is 15,000 

W/m2·K, which is 7 times greater than that in a 

conventional dryer with spoiler bars, and 20 times 

greater than that in a conventional dryer without 

spoiler bars [10]. 

As shown in Fig. 2, Dong Jixian [11] designed a 

new dryer, named multi-channel cylinder dryer, based 

on the ANL structure. In Dong’s structure, the steam 

enters into the channel directly and there is dip angel 

between the channel and the axis of the dryer, so the 

centrifugal force will promote the discharge of the 

condensation water due to the rotation of the dryer. 

The new dryer optimized the structure of ANLs’, and 

could solve the problem of the condensate drain in 

some extent. 

In previous studies, many scholars and technicians 

made lots of efforts on the multi-channel cylinder 

dryer. Dong Jixian [12] calculated the dryer’s heat 

transfer characteristics, Chang Zhiguo [13] analyzed 

the distribution of the dryer surface temperature, Dong 

Jixian [14] simulated the fluid flow in the channel. All 

researchers showed that the condensing heat transfer 

coefficient in the channel was higher than that in a 

Dying surface

Cylinder dryer

Steam channels

Overlay

 
Fig. 2  Schematic diagram of multi-channel cylinder dryer. 
 

conventional dryer. However, these studies are based 

on the structure of ANL and the effect on structure 

parameters of a channel is not considered. 

In this paper, first, an experiment was designed and 

set up to measure the condensing heat transfer 

coefficients and pressure drops. Then, a correlation 

published by Cavallini is applied and compared with 

the experimental data. Finally, a mathematical model 

of the multi-channel cylinder dryer based on this 

correlation was built, the relationship between each 

structural parameters, including the number of 

channels, the aspect ratio, the ratio of spacing and the 

width of a channel, the effective heat transfer area of a 

dryer, the condensing heat transfer coefficient and the 

ΔP was given. Also, the optimum parameters are 

obtained. 

2. Experiment and Verification of 
Correlation 

2.1 Experimental Apparatus 

The experimental apparatus was designed and 

fabricated as shown in Fig. 3. The facility consists of 

four sub-systems including the test section, the 

water/steam loop, the water/coolant loop and the after 

cooling loop. 

In sequence, the water/steam loop consists of a 

electric boiler, a superheater, a pressure relief valve, 

an after-condensing heat exchanger, a needle valve, a 
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Fig. 3  Schematic diagram of the experimental apparatus. 
 

flowmeter, a reservoir, a filter and a pump. The 

reservoir supplied water to the boiler by pump 1. 

Between the reservoir and the boiler, a filter is 

installed to pure the water. The steam is generated in 

the boiler and superheated by the superheater to enter 

into the test section. After working fluid flows out 

from the channel on the test section, it is subcooled in 

the after-condensing heat exchanger to fully change 

the steam to the remove the liquid water. Finally, the 

water flows back to the reservoir to complete a cycle. 

The flowrate of the steam is maintained by the input 

power of the boiler and is exactly measured by the 

flowmeter. The pressure in this loop is controlled by 

the openness of the needle valve. The 

non-condensable gas is discharged via the pressure 

relief valve. 

The water/coolant loop provides the cooling water 

to condense the steam in the test section. A plate heat 

exchanger is used to subcool the coolant from test 

section. Pump 2 transports the coolant from the heat 

exchange to the test section. A bypass is used to adjust 

the coolant flow rate. A flowmeter installed at the 

upstream of the test section is employed to measure 

the flowrate of the coolant. 

The pressure of water/coolant loop is controlled by 

the valve and stabilized by a pressure regulator. The 

pressure remains high enough to avoid the 

vaporization of the coolant. 

The after cooling loop provides cooling water to 

two heat exchangers in order to bring the work fluid 

and coolant to the subcooled liquid state. It consists of 

two pumps, a tank and a cooling tower. The water is 

cooled by the cooling tower and reserved in the tank, 

then transported to the after-condensing heat 

exchanger and cooler heat exchanger by pump 3 and 

pump 4. 

The test section, shown in Fig. 4, mainly consists of 

three plates connected by bolts. Two thin gaskets are 

inserted among these three plates to prevent leakages. 

The middle plate is made of the aluminum and two 

rectangular channels are grooved on this plate as 

shown in Fig. 5. The steam flows through the upper 

channel while the coolant counter currently flows 

through the lower channel. 
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Fig. 4  Schematic diagram of test section. 
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Fig. 5  Schematic view of the test section. 
 

The other two plates are made of the transparent 

quartz glass, so the flow patterns and their transition, 

including liquid hold-up and thickness of the 

condensate layer could be observed and identified. As 

shown in Fig. 5, six T-thermocouples are positioned in 

the wall between the steam channel and the coolant 

channel with an intervals of 0.14 m, respectively. The 

temperature of the coolant is measured by seven 

T-thermocouples, they divide the coolant channel into 

segments with 0.07 m in length. The wall thermocouples 

are positioned in the middle of two coolant 

thermocouples. The inlet and outlet temperature of the 

steam channel are also measured by T-thermocouples. 

The inlet pressure and the overall pressure drop 

across the steam channel were measured during the 

experimentation by pressure sensor and differential 

pressure sensor. 

The slightly superheated steam enters into the steam 

channel on the test section so that the state of the 

steam could be solely determined. The test section 

was insulated well to minimize the heat loss to the 

environment. 

2.2 Verification of Correlation 

It is hard to measure the heat transfer coefficients 

and the pressure drop under various geometric 

specification of the channel. So, Cavallini’s 

correlation is employed and verified by the 

experimental data to determine if it is consistent with 

the test result. 

Cavallini’s correlation is given by 

(1) when JG > JG
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where G, r, g, Prl, x, v, l, v and l are the mass flux 

of steam, the latent heat, the gravitational acceleration, 

the Prandtl number of liquid, the quality, the viscosity 

of vapor and liquid, the density of vapor and liquid, 

respectively. CT = 2.6. 

To evaluate the pressure drop of the mini-channel 

with an annular flow pattern, the correlation, which is 

an empirical formula presented by Muller-Steinhagen 

et al. [15] is used. 

 1/3 31
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where, the factor G is 
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where, f and Re are friction factor f = 0.079/Re0.25 and 

Reynolds number Re = mtotaldh/μ. 

Fig. 6 shows the experimental condensing heat 

transfer coefficient as function of the steam mass flux. 

In particular, the experimental results are in good 

agreement with the results calculated by Cavallini’s 

correlation as shown in Fig. 6. 

Fig. 7 shows the steam pressure drop as a function 

of steam mass flux. As shown in Fig. 6, the model 

results are also in good agreement with the Cavallini’s 

correlation results. 

To sum up, the Cavallini’s correlation is applicable 

to the steam condensation in horizontal channel. So, 

the correlation can be used in the model built behind. 
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Fig. 6  Comparison of experimental heat transfer 
coefficient with the correlation. 
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Fig. 7  Comparison of experimental steam pressure drop 
with the correlation. 

3. Effects of Geometric Specification on Heat 
Transfer Coefficient of Multi-channel 
Cylinder Dryer 

3.1 Geometric Specification of Channel 

There are many schemes for the design of a 

multi-channel cylinder dryer channel. As shown in Fig. 

8, the channels were casted in the inner wall of the 

dryer, and  a panel  was covered  on it  in order  to make 
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Fig. 8  Inner face of the dryer. 
 

Table 1  Structural parameters of dryer. 

Parameters Symbol 

External diameter D 

Inner diameter Dw 

The breadth of the dryer L 

Number of channels n 

Width of the channel W 

Height of the channel H 

Wall thickness  
 

the channels closed. The structural parameters were 

shown in Table 1. 

Obviously, if the aspect ratio: B = H/W and the ratio 

of spacing and the width of the channel:  = / keep 

constant, the channel width W, height H, equivalent 

diameter De and the effective dry area will be directly 

affected by the number of channels. 

The central angle that corresponds to the channel 

can be expressed as 

2

(1 )n
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The width and height of a channel can be expressed 

as 
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The hydraulic diameter of the channel is 
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The total effective dry area of the dryer is 

sA nWL              (15) 

The mass flux, average velocity and Reynolds 

number are, respectively 

( )in out

Q
G

n W H h h


            (16) 

(1 )v l

G
u

x x 


            (17) 

Re
(1 )

e

v l

Gd

x x 


           (18) 

Obviously, because only part of the dryer surface is 

warped by the paper, the real effective dry area can be 

expressed as 

2e sA A



              (19) 

The evaporated water is 

2 1

1 e

W
m

A

 



            (20) 

The heat required by the dryer is 

( )e e wQ mA h h            (21) 

where, , 1, 2, hw, he and W are the effective wrap 

angle, the quality of the paper enter and entrance the 

dryer, the enthalpy of liquid and gas and the 

production of the paper machine, respectively. 

In order to analyze the heat transfer performance 

influenced by the structural parameters, a paper 

machine is selected to determine the relative thermal 

parameters as shown in Table 2. 

3.2 Effect of Channels Number and Aspect Ratio 

In Fig. 9, the height of the channel and the  

hydraulic diameter are plotted as function of the number 
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Table 2  Parameters of the paper machine. 

Type Parameter Value Unit 

Cylinder 

Number 19  

Diameter 1.25 m 

Length 2.5 m 

Wrap angle 230 ° 

Production 780 kg/h 

Dryer section 

Inlet temperature 50 °C 

Inlet quality 32 % 

Outlet quality 92 % 

Steam 
Pressure 0.2 MPa 

Quality 1  
 

of channels. It can be seen that with the increase of the 

number of channels, the height and the hydraulic 

diameter decrease rapidly at first, then the trend tends 

to slow when the number reaches about 150 ~ 200. It 

can be also seen that if the aspect ratio is large and the 

number of channels is small, the height will be very 

large which will greatly lead to the increase of the 

wall thickness, so the weight of the dryer increases 

much and sometimes it is hard to be manufactured. 

In Fig. 10, the mass flux and the Re are depicted as 

a function of the number of channels. It can be seen 

that the mass flux increase linearly with the decrease 

of the hydraulic diameter, but when the aspect ratio 

further increases, the rise rate of mass flux turns to 

slow. No matter how the hydraulic diameter changes, 

the Reynolds number of the steam remains constant, 

and in this paper, Re < 2,000, which means stream is 

in a laminar flow mode. 

In Fig. 11, the condensing heat transfer coefficient 

and ΔP as functions of number of channels are shown. 

It can be noted that both of them increase when the 

number of channels increases. The coefficient and ΔP 

increase rapidly whereas the rise rate of the coefficient 

turns to slow when the number of channels is more 

than 200. In Table 3, parameters of a channel and the 

steam flow when the number of channels is 100 and 

300 with different aspect ratio are listed, respectively. 

It can be observed that although small ΔP can be 

obtained if the aspect ratio is large, the condensing 

heat transfer coefficients are small, too. Channels with 

small aspect ratio have the opposite situation. Hence, a 

moderate aspect ratio could acquire large coefficients 

and small ΔP. Furthermore, aspect ratio = 1 : 3 provides 
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Fig. 9  Height and hydraulic diameter as function of the number of channels. 
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Fig. 10  Mass flux and Re number as function of the number of channels. 
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Fig. 11  Condensing heat transfer coefficient and Δp as functions of the number of channels. 
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Table 3  Condensing heat transfer coefficient and δp with different channel parameters. 

B n H/mm De/mm h/W·m2·K P/Pa 

1 : 9 
100 4.36 7.85 6,331 10.4 

300 1.45 2.62 8,302 281.9 

1 : 6 
100 6.54 11.21 5,756 3.4 

300 2.18 3.74 7,649 92.1 

1 : 3 
100 13.08 19.62 4,962 0.56 

300 4.36 6.54 6,611 15.1 

1 : 1 
100 39.25 39.25 4,141 0.05 

300 13.08 13.08 5,485 1.25 

3 : 1 
100 117.74 58.87 3,732 6.810-3 
300 39.25 19.62 4,922 0.19 

6 : 1 
100 235.48 67.28 3,606 2.610-3 
300 78.49 22.43 4,752 0.07 

9 : 1 
100 353.2 70.6 3,562 1.610-3 
300 117.74 23.55 4,691 0.04 
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Fig. 12  Pressure drop and condensing heat transfer coefficient as functions of the number of channels. 
 

the best comprehensive performance for channels, 

which is as same as the result recommended in Ref. 

[16]. 

As shown in Fig. 12 thermal insulation spacing was 

set to make two adjacent channels independent of each 

other. In Fig. 12, pressure drop and condensing heat 

transfer coefficient are shown as functions of the 

number of channels. It can be seen that both the 

pressure drop and the condensing heat transfer 

coefficients decrease with the decline of the interval 

ratio. 

3.3 Effect by Ratio of Spacing and Width of Channel 

In Fig. 13, the effective external surface As as a 
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function of the number of channels is depicted. It can 

be seen that the effective external surface decreases 

with the growth of the interval ratio. Nevertheless, the 

rise rate decreases with the decline of the interval ratio, 

therefore the undersized interval ratio is not very 

effective to improve As, but it will lead to the 

difficulty of manufacture of the dryer and make the 

process more difficult and weaken the strength. 

4. Conclusions 

In this paper, an experiment was designed and set 

up to measure the condensing heat transfer coefficient 

and the pressure drop in order to verify the 

applicability of the Cavallini’s correlation. The result 

shows the correlation agrees with experimental data in 

horizontal channel. 

Then, a mathematical model of the multi-channel 

cylinder dryer, which used the Cavallini’s correlation, 

is set up to analyze the influence of the heat transfer 

and flow characteristic given by the dryer parameters. 

The results are: 

(1) Both of the condensing heat transfer coefficient 

and the pressure drop increase with the growth of the 

number of channels. When the number reaches about 

150 ~ 200, the rise rate becomes slow, and it is better 

to choose the appropriate number in this range. 

(2) The condensing heat transfer coefficient 

increases with the decrease of the aspect ratio but the 

pressure drop is very large if the aspect ratio is small. 

In this paper, it is recommended the aspect ratio as 1 : 

3, which is similar with the result in Ref. [16]. 

(3) The interval ratio will also influence the heat 

transfer and flow characteristic. The result shows the 

smaller interval ratio could bring better result. 

However, due to the manufacture, the interval ratio is 

recommended as 1 : 1-1 : 3. 

These results show the feasibility of using the 

model in optimizing the structural parameter and 

remarkably increasing the energy efficiency of the 

multi-channel cylinder dryer. 
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