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and observations. All equipment information and sizes must be checked in the field and 
compared with the flow schematics of the system. Field testing is generally carried out to: 
• establish machine operating conditions, speeds and sheet moisture. 
• establish drying curves. 
• measure energy consumption. 
• determine the operating problems and procedures through detailed discussions with 

the operators. 
• obtain physical data for the system analysis. 
• assess the physical condition of the equipment. 
• establish key performance indicators. 
• compare the performance indicators of the machine with similar top performing 

machines making the same grades. 
Systematic measurement of the steam and condensate system, the pocket ventilation system 
and the hood balance around the dryer section is a pre-requisite in optimizing dryer 
performance (Hill, 1997; Perrault, 1989). Once such measurements are carried out, proper 
analysis of such data will quantify the present conditions/performance of the dryer section 
of a paper machine, compare dry end efficiency of the machine with others in the industry 
making similar grade, identify the scopes for improvement in drying efficiency and 
subsequent energy saving. Field data can also be used for simulation model in quantifying 
potential tangible benefits. 

8.2 Field measurements for performance evaluation 
Once this has been established further follow on work are required. The systematic 
approach that can be used comprised the following steps: 
• Measurement of cylinder surface temperatures, pocket temperatures, pocket humidity 

values, air movements in each pocket, web temperature after each dryer cylinder across 
the full width of the machine/pocket; 

• Measurement of condensate flow from each separator and check the steam pressures of 
each section including the blow-through steam; 

• Measurement of air conditions (flow, temperature, humidity) of supply and exhaust air; 
• Analysis of data, including overall water and energy balance over the entire dryer 

section and over individual heat recovery system; 
• Exploration of various ‘what-if’ scenario through simulation model using measured 

data to quantify potential tangible benefits that could be achieved if the problems 
identified are fixed; 

• Repeat audit/surveys following corrective actions based on preceding audits. 

8.3 Performance indices 
Performance of the dryer section of a paper machine can be described by various means. 
However, the commonly used dryer performance indicators are :  
• TAPPI (Technical Association Pulp and Paper Industry) drying rate (kg water 

removed/hr/m2 of surface area);  
• steam efficiency (kg steam used/kg of water evaporated); 
• production efficiency (kg steam used/kg of paper produced) and  
• energy efficiency (mega joule of energy required per ton of water removed). 
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The steam efficiency is the more rational performance indicator as it reflects the actual 
amount of water evaporated irrespective of the performance of the press section of a paper 
machine i.e., whether the dryness entering the dryer section is good or poor. However, from 
financial view point the total amount of energy used per ton of paper produced is the most 
important. 

8.3.1 Drying rate 
Depending upon the use of size press in the paper machine, the Tappi drying rate could be 
categorized into three rates: overall, pre-dryer and after-dryer. If size press is absent or off, only 
one drying rate (overall) is obtained. If a moisture spray is present to control the CD 
moisture profile in the reeler,   the amounts of extra water spray used should also be 
included in the calculation of dry end efficiency of the machine. 
TAPPI surveyed a large number of paper machines in North America producing similar 
grade of products and published the drying rate for specific grades such as newsprint, liner 
board, medium, fine paper etc as function of average dryer steam pressure. From the survey 
data, TAPPI also recommended mean, upper and lower limits of drying rates for each 
grade. Figure 8.1 shows the location of actually measured overall drying rates of several 
machines producing linerboard products. 
 

 
Fig. 8.1 Tappi Drying Rate for Machine A producing Linerboard products 

The overall drying rate for Machine A based on the data was 27.3 kg H2O/hr/m2 at 171.5oC 
average steam temperature. This value is higher than the mean value of the TAPPI surveyed 
machines, and is higher than the corresponding values obtained during previous audits, 
suggesting improvement in drying rate. It is important to note that the calculation of drying 
rate is significantly influenced on the web moisture entering the dryer section and also the 
final web moisture at the reeler. Quite often, web moisture entering the dryer section is not 
measured and use of mill supplied historical moisture value can affect the overall drying 
rate. 
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8.3.2 Steam efficiency 
Another indicator of the drying efficiency of the dryer section of the paper machine is the 
amount of steam used to evaporate unit mass of water. Water removal by drying paper is 
more expensive than water removal by pressing. Research indicates that somewhere 
between 1.1 kg and 1.7 kg of water is evaporated in the dryer section per kg of solids, 
depending on the inlet and outlet sheet moisture. Each kg of water evaporated requires in 
the area of 1.3 to 1.6 kg of steam. 
For the linerboard machine investigated, the steam efficiency of this machine resulted 1.35 
ton of steam per ton of water evaporated. In Figure 8.2, the steam efficiency of this machine 
is compared with large number of machine produced same grade of product surveyed. The 
steam efficiency of this machine significantly improved from 1.8 kg steam/kg water 
evaporated in 1996 to the current level of 1.4 kg steam/kg water evaporated in 2007. The 
improvement was the result of incremental improvement program undertaken by the mill. 
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Fig. 8.2 Steam Efficiency improvement of a linerboard machine 

8.3.3 Production efficiency 
The most important indicator of the performance efficiency of the dryer section of a paper 
machine from economic point of view is the production rate efficiency or the steam usage 
per unit mass of paper manufactured. This efficiency strongly influences the manufacturing 
cost of paper and paperboard. Drying energy cost (typically $10/tonne of steam) is 
somewhere between $20 to $45 per tonne of paper/ paperboard produced. In Figure 8.3, the 
production efficiency of Machine A is compared with large number of machine produced 
same grade of product surveyed. The median value was about 2.2 kg steam/kg of paper 
produced compared to 2.34 t/ton of paper for this machine. 

8.3.4 Overall dry-end efficiency 
The most important criterion for efficient drying of paper is achieving target or desired 
moisture level/profile of web at the reeler using lowest energy consumption and at 
maximum design speed of the paper machine. Ideal condition at which the drying rate can 
be increased at decreasing steam usage per unit mass of water evaporation is desirable for 
achieving the optimal overall dry end efficiency.  
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Fig. 8.3 Production Efficiency improvement of a linerboard machine 
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Fig. 8.4 Overall dry-end efficiency for paper machine making corrugating medium 

Figure 8.4 shows the comparative overall dry end efficiency of several paper machines 
producing corrugating medium grade papers. For both Machines A and D, the drying rate 
increased at reduced steam usage reflecting significant improvement in overall dry end 
efficiency. The improvement for Machine A was the result of the upgrade of the steam and 
condensate system along with increasing the number of dryer cylinders. The improvement 
for Machine B was due to elimination of a moisture streak that was originating in the 
forming section. 
As indicated earlier, the paper drying process is a complex heat and mass transfer process 
and number of variables and sub-process influence the final outcome of the drying 
efficiency or performance. The accepted level of various index values influencing the overall 
dry-end performance of paper machines making three common paper grades are shown in 
Table 8.1.  
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Index Unit 
Fine 
Paper Linerboard 

Medium 

Press Dryness % 40.0 42.0 42.0 
Steam-to-surface Temp. difference oC 22-28 22-28 22-28 
CD Temperature oC 2.8 2.8 2.8 

Tappi Drying Rate kg/hr/m2 @kPa 
32 
@450 28 @965 

24 @965 

Condensing Load kg/hr/m2 17 36 32 
Average Pocket AH g water /g air 0.20 0.20 0.20 
Peak Pocket AH g water /g air 0.25 0.30 0.30 
Hood Balance % 70 70 70 
PV Temperature oC 82 93 93 
Steam Efficiency Kg /kg H2O  1.0 1.30 1.30 

Table 8.1 Dryer section Performance Levels 

The total amount of energy consumed in the dryer section of a paper machine can be broken 
down into sheet heating, evaporation, air heating, non-condensable bleed and venting. 
Energy required for evaporating water from the sheet is essentially constant and can not be 
easily changed. Air heating requirements are a function of pocket ventilation air volume and 
temperature. The biggest potential energy waste is venting steam to the atmosphere or to a 
heat exchanger. Steam and condensate systems should be designed in such a way that no 
venting occurs during normal operation. 

8.3.5 Case studies 
Results of two case studies are shown in this section. In both cases, the importance of 
pocket ventilation air system and hood balance is illustrated with realization of tangible 
benefits. 

Case I: Decrease in Machine Speed - Improper Damper Setting of Exhaust Duct. 
The paper machine in this mill experienced close to a 20 m/min decrease in machine speed 
although the press dryness and other machine operating variables did not change. A request 
was made to establish the cause and subsequently recommend a solution to the mill to 
rectify the problem. A systematic investigation was undertaken, primarily focused on the 
dryer section. A comprehensive audit of the dryer section and hood balance of this machine 
was undertaken previously and this helped for direct comparison with the results obtained 
from this investigation.  
Direct comparison of absolute humidity (AH) values of air in the dryer pockets of the paper 
machine for the two audit periods is shown in Figure 8.5. Up to dryer pocket 23, the pocket 
humidity values from the two audits were very similar. However after the 23rd pocket, the 
absolute humidity values measured from the present survey were much higher than those 
of the previous audit. The steam pressure values in the dryer sections were not significantly 
different between the two audit results. The cause of this high absolute humidity values in 
the second half of the dryer pockets could not be initially identified until a hood balance was 
undertaken. 
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Fig. 8.5 Effect of Damper setting on Pocket Humidity 

The hood balance results are shown in Table 8.2. It is evident from this table that the 
amounts of air extracted out through the exhaust Duct #3 based on the current audit was 
significantly lower than that of the previous audit (28.5 t/hr vs. 76.1 t/hr).  
 

 Audit Duct 1 Duct 2 Duct 3 
Air flow, t/hr This 76.1    56.3 28.5 
 Previous 73.2    64.0 76.1 
Water flow, t/hr This 4.77    4.61 1.15 
 Previous 5.34    6.01 6.4 
Total Airflow  This                 160.9 
( t/hr) Previous                 213.3 
Total Water flow  This                   10.5 
(t/hr) Previous                   17.8 
Hood Balance This                   74.5 
(%) Previous                   65.0 

Table 8.2 Exhaust Air and Water Flows 

The water flow (with humid air) through this exhaust duct was also significantly lower than 
the corresponding value calculated from the measured flows during the previous audit. 
There were no significant difference in flows from the two survey results of both air and 
water through exhaust Ducts #1 and #2. The total air and water flows through the dryer 
exhaust system had the consequential effect of reduced flow through exhaust Duct #3. The 
amounts of ‘introduced’ or pocket ventilation air supplied were similar during the two 
audits. The apparent higher hood balance was the result of reduced total exhaust air flow. 
All these data suggested airflow restriction on the suction side of the exhaust fan in Duct #3. 
Physical observation of the damper setting of this duct revealed that was the case. After 
fully opening the damper, the machine speed was increased by 15 m/min within fifteen 
minutes. This was equivalent to 2% increase in output or 3000 t/yr extra production. To see 
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the effect of fully opening the damper on the absolute humidity values of the affected 
pockets (23 through 43), humidity measurements of limited pockets were carried out. The 
results are also shown in Figure 8.5. It can be seen from this figure that the absolute 
humidity values fell to the same level as that of the previous audit. This case study 
demonstrates that if proper attention is given to the pocket ventilation system in the dryer 
section of a paper machine, there are potentials to improve drying efficiency or increase in 
production. 
 

15

17

19

21

23

25

20 30 40 50 60 70
Hood Balance, %

D
ry

in
g 

ra
te

, k
g 

W
at

er
/h

r/m
2

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

St
ea

m
 U

sa
ge

, k
g/

kg
 w

at
er

 
ev

ap
or

at
ed

Drying rate Steam Usage  
Fig. 8.6 Effect of Hood Balance on drying rate and steam usage 

Case II: Hood Balance too low – speed of supply fans not high enough 
This is a new machine producing linerboard products. The pocket ventilation (PV) air 
system of this machine is very good with variable speed drives on all the PV supply and 
exhaust air streams. Since commissioning the machine, the fan speed of the supply air was 
set at 65% and the machine was run for almost one year without realizing the full potential 
of proper hood balance. A comprehensive audit and hood balance of the dryer section was 
undertaken and it was established that the current setting of the supply fan speed, the hood 
balance was only 25% and the evaporative drying rate and steam efficiency was 18.2 kg 
water/hr/m2 and 1.65 kg steam/kg water evaporated respectively. Multiple hood balance 
was undertaken over two months’ period when the supply fan speeds were increased to 
various levels in view of obtaining hood balance close to 70%. 
Effect of progressive increase in hood balance on improvement on drying rate and reduction 
on steam usage is shown in Figure 8.6. By increasing the hood balance from 25% to 65% by 
adjusting the variable speed drives of the supply fans’ motors, the drying rate increased 
from 18.2 kg water/hr/m2 to 22 kg water/hr/m2 and the steam usage reduced from 1.65 to 
1.25 kg/kg of paper produced. The realized benefits were significant. 

9. Alternate non-conventional drying methods  
Between 85% and 90% of all commercial paper machines operating globally use steam 
heated multicylinder system for paper drying. Paper machine equipment manufacturers 
and researchers working in the field of paper drying are always looking for improved paper 
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drying process that will require less capital investment and can increase drying rate 
substantially higher compared to conventional paper drying. Some of the alternate drying 
methods that could be attractive and could be potentially used for commercial application in 
the future are described below. 
 

 
Fig. 9.1 Schematic diagram of Condebelt operating principle 

9.1 Condebelt drying 
The first alternative to conventional steam heated multicylinder drying was developed in 
early 1990 and was referred as Condebelt drying (Lehtinen et al, 1995). This process 
although uses steam, instead of cylinder, steel belt is the heat transfer medium. The 
Condebelt drying process consists of steel elements causing the moisture of the web to 
evaporate and the generated steam to condense in a closed unit. The web is dried in contact 
with an externally heated moving metal belt. Heat transfer to the web causes evaporation. 
On the other side of the web is a wire and beyond that is an externally cooled metal belt 
both moving along the web. The metal belts are made of steel with typical thickness of about 
1 mm. Figure 9.1 shows the schematic drawing of Condebelt operating principle (Karlsson, 
2000). 
Compared with conventional cylinder drying, the drying rate is reported substantially 
higher as the potential for energy recovery along with improved board properties (Lehtinen, 
1993). The first commercial installation of Condebelt drying was on a board machine in 1996 
followed by a second one in 1999. In spite of the proven benefits of Condebelt drying, this 
new technology has not been widely accepted.  

9.2 Through-air drying 
In the through-air drying (TAD) technology hot air is drawn through the web over one or 
several very open dryers. This process is used for drying tissue paper with improved bulk 
and more textured web than conventional crepe tissue technology and could not be used for 
drying non-tissue paper grades. A TAD machine consists of a former, through-air drying 
section, usually a Yankee section, and dry end with calendar and reel. There is normally not 
wet pressing in a TAD machine. Figure 9.2 shows TAD tissue machine sections. 
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Fig. 9.2 Through-air drying tissue machine sections 
 

 
Fig. 9.3 Schematic diagram of through-air drying principle 

Through-air drying is a continuous process whereby a mixture of air and water vapour 
passes through a permeable web causing heat transfer to the web by convection and causes 
heating and evaporating water from the web. The process air flow schematic shown in 
Figure 9.3 is representative of a typical through-air drying system. 

9.3 Air impingement drying 
The idea to use high-temperature, high-velocity air impingement for drying of a paper 
web was proposed in 1930s (Burgess et al., 1972). The use of air impingement drying is 
already in use, although to a lesser extent, in some grade of papers such as tissue and sack 
papers. Impingement technology has common use in Yankee cylinders. In that 
application, paper attaches to a cylinder, and no dryer fabrics are in use. Air blowing 
towards paper breaks the stagnant boundary layer and produces a high heat transfer 
coefficient on the paper surface. Heat transfer primarily occurs through convection. In 
flotation dryers, sack paper web dries completely without restrain by air impingement 
drying. 
These applications do not use full capacity of air impingement drying since the temperature 
and nozzle velocity are of modest levels. In air impingement drying, the main process 



  
Evaporation, Condensation and Heat Transfer             

 

576 

parameters are air temperature, jet velocity, air moisture content and muzzle geometry. Two 
important parameters concerning evaporation capacity are jet temperature and jet speed. 
Although the full potential of air impingement drying of paper web is not realized yet, this 
technology is a very viable alternative to paper drying. It offers many advantages compared 
with conventional steam drying cylinder, namely, high drying rates, short dryer section, fast 
drying response, better profiling and curl control. 

9.4 Impulse drying 
Impulse drying is a water removal process where a moist web passes through a high 
temperature press nip. The method combines elements of wet pressing and hot surface 
drying. Typical characteristics of the nip are a roll surface temperature of 150oC-500oC, nip 
pressure of 0.3-7 MPa, and nip residence time of up to 100 ms. The first detailed published 
work on impulse drying was made in 1985 (Wahren, 1985). A single unit could replace an 
extensive part of the current dryer section and last nip of the press section. Besides the high 
drying capacity, impulse drying provides possibilities to modify paper properties. In spite 
of promise of huge benefits, the impulse drying technology did not lead to a commercial 
application.  This is largely due to large number of technical problems related to practical 
operation yet to be resolved. 

9.5 Steam drying 
The idea to use steam as a drying medium is not new. Some industrial applications for 
wood and coal drying date from 1930s. Renewed interest for using steam in convective 
dryers rather than hot air appeared in the late 1970s probably due to energy crisis at that 
time. In principle, any direct air dryer can operate with steam. To-day, industrial scale steam 
dryers have use for textile webs, market pulp and lumber. The first patent to apply the 
concept of steam drying for paper appeared in the early 1950s. A good review of research 
work on steam drying of paper is available in the literature (Douglas, 1994). 
Compare to air drying, steam as a drying medium can offer many advantages. The most 
interesting is the potential to save energy. If the exhaust steam has use elsewhere in the 
process, the net energy consumption may be very low. Another advantage is safer 
operation, i.e., no fire or explosion hazard. The drying rate is higher in steam drying than air 
drying if the operating temperature is high. Despite intensive theoretical and experimental 
work on steam drying, no industrial steam drying applications for paper webs exist to-day. 

9.6 Micro-Waves drying 
The possibilities of using micro-waves for paper drying have been examined extensively. 
Laboratory equipment for micro-wave drying has been built and many potential advantages 
have been shown to exist (Warner, 1966). The main advantage of using micro-wave energy 
for paper drying would seem to be the possibility of obtaining an even and uniform 
moisture profile at the desired level. 
The absorption of micro-wave energy is roughly proportional to the moisture content of the 
web. This means that areas of higher moisture content will be more strongly heated than areas 
with lower moisture content which will result in an automatic leveling-out the moisture across 
the sheet. Use of micro-wave for complete drying of wet paper web is not commercially 
feasible for number of reasons. However, it could be used at the final stage of paper drying 
along with conventional cylinder drying process for evening out moisture profile in the reeler. 
Similar approach using infra-red or impact drying is used in commercial paper machines. 
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10. Drying and paper quality 
The properties of final paper product are strongly influenced by the web conditions in the 
dryer section including temperature, moisture content and state of stresses. During drying 
process, due to evaporative dewatering, the fibre shrinks and causes stress on the web. 
Controlling the stress in the dryer section can improve strength properties in the web. Other 
major problem is the non-uniformity of shrinkage in the cross direction that can be caused in 
the dryer section with consequential effect of quality and machine runnability. 
By the time the wet web enters the dryer section, the fibre wall has already collapsed due to 
contraction of fibre network during forming in the forming section. The collapse occurs in 
the press section and almost all water from the lumen has been removed prior to entering in 
the dryer section. During drying process, both the bound and free water is progressively 
diffused out and eventually removed, causing irreversible closure of the macro and micro 
pores in a fibre cell wall.  
Paper shrinks during drying in the direction of thickness and in its plane. On the paper 
machine, the paper web is strained in the machine direction and allowed to shrink in the 
cross direction. The edges of the web shrink more than the middle of the web. A shrinkage 
profile therefore exist in the cross direction. This leads to variation in the properties of the 
paper in the cross direction. The level of stress during the drying process significantly 
influences the elastic properties of paper. If the web dries under restraint, it will have a 
higher modulus of elasticity, higher tensile strength and better dimensional stability than a 
web allowed to shrink during drying. The differences in paper properties are due to 
different drying stress and stress concentration levels and changes in crystallinity and fibre 
orientation (Htun, 1980). 
Wire marking on the paper is an important quality issue, particularly for certain papers, 
such as cigarette paper or special fine paper grades. Three different types of markings are 
possible: mechanical or imprint marking; evaporation marking and marking due to uneven 
support.  This type of marking is not a marking seen as a plane difference in the paper 
surface, but as a visual defect especially visible with transillumination. The evaporation 
marking is usually the result of uneven drying due to permeability differences in the fabric 
or seam area and web contact. 
The drying process in the paper machine dryer section can influence two important quality 
parameters, paper curl and cockle. Presence of both curl and cockle are undesirable form 
paper’s functionality aspect. The original reason for curl is the difference in fibre orientation 
through the thickness of a paper. Other factors such as stressing and drying also have 
significant effects on curl. A sheet with a total uniform structure through its thickness will 
curl if dried non-uniformly. Non-uniform drying can be the result of a temperature 
difference between the top and bottom dryer cylinders. Cockle is a localized defect on paper 
that is the results of shrinkage and deformation of fibres while drying. Drying parameters 
that can aggravate cockle are sticking of sheet on hot dryer surface, high wet end dryer 
surface temperature and too rapid drying. 

10.1 Drying induced cross direction (CD) profile 
Two most critical profiles in the cross direction of paper web that influence its functionality 
at end-user application are moisture and shrinkage. The dryer section may lead to non-
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uniform moisture profiles in different ways. The moisture profile of a paper web during 
drying depends on the web’s moisture profile entering the dryer and the uniformity of 
moisture vaporization during the drying process. The former is due to such factors as basis 
weight profile, fibre orientation in the web and material distribution profiles established 
during forming and pressing. This causes an additional effect on edges where the amount of 
water to be vaporized is less than in the middle of the web. Possible better ventilation at the 
edge areas can cause a moisture profile of the web where the edges dry faster than the 
middle. Variations and profiles in surface temperature of dryer cylinders, variations in heat 
transfer caused by dirt accumulation at heat transfer interface or uneven contacts, profiles in 
pocket ventilation, felt permeability profiles can cause moisture profile in a web during 
drying. 
In commercial drying of paper, the web’s cross direction shrinkage is uneven during the 
drying process and during the free draw between the last press and the first dryer cylinder 
where the web undergoes stretching. Improper operation of the dryer section can itself 
influence the shrinkage profile mostly locally. The CD shrinkage profile is the most 
important CD profile generated by the dryer section, since it influences several other CD 
profiles. 
Figure 10.1 shows an example of the effect of CD shrinkage profile for sack kraft paper 
(Ghosh, 2009). In this machine, the CD moisture and shrinkage profiles were very poor, 
primarily due to absence of adequate pocket ventilation system. For sack paper, the two 
most important properties are stretch and tensile absorption energy (TEA). Ideally, these 
profiles be relatively flat so that sack made using papers from different width in the cross 
direction do not fail on impact. The machine was upgraded with installation of a Clupak 
system for making semi-extensible sack paper, but without upgrading of the PV system. As 
a result, the sack paper made had very good stretch and TEA in machine direction, but very 
poor in cross direction with consequential effect of rupture of sacks in CD on impact. The 
mill had no choice but to upgrade the PV system to improve both moisture and shrinkage 
profiles in the cross direction. The CD profiles of TEA and stretch after the PV upgrade are 
shown in Figure 10.2. Clear improvement in TEA profile is obvious. CD stretch values at the 
edges are always higher due to unrestrained dryer and more shrinkage at the edges. 
However, the percentage variation of stretch in the cross direction with respect to the centre 
of the web decreased from 75% to 40% 
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Fig. 10.1 Stretch and TEA profiles of sack paper - before upgrade of pocket ventilation 
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Fig. 10.2 Stretch and TEA profiles of sack paper- pocket ventilation upgrade 

10.2 Equipment  to improve cross direction moisture profile 
Despite uniform heat and mass transfer in the dryer section, variations in cross machine 
moisture profile can exist because of non uniformity in the wet-end and the press section. 
For better functionality of the paper, such profiles must be improved. Several means and 
equipment are available for such improvement. 

10.2.1 Water sprays 
Water spray is an alternate approach. In this system, instead of adding extra energy to dry 
moist streaks, fine sprays of water are used at localized areas with ‘dry’ spots or areas where 
web moisture is much lower. The energy efficiency of this profiling method is much lower 
than that of other methods, but has two advantages. With a machine calender, the 
dampening unit can improve the calendaring effect. The other advantage is the ability to 
control web curl. A unique aspect of spray dampening, not readily obtained with other 
moisture control methods, has the potential to relieve stress and consequent correction of 
cockle and curl at the point of first appearance. These benefits primarily depend on the 
location of spray bar within the dryer, sprayed water droplet size and uniformity, sprayed 
water pattern from each nozzle, nozzle flow control resolution, range of water volume and 
water preparation. An optimal water spray system can also lead to uniform basis water 
profile resulting improved machine runnability and production of off-quality production. 

10.2.2 Steam box 
In this system steam shower is use to spread steam on the web primarily on the foudrinier or 
in the press section. The impinged steam condenses in the web and the resulting web 
temperature increase reduces the viscosity and surface tension of the water in the web. The 
sheet therefore dewaters easily at the couch roll and in the press section. The web temperature 
entering the dryer section is usually higher. Steam showers can be zoned in the cross section. 
Actual distortion of the moisture profile coming from the press is then possible to correct for 
anomalies and irregularities that will occur downstream in the dryer section. 

10.2.3 Infra-red profiling system 
Use of such system is based on modular infra-red generating units are side-by-side across 
the width of the paper machine near the end of the dryer section. Each module is typically 
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150 mm wide and represents a separate control zone. An infra red profiler can effectively 
dry irregular moisture streaks or significantly flatten a moisture profile. Infra-red radiators 
especially electrical ones have fast response and are used to correct narrow moisture streaks. 
Infra-red modules could be either gas-fired or electrical. 
Various features of the three most common moisture profiling systems are shown in Table 
10.1. It is evident from this table that use of water spray is preferred to that of other moisture 
profiling equipment due to its safe, low maintenance, low energy usage and versatile 
control options. All most all new modern paper machines now a days is equipped with 
water spray in addition of steam shower in the press section. 
 

Feature IR (Electrical) IR (Gas) Water spray Steam shower 
Capital Cost High High Moderate Low 
Control Cost Moderate Moderate Moderate High 
Energy Type Electricity Gas Dryer steam Waste steam 
Energy Use High High Low Net saver 
Efficiency, % 17-35 30-50 60-95 50-95 
Streak Control Limited Limited Unlimited Limited 
CD Resolution, mm 20-150 150 100-300 75-300 
Maintenance Moderate Low Moderate Low 
Safety hazard Moderate-High Moderate-High None Low 

Table 10.1 Options for control of different moisturizing control systems (Cutshall, 1991) 

10.2.4 Miscellaneous system 
Proper pocket ventilation and installation of turbulator or dryer spoiler bars are two less 
efficient means of improving moisture profiles. Unlike the three other profiling systems 
described earlier, use of these approaches can only correct stable profiles. Machines without of 
adequate pocket ventilation and/or spoiler bars generally produce papers with poor moisture 
profiles. In most of the modern machines, PV and spoiler bars are integral part of the machine 
design. Even then, some form of extra moisture profiling units is always present. 

11. Conclusion 
Paper drying is a complex heat and mass transfer process, where heat is primarily 
transferred by conduction and to a lesser extent by convection, and mass transfer by 
evaporation and diffusion of water vapour. Thermal energy in the form of steam is used as 
the main source of heat to evaporate water from the wet paper entering the dryer section of 
a paper machine with more than 50% of its weight containing water. Hot air is used as the 
carrier of water vapour evaporated from the web. 
Almost all commercial paper machines operating globally use steam heated multicylinder 
dryers to dry wet paper to a final moisture content of finished product between 6% and 8%. 
Although researches on alternate paper drying methods, both in laboratory and pilot scale 
levels, are being undertaken, commercialization of such methods are yet to be adopted in 
near future. Through-air drying of tissue paper is the only paper drying process that is 
primarily of convective heat transfer and does not use steam heated cylinder. Novel 
technique of Condebelt drying is very promising due to significantly higher drying rate and 
improved paper quality, but lacks global appeal. 
The dryer section of a paper machine removes between 1.1 and 1.3 kg of water per kg of 
paper compared to 200 kg and 2.6 kg in the forming and press sections respectively. It is 



 
Fundamentals of Paper Drying – Theory and Application from Industrial Perspective 

 

581 

significantly more expensive to remove this water by drying compared to any other 
mechanical means. In spite of its key role in papermaking, large equipment size, and large 
capital and operating costs, drying is arguably the least understood papermaking operation.  
Detailed analysis of the main components involving dryer section by using data from field 
measurements is vital in identifying root cause(s) of poor dry end efficiency of a paper 
machine and for potential improvement. Tuning of the steam and condensate, pocket air 
ventilation systems and hood balance are critical for optimizing dryer section of a paper 
machine. The importance of pocket air ventilation and hood balance in paper drying is quite 
often ignored during operation of the dryer section of a paper machine. The case studies 
presented suggest that significant improvement in paper machine efficiency or product 
quality can be achieved if due attention is given to the dryer section. 
Unlike drying of other materials, paper drying process is different due to unique 
characteristics of paper sheet that is made of fibre network in which the cellulose fibres are 
held together through hydrogen bonding. Fibre properties and structure of the paper sheet 
is strongly influenced by pulping processes and types of fibres used in papermaking, 
presence of macro and micro pores.  Various physical laws control removal and evaporation 
of free and bound water from wet web.  Many of the key functional properties of the 
finished product are developed during the drying stage of the papermaking process. 
Controlling of moisture and shrinkage profiles in the cross direction of the width of paper 
web during paper drying is critical in end-user performance of finished paper products. 
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