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ABSTRACT

Today’s papermakers face an everincreasing requirement for the production of sophisticated paper products with a variety
of funational surface coatings. The move towards these higher value added products and the recent trend towards “on-
machine” coating operations has in turn brought with it a requirement for advanced drying configurations and contactless
web handling systems. Typically, this requires the addition of supplementad non-contact drying and non-contact web
handling equipment.

Advances in drying and web handling have also brought forth a myriad of new machine configuration possibilities not
thought possible with older generation equipment. These possibilities are still emerging and some new layouts have
emerged as a direct result of the new technology.

This paper will provide an overview of the current state of the art drying and web handling straegies being employed on
metering size press applications. Topics will include the disaussion of gas IR, air flotation drying and hybrid systems
which turn and dry the web all in one enclosure arrangement.  Other topics will include the application of air turns and
web stabilizers in the overall scheme. Each of the drying and web handling systems will be desaibed in terms of the
operating principles, process advantages and quality enhancement features.

Having a thorough understanding of the drying process, application requirements, drying hardware and some of the
quality defects the drying process can induce will be beneficial in selecting the right dryer/web handling combination.

Key words: gas IR drying, air flotation drying, steam cylinder drying, air turns, web stabilizers, combinaion systems,
integrated air turn drying systems, drying configurations

INTRODUCTION

The recent advances in metering size press (MSP) technology have resulted in a way for mills to improve paper quality
with minimum investment costs. To provide the quality required, coated paper manufacturers have had to undertake a
comprehensive review of existing “on-machine” sizing/coating facilities and corresponding drying and web handling
systems.

It is well known that coating quality is directly affected by the structure and composition of the base shed, the coating
formulation, the method of application, and the detals of the drying process. Additionally it is common knowledge
that an improper drying straegy can very quickly ruin a potentially good surface coating even though the coating
technology is correct. To avoid this potential problem, it is important to have a clear understanding of the drying and
web handling technology available and how to apply these systems in typical MSP applicatiors.



Today’s MSP applications will typically have a combined drying arrangement to take advantage of the benefits each
system has to offer. The following is a list of the web handling and drying systems typically employed in drying
coated paper in MSP applications:

Air Turns (non-heated and heated)

Web Stabilizers

Gas IR Systems

Air Flotation Dryers (Conventional and High Performance)
Combination Gas IR / Air Flotation Drying (Hybrid Systems)
Integrated drying systems which turn and dry the coated web

It is important to realize that when the respective drying and web handling equipment are brought together in the tight
spae configurations prevalent in existing machine configurations, new and innovative layouts need to be considered.

Drying Paper Coatings

One of the first requirements for drying coated paper is to dry the newly applied coating without the wet surface having
an opportunity to be picked off or displaced by physical contact with a roll surface. Secondly, the drying must be done
in such a manner so that coating quality problems are not developed (binder migrtion) during the drying process.
Surface deposits of binder can influence the printing process by affecting ink receptivity causing print mottle.

The most critical period during the drying process starts when the coating is applied and ends when the coating reaches
the gel or immobilization point. Typically this is defined as the point in the drying process where the coating binder
movement drops off to a harmless leve regardless of the drying rate applied. This occurs when the binder becomes
physically trapped between the particles of pigment and becomes immobilized or consolidated. Actual applications have
shown that coating immabilization is not a disaete event but occurs over a range of average solids contents.

Prior to the entry of the first dryer, the entire surface of the coated paper web is wet and available for evaporation. The
drying process will initially remove water from the free liquid on the coating surface and as long as the surface water
remains continuous, all the evaporation will occur from that area  Once this surface layer has evaporated, the airliquid
interfaces will move down in the coating pores with surface tension fores drawing water by capillary flow from the
spaes between the pigment particles in the coating to replace that removed by evaporation. As more water is removed,
consolidation or gelling of the coating solids will occur at the surface of the coating towards the base shegt. As the
drying process continues the water from within the coating layer will no longer replenish the surface whid results in the
showing of dry coating pores. At this point, the coating solids down through the coating will be consolidated and the
coating binder wherever it may be, will be locked in place.

Figure 1 illustrates the drying process. The drying

process is opposite of the dewaering proaess sine it Drying with Sheet Dewatering
moves binder towads the base sheet. Manipulating

the drying process will allow the organized pigrrt
movement of moisture to the coating surface in a B é é;a‘“"”
fashion which insures coating quality. s =
Optimizing coating quality requires a delicate drying

balance. Drying rates, coating application

temperature, base sheet temperatures and distance to
the drying system all must be managed to ensure the
optimum shee quality. Drying the coating too
aggressively can lead to potentially harmful binder
migration. Drying too slowy can lead to potentially Fig. 1
harmful  dewaering with corresponding fiber

swelling. Therefore, it is important that care be

taken so as to apply each type of drying properly and

in the proper sequence at the necessary intensity.




Typical Coater Layout
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Solving the Non-Contact Turning Problems — Air
Turns

Figure 2 is an illustration of a typical size press
arrangement using conventiona chill or spreader rolls
to turn the sized web into the steam cylinder section.
Surface sizing rewets the shea causing fiber swelling
and corresponding sheet expansion leading to
troublesome wrinkles.  The most commonly used
device to compensate for sheg expansion is the curved
spreader (bowed) roll.

Contact tuming spreader rolls have been known to
cause picking problems and was in some respects a
limiting factor in the devdopment of new coating
techniques employed in MSP technology.

The devdopment and application of metering size press technology allowed mills to begin applying higher solids
coatings at higher speeds. Consequently problems were encountered with wet coating “picking” on the turning roll(s)
and the lack of drying capabilities to “set” the coating prior to the introduction to the steam cylinders.

To address the quality problems being experienced required the devdlopment of non-contact turning in conjunction with
determining how additional drying could be incorporated into the already tight space following the MSP. The tight
configurations of “on-machine”’ arrangements provided machine builders some difficult problems to solwe.

Air turns were initially devdoped in the ‘70’s and
helped solve a wide range of problems of contactless
web handling after coating and size press applications.
In essence this product is a ciraular air flotation web
handling system designed to allow a change of web
direction without any surface contact. A typical air
turn arrangement is shown in Figure 3.

Moden day air turns employ the proven performance
of twin slot pressure pad flotation air bars which have
seen extensive use in flotation drying systems in “off
machine” coating operations. The air bars provide a
stable cushion of air extending across the full width of
the unit  These cushions provide full support to the
sheet such that the flotation height is the same in the
center of the shed as it is at the edge of the shea
irrespective of the width of the shed.

In operation, these air bars generate supporting air
cushion between the surface of the air bar and the
coated web being processed as shown in Figure 4.

The very best designs utilize regions of high and low
pressure to bring about a perfectly symmetrical profile
which in turn results in high cleaance and firm web
stability. Performance is directly relaed to the spedal
aerodynamic effects brought about as the air exits from
the slot outlets. The fores generated in the air
flotation cushion need to be high in magnitude sine
these are used to effectively offset the foree generated

Typical Air Turn Arrangement
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by thetension in theweb. The modern air turn system
embodies these features and benefits by using these
same air bars arranged in a curve path as depicted in
Figure 5.

The flow channel areas provided between the air bars
control the escgpe of air from the air cushion at the end
of the air bars which provides additional support and
minimizes the fan power required to opefate the
system. The flow of air throughout the area between
air bar channels also imparts a smoathing effect to the
shee reducing wrinkles and creases.

Modern air turn systems are designed to accommodate
the following opefating requirements typically found in

Typical Air Turn Air Bar Arrangement
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MSP applications:

Non-Contact Web Handling
The distance between the coated sheet and the surface of the air turn should be at least _ inch (6 mm) to insure
trouble free operation without the possibility of contact and contamination of the coated surface during operation.

High and Low Tension Capabilities
With the operating tension ranges of various MSP systems varying, the air turn needs to be capable of handling
tension ranges of _ to 2.5 pli (1050 kg/m) while maintaining the clearance mentioned abowe.

Web Turning Angles
Due to many configurations available today, air turns need to accommodate wrap angles of 20 to 180 degrees.

Air Turn Width and Diameter Flexibility
Today’s MSP applications require flexibility in design to accommodate wide web widths, i.e. 350 inches (8.9
meters). Airturn radiuses typically range from 21.65 to 31.5 inches (550 to 800 mm).

Wrinkle Free Operation
By supporting the traveling web on a stable air cushion, the natural dimensional changes in the web can take plae

without creases being formed into the web.

Air Turn Configurations

Typical Below MSP Arrangement

When used in conjunction with the latest MSP
designs, theair turn provides increased product quality
and runability of this new generation of equipment.
Depending on the design attibutes, MSP
configurations can result in either a vertical or inclined
orientations.

Metaing
SizePress

In an inclined arrangement the air turn is placed below
the MSP as shown in Figure 6. In this configuration
the coating or size can be applied to both sides of the

AirTum

Fig. 6 sheet and turned in a non-contact fashion towards the
after dryer section. Vertical configurations have the air

turn unit placed abowve the MSP and require the noncontact turning of the web as shown in Figure 7.
The sucaessful devdlopment of this form of coating arrangement has largely depended upon the availability of a suitable
airturn system.



Heated Air Turns

As has been mentioned, the primary devdopment of
the air turn was to overcome handling problems. It
was not envisioned that air turns would have any effect
on drying performance following the sizing or coating
operation. Howewver, mill supervisors, wher air turns
are in operation, notice that extra machine speed could
be achieved following the introduction of the air turn
unit.

This can be attributed to the impingement effect from
the pressure pad nozdes which provide forced
ventilation on the web shea traveling over the air turn.
Theair turn, having ventilated the surface of the shed,
insures that the air boundary layer on the surface of the
coated shee is removed.

Typical Above MSP Arrangement
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Typical Air Turn Drying Potential

SHEET TEMP EV RATE DRYING RATE
100°F 1.02.5 Ibs/hr-ft 1.78.3 lbg/hr-ftw
(38°C) (48-12.2kg/hr-nt) @.5-184 kg/hr-mw)
170°F 10418 Ibshr-ft* 16-60 Ibs/hr-ftw
(77°C) (48.8-87.9 kg/hrm?) (23.8-89.3 kg/hrmw)

Fig. 9

Fig. 7

It is possible to use heated air turn supply air for the
purpose of conditioning and/or drying the web as it
passes around theair turn. In this arrangement, air turn
supply air is normally drawn in from the machine
room through a prefilter unit and then passed through
an airto air heat exchanger before being delivered to the
airturn unit (Fig. 8). If a gas IR system is used, the
exhaust air can be used as a source of enery.

On leaving the air turn, the air is simply discharged
back into the machine room at the temperature whid it
leaves theairturn. The primary reason for using heated
air is to provide supplementd enemy to the sheet
whid is being cooled from the evaporation of moisture
from the surface of the shed. Depending on
ciraumstances, a heated air turn will result in a slight
improvement in the drying rate [0.5 to 1.0 Ib/hr/ft® (2.4
to 4.9 kg/h/m?)] from an unheated systm. Actual
pradice will show that the overll coated shea
temperature entering the air turn, coupled with the
angle of wrap, is of much greaer importance to
improving the drying performance capailities of air
turn systems.

Depending on the temperature of the shegt and the
drying application, an air turn can devdop single-sided
drying rates over the surface of the air turn as shown in
Figure 9. Limited drying can, therefore, be achieved
even when ambient air is applied and no form of IR
heating is utilized prior to theairturn. In this situation
the temperature of the coated shee is between 140 and
170°F (60 and 77°C) due to the on-machine nature of
the application.  The primary drawback to this
arrangement is that the drying is single-sided and
constrained due to the short effective drying length of a
typical air turn.



GaslIR

Gas IR has been used to supplement the drying of -
coated webs for many years, most notably at the start Typical Gas IR Arrangement
of the drying process, as shown in Figure 10.

Early mill reports observed that the drying rate could Infia Red

be increased to a higher level with gas IR than other
types of drying before there was binder migration to the
surface of the coating. Consequently, the use of gas IR
whidh is compact and easily installed in the area around Metaing
the MSP brought initial benefits by being able to put a SizePress
lot of enegy into the sheet to immobilize the coating
quikly in a very compact spae. To do this requires
that gas IR sensibly heat the coated shed to a leve of AirTum
170 to 180°F (77 to 82°C) while facilitating the -
evaporation of coating moisture to the immobilization Fig. 10
point or beyond.

Considerable disaussion has continued on what is the predse point at which the freeze or immobilization of coating
occurs. It is not the intent of this review to address this difficult area but merdy to point out that immobilization will
occur over a range of solids content depending on the chemistry being utilized in each individual coating.

There are a number of opinions on how much gas IR drying one should usein a MSP application. It is generally agreed
that the heat transfer in the early stages of drying can effectively be done with gas IR. However, the ided percentage of
the drying load that each of the drying components must contribute is not easily defined and will usudly vary with
coating formulation and grade.

The wide acceptance of the use of infrared energy for drying has led manufacturers to improve the systems rendering IR
drying as a safe and effective way of drying. The key advantages in gas IR technology concern spae requirements, fire
safety issues and sheet handling characteristics.

Some manufacturers have taken their design enhancements a step further and are addressing the increased system
reliability and runability requirements associated with the demanding MSP application. Examples of this include
increased IR power densities, increases hood ignition repeatability, fail-safe fire suppression and spedal air web
handling.

The principle behind the operation of IR system comes from the fact that any object or material that is warmer than its
environment will radiate infrared energy. IR radiation results from the atomic excitation of the material. This IR energy
will travel in the form of eledromagnetic waves at the speed of light until it strikes another material such as coated paper
whete it can be absorbed or reflected or retransmitted. Eledromagnetic waves occur over a wide range of waveengths
with useful wavelengths for drying coated paper in the areaof 1-3 um.

IR Absorption Rate An important factor which also needs to be considered
is the effect on emitted enemgy wavelength on the heat
28 transfer efficiency. Infrared dryers have a characteristic

100 .. . . . .
I emission spedrum which is a fundion of their

operating temperature ~ Optimum wavdengths for
absorption of IR energy into the coating moisture are
around 2.8 um as shown in Figure 11.
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wavelength of the radiant enemgy. The effects of this
are illustrated in Figure 12. As the base material
increases in weight, more of the transmitted radiant
enengy is absorbed while the 10-micron film of water is
relaively transparent.

Enemy efficiency of gas IR systems should not be
confused with the efficiency in conwversion of input
enegy to infrared energy. For drying equipment
comparisons, the energy efficiency should be a measure
of the energy deposited into the sheet in comparison to
the enemy actually consumed.

Gas infrared systems are more widdy used for drying
coated paper due to their lower cost and the better
match of the wavelength of the energy emitted on
heat

transfer efficiency. The most common type of gas IR used is the surface combustion burner. These systems use a metd
or porous refractory from which gas is burned creaing a radiant surface. Evety infrared system consists of a group of
individual modules referred to as emitters. Emitters are heated to a temperature of approximatdy 2000°F (1093°C) by

the combustion of natural gas.

When used as a means of drying coated paper, gas IR systems are normally arranged in rows. Complementing the
emitter arrangement is an air flow system which funcions to remove exhaust gases and remove evaporated water. The
purpose of this air flow is to breakup the laminar layer of saturated air and vapor on the surface of the sheet which
decreases the surface vapor pressure and hindering water removal. Additionally the air flow keeps the moving coated web
from touching the surface of the emitter and fundions to cool the unit on shutdown.

A schematic cross section of a gas fired IR dryer
consisting of several rows of emitters is shown in
Figure 13.

The drying capability of gas IR is a fundion of a
number of variables and will vary depending on the
spedfic manufacture of gas IR dryer and the application
(i.e coating or starch). Figure 14 illustrates the drying
potential of gas IR following an air turn in a MSP
application.

Infrared drying systems, due to their high-energy
capabilities, have seen extensive use in coated paper
applications over the years. IR systems are typically
used in conjunction with othe forms of drying,
particularly at the start of the drying process.  Gas
IR

Typical Gas-Fired IR Dryer
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has been proven to be quite effective in supplying the sensible heat required in the drying process but is limited in its
ability to provide mass transfer or water removal due to the lack of a sufficient air flow in most arrangements.

Gas IR Drying Potential
8 Rows (4 Top / 4 Bottom)

EV Rate Drying Rate
25-40 |bs/hr-ft2 100-150 Ibs/hr-ftv

(122195 kg/hr-m?) (149223 kghr-mw)

Fig. 14

The application of gas IR systems following air turns
initially allowed papermakers to sucaessfully dry webs
coated on both sides in the limited space between the
MSP and the steam drying cylinders. This solution
worked reasonably well on slower speed machines but
on faster machines problems again surfaced with
excessive picking occurring on the first after-drying
cylinders.  Additionally, when too much IR was
installed, a number of products deveoped quality
problems such as orange peeling and cratering caused



by the very high enemyy transfer resulting in the surface
of the coating to rise to high temperature levels.



Some machine builders overcame the problems by removing some cylinders and giving the sheet a longer, free
unsupported run. The primary reason for this was to provide a means for the hot sheet leaving the gas IR to be exposed
to an environment whereby excess moisture at the surface will evaporate onto the surounding air streem. A better

solution is to install some form of air drying after the gas IR.

Adding Air Drying

While it is widdy known that gas IR does an excedlent job of applying sensible heat to the coated web, evaporation can
be limited depending on the air flow across the coating surface. Additionally theair flow in gas IR systems do not lend
to the stabilization of the sheet as it passes from unsupported draw between the MSP and the steam cylinders.

Typical MSP/Air Turn/IR Arrangement
with Stabilizer Bars
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One simple solution to this problem is to use the
pressure pad air bar technology previously disaussed.
This would take the form of three air flotation nozzes
configured as shown in Figure 15. This configuration
would not only provide ventilation of the coated sheet
leaving the gas IR but would also serve to stabilize the
traveling sheet between the MSP and the stean
cylinders. Air for the stabilizer could easily be ducted
from the air turn supply fan resulting in an economical
and compact arrangement.

Due to the overall length [typically 3.3 ft (1 m)], the
drying capabilities of this arrangement are
somewhat

limited in terms of the ability to remove large volumes of moisture. Howewer, the actud drying rates are high per unit
areadue to the high incoming temperature of the coated sheet leaving the gas IR unit (Fig. 16).

This arrangement has been proven to be a very
economical method of providing post IR ventilation air
due to the compactness/simplicity of the system and
the fact that the supply air can be conwveniently drawn
from the air turn supply fan.

Flotation Dryers

For more demanding applications, the natural
progression would be to employ an air flotation dryer
following the gas IR system to provide further drying
than what could be accomplished by only a three air
bar stabilizer. An example of this arrangement
is shown in Figure 17. This arrangement offers
the advantages of inceased drying and enemgy
efficiency due to the recirculation nature of an enclosed
flotation dryer.

Typical Arrangement with Flotation Dryer
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Web Stabilizer Drying Potential
(3 Air Bar Arrangement)
EV Rate Drying Rate
10-20 Ibs/tr-fi2 17-34 Ibs/hr-fiw
(48.8-97.6 kg/hrm2) (25.3-50.6 kghr-mw)
Fig. 16

The conwentiond air flotation dryer has been in
operation for a number of years and widdy used and
accepted in the papermaking industry, both on-machine
and offimachine

The operation of a flotation dryer is quite simple. A
heating and air supply system delivers heated air to the
nozde supply headers locaed above and below the
web, as shown in Figure 18. The fundion of the
header arrangement is to deliver the heated air to the
nozdes or air bars. Arranged  in a staggered
configuration, the



nozzes creae a pressure pad which induces a sinusoidal shape to the web as it passes through the dryer. Return air is
collected and either exhausted or reheated by a gas burner or indirectly by steam coil and returned to the dryer.

Air bar designs have evolved over the yeas and have
resulted in a number of designs. For coated paper, the

Flotation Dryer Air Supply Heating System predominate design today is a two slot pressure pad air
bar. The design of this air bar consists of two slots
Makeup Recirculation separated by a flat support area between slots.  Airs
ﬁ Fan exiting the slots conwerge toward the center of the
support area between the slots. This creaes a pressure
Ez%fg‘ By%ﬁg pad along thetop of the air bar as shown in Figure 19.
pamper SARRY . o -
The primary criteria for designing a good nozde system
%ﬁfé?é? Dryer Enclos BiREY lies in having the arrangement provide superior web
amper Dampers handling and drying characteristics. The nozZe system
- needs to maintain adequate clearance between the web
op Header R . .
. and the nozde to prevent touching while the web is
b traveling through the dryer.  The cushion pressure

supporting the moving web needs to be stable to

prevent the sheet from fluttering. Also important is the

Fig. 18 nozze jet stability to prevent jet flip flop caused by
machine speed.

Operating nozae velocities range from low [5,000 fpm (25 m/sec)] to medium [10,000 fpm (50 m/sec)] to high [14,000
fpm (70 m/sec)].

Flotation air dryer enclosures vary in size depending on the width of the sheet, but usudly do not vary in zone length
beyond 20 feet (6 m). This is due to the physical size and handling of the attendant air handling equipment and the
enclosure. Materials of construction are typically a combination of mild steel, aluminized steel and stainless
steel.

Congtruction types can vary from pandized to all
welded “tub in a tub” design with 3 to 4 inches (75 to
100 mm) of internal insulation. Access to the internal
air bars is via a retraction arrangement ~ Common
retraction systems are the clam shell pivating design = Alr Rar Fmsr.re
from the drive side or screw jacks on each of the
enclosure corners which lifts the entire top half of the
enclosure. Retraction heights are typically 16 to 20
inches (400 to 500 mm).

Typical Flotation Air Bar Pressure Pad
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Flotation dryes normally use a drawthrough air Avarays

supply system where the heating medium is locaed on -Fho

the suction side of the fan. This configuration will Al Bar Preszere Pod

always deliver a constant air velocity, regardless of

varying air density, which will result in a constant Fig. 19

nozze velocity.

Air systems can be designed to have heating supplied by either saturated steam or natural gas. Operating temperatures
can range from 350 to 600°F (176 to 315°C). Theair system is usually locaed on the back side of the dryer enclosure
and connected through interconneding ductwork.

The performance of an air flotation dryer is dependent not only on the air bar design, but also on the return air system.
After leaving the nozZe area return air is collected and either exhausted or recirculated back to the heat source fan
arrangement.  The exhaust air is extracted from the recirculating air prior to the heating plenum. Drye exhaust volumes
are sized to keep the enclosure internal pressure slightly negaive and operating at a humidity levd of less than 0.1
pound of vapor per pounds of dry air. Makeup air is supplied from a relaively stable temperature and moisture
environment.



Control of the air temperature can either be by the use of a standard temperature controller or a PLC system. Nozde
velocity is controlled by the use of either manual or automatic actuated dampers. Exhaust air control is typically
manually controlled and set to maintain a minimum exhaust pressure in the enclosure

Air Flotation Dryer Potential
(12 ft Dryer Following Gas IR)

EV Rate Drying Rate
6-12 bs/hr-t2 72-144 bs/hr-tw
(29.3-58.6 kg/hrm?) (2107-214 kg/hr-mw)
Fig. 20

Drying rates for flotation dryers are controlled by
adjusting air temperature and air velocity as delivered
to theweb. Figure 20 can be used as a general guide to
the drying potential capabilities of a typical flotation
dryer in pape coating applications following gas IR
systems.

Combined Systtms: Gas IR & Air

Seeing the advantages of having gas IR closely coupled
with conwective air flotation drying, has led seveal
manufacturers to offer a combination system. In
this

arrangement which is conveniently packaged in a single enclosure, gas IR is used to provide sensible heat and the drying
of the coating to theimmobilization point. An air drying section uses the energy from the gas IR exhaust as make-up air
to the preceding air flotation section resulting in improved enemyy efficiencies.  The compact design, enemy efficiency
and web stability of combined systems provides many advantages in MSP applications. Figure 21 illustrates an
integrated gas IR dryer and conwvection air flotation dryer after a MSP application. The amount of gas IR and conwective

air can be tailored to meet the application requirements.
New Generation Air Flotation Drying

For some paper mills it is not either conwvenient or
suitable to use gas IR for MSP applications.  This
presents a difficult problem since space is at a premium
in MSP applications and typically thete is litle room
to increase the length of conwective flotation drying.
This situation has led to the devdlopment of a high
performance drying system which combines the heat
transfer capabilities of a gas IR system with the web
handling and mass transfer capailitiss of a
conventiond flotation dryer (Fig. 22).

Based on a conwentiond air flotation dryer but
incomorating several patented modifications, this new
flotation drying system will fit into the normally
“tight”

Typical Gas IR Dryer and
Convection Air Flotation Dryer

Fig. 21

aress available yet deliver an enormous energy pund like gas IR resulting in large amounts of mass transfer.

Typical High Performance Drying System

By utilization of high temperatures in the range of 750
to 850°F (500 to 450°C) combined with nozde
velocities up to 13,750 fpm (70 m/sec) this
arrangement can provide an interesting alternative to
gas IR. The typical dryer length is between 3.3 and
6.5 feet (1 and 3 m) for the normal range of
sizing/coating applications.

This new dryer system features an integration of proven
air bar technologies to develop an evaporation rate
equivalent to or exceeding that of a gas IR system.
The effective nozde system for the patented design



calls for the insetion of inteemediate air bars to be
placed between the conventiond air flotation air bars as
depicted in Figure 23.



Nozzle Arrangement of a High
Performance Drying System

Fig. 23

Like the conwventiond flotation dryer, familiar air floa
nozdes are situated above and below the web path in
conventiond fashion but are supplemented by an equd
number of non-ir floa, high impingement nozzes
each arranged with a series of holes designed to
maximize heat transfer.

A largely conwventiond heating system is used to power
the dryer with all the usud features including air
filtration, fresh air fan, gas burner or other heat source,
recirculation fan, exhaust fan, and hot bypass to enable
the entire system to continue running when the dryer is
openred.

When compared with a conventiond air flotation drying system of similar overall dimensions, we can see that by
increasing the two important aspects of heat and mass transfer, together with an increase in impinging air velocity, it

results in performance as shown in Figure 24.

The combination of an air turn and a high performance
flotation dryer will provide an advantage of positive
web handling while offering superior heat and mass
transfer.

Integrated Dryer System

Traditional drying systems generally have a number of
challenges to contend with and this is especially true in
rebuild situations prevalent today. Some of the
challenges faced by machine builders in developing a
sound drying strategy are listed below:

High Performance Air Flotation
Drying Potential (6.5 ft Length)

EV Rate

25-40 Ibs/hr-ft?
(122-195 kg/hr-n7)

Drying Rate

162-260 Ibs/hr-ftw
(241-387 kg/hr-mw)

Space requirements to locae all the equipment

Airturnis used only to turn the sheg into the dryer offering little drying potential
Lack of web stabilization in the gas Infra-red section

Having separate suppliers of the Infra-red and air dryer technology.

Integrated Drying System

Metering
Size Press

After
Drying
Integrated
B Drying System
Fig. 25

Fig. 24

The suceessful introduction of air turn technology
naturally generated an interest in whether a true air
flotation dryer could be deveoped which offers both
non-contact turning and drying all in one enclosure.
Having everything bundled together would provide a
number of tangible benefits not currently available with
current traditional drying strategies. This has resulted
in a integrated air floa systtm being deveoped
recently.

Theintegrated air floa arrangement differs in operation
from the more traditional air turn air dryer unit in that
the system is designed to operate as a flotation dryer
from web entry to web exit as shown in Figure 25.
A major milestone in this system was the devdlopment
of a “drying” air turn systtm which provided
non-

contact flotation around the circular arc with hot air impinging on both sides of the sheet which is sandwiched between
the upper and lower sections. The “turning” portion of the system is angular just as you would find with an air

turn,



except it is a full funaion air flotation dryer designed to deliver heated air, via an air bar system, above and below the
web. Spentair is collected and returned to the heating plenum in the same manner as a more traditional air flotation
drying system.

Often times the “tuming” section fundions as an indgpendent zone in a multiple zone arrangement.  Depending on the
application requirements, the integrated system can comprise a combination drying, cooling and web handling zones, all
of which are integrated into one continuous housing for compactness and themal efficiency.

The drying arrangements that can be integrated include:

Heated recirculating air turns

Gas fired infra-red systems

Eledric infra-red systems
Conventiond air flotation dryers
High Performance air flotation dryers
Air flotation cooling

While it has previously been stated that high performance drying and gas IR drying offer alternative systems, it has long
been considered that the ided drying system for MSP applications would be the combination of the two systems.
Using gas IR to provide sensible heat and immobilize the coating to prevent binder migration, together with the
excdlent mass transfer effect of the high performance air drying system desaibed abowe is an ided combination.

Depending on the particular application, gas or eledric infra-red can be incorporated as one or more of the zones to
provide sensible heat and additional drying.  Using the infra-red exhaust as makeup air to the proeeding air flotation
sections provides additional energy savings. Systems employing infra-red systems must be carefully designed to
separate the infra-red section from air streams in the air flotation sections. Employing a combination arrangement allows
a system to be tailored to the spedfic application requirements. Coupling infra-red with air flotation systems provides a
means to provide excdlent heat and mass transfer while providing superior sheet handling and stability characteristics.
The flexibility of the new configurations allows the addition of an air flotation cooling section at the end of the drying
arrangement if cooling is required web prior to entry into the next coater station.

Figure 26 shows a typical air cirauit layout of a
integrated air turn air dryer system Gas heated systems Typical Air Circuit Layout
operating at 750°F (4000°C) and abowe can achieve
evaporatlon rates in excess of 35 Ibshr/ft® (170
kg/hr/m?) in the constant rate drying phase. A typical # I.-i
layout consists of an external heating cirauit positioned ’-l

on the drive side of the paper machine. ] 'Ff'l' i I

= s

On conwentiond dryer arrangements an air turn is used
to turn the web into the drying section with very little
coating drying being donein the process. Employing a
fully fundtional turing air floa dryer results in a major
benefit due to the reduced sheet run length since the
entire non-contact web pass is employed for drying.

The impingement air provides two fundions, that of supporting the web as well as bringing about high heat ';rllg'mza?ss
transfer rates. The air delivered to each zoneis passed through a heating device to raise the temperature to that required
at the point of impingement, the air acts upon the surface of the web providing latent heat required for vaporization. The
heat transfer brings with it the mass transfer of water from the sheet to the air stream.

The vapor-enriched air then passes from the surface of into the spae between the supporting air bars positioned at the
web line of the air flotation drying system. The air then returns to the fan where it is raised in pressure and passed
through the heating device, restoring the energy transferred to the sheet. As the moisture-laden air returns to the



recirculating fan, a small quartity is drawn off and exhausted to atmaosphere in sufficient quantity to maintain the desired
humidity in the drying system. Fresh airis introduced into the cirauit to make up for that amount whid is exhausted
and the recirculating system is therefore balanced and brought into equilibrium. All of this takes plae in the external
recirculating cirauit with no additional air required to be taken in or removed from the dryer itsdf.

In designing foran optimum operating humidity, the maximum amount of recycled air can be employed making the
integrated air turn air flotation drying system very economical and efficient in terms of enemy usage. Remately
controlled dampers that can be altered by the operator at the control pand regulate the quantity of air passing into each
zone This enables the operator to tailor the available drying rate of each section as required for optimum product
quality and runablility. The system layout is therefore, a very compad design and all the air movement surrounding the
sheet is proaessed consistent with the inherent recirculation system, resulting in no extraneous loss or intake of air from
the enclosure.

The drying capecity of integrated air turn air flotation
system is directly relaed to length of each zone
[typically5 to 6 ft (1.5 to 1.8 m) and the wrap angle
of the shed traveling around the air turn dryer. A five
EV RATE DRYING RATE foot (1.5 m) radius air turn and a wrap angle of 60 to
5 90 degrees translate into an effective length of 5.2 to
25-40 los/hr-ft 162-260 Ibs/hr-fiw 7.8feet (1.6t0 2.4 m). Depending on the temperature
(122-195 kg'hr-m?) (241-387 kg/hr-mw) of the incoming coated sheet and the method of
supplying heated air to the system will deteemine the
drying capability of the air flotation system as shown
Fig. 27 in Figure 27

Integrated Drying Potential

Theair flotation mode of operation results in the drying process being carried out without contacting the air bar surface
and as such, instances of shed picking or contamination are totdly eliminated. The air impingement system is
designed to bring about higher drying rates than can be achieved with conventiona drying arrangements, while at the
sametime being highly efficient since it utilizes high percentages of recycled air to keep energy usage and heat losses to
a minimum.

The introduction of the integrated air turn air flotation drying system brings forth a new approach to drying which offers
some spedal features that are beneficial when drying pigmented coated paper:

Compact Arrangement, 25%-35% less machine length required
Infra-red can be integrated as one of the drying zones

Web turning donein a high performance air turn-air dryer system.
Complete web stabilization throughout the entire drying arrangement
Independent drying zones all with coordinated operating controls
High heat and mass transfer rates

One supplier advantage

Less capital cost then individual systems

Steam Cylinder Dryers

Steam cylinder dryers have been around for many years and have been the workhorse of the paper industry in the
production of coated paper and paperboard. The primary reasons for this is due to the many advantages that steam
cylinder dryers offer in the production process:

Positive web support during drying eliminating long draws and reducing tension requirements.

Coated sheet is dried on a flat surface reducing paper stress, cockle and curl.

Contact or drying by conduction is a very effective way of transferring the heat required for drying.

Conversion of steam latent heat to drying enemgy is reasonably efficient resulting in an economical drying
method.

»  Ease of threading and broke handling.



Drying coated paper with hot cylinders is accomplished
by conduction heat transfer from the steam source to
the surface of the paper. Since all papa mills have a
supply of steam available this is the most widdy used
and efficient heat source. Figure 28 depicts a typical
cross section of a steam cylinder.

A steam cylinder operates by introducing saturated
steam through rotary unions. As the steam condenses
inside the dryer shell energy is transferred from the
steam (hea of vaporization) to the web by conduction
through the condensate layer, the dryer shell and to the
coated paper. The drying rate is primarily dependent
on therate at which energy from the condensing steam
can be transferred to the shea and the drying phase of
the process.

Typical Steam Cylinder Dryer

(:turated
Steam

Condensate

\

Coated /
Papeaboard

Typical Steam Can Section

: S A

Anti-stick
Surface

Fig. 29

Fig. 28

While the inherent advantages of steam can drying are
obvious for the production of uncoated papers, their use
on coated paper requires that the coated side of the
sheet be sufficiently dry to prevent sticking or picking
of the coating on the hot dryer surface. Consequently,
most coated grades require some type of non-contact
drying prior to the steam cylinders.

It is advisable to have a non-stick surface on the first
two cylinders in contact with the coated side (Fig. 29).
Additionally, except for the first two, cylinders should
be felted to maximize shed contact and to ensure
uniform heat transfer across the sheg. The felted
cylinders also increase sheet contact fridion to
eliminate web slippage and improve web tension
stability through the section.

Steam cylinders are frequently used for the find zone of coating drying after the possibility of coating picking has past
This point is normally reached when the shegt moisture is less than 13% by the preceding drying components.

Steam cylinders characteristically have a low drying
rate and are unlikely to cause quality problems. Figure
30 is a chart which can be used to estimate a steam
cylinder’s drying rate as fundion of steam pressure.

Using steam cylinders at the end of the drying
arrangement has been cited as a means to render the
sheet moisture profile uniform. This result may occur
but is not associated with any spedal attributes of the
drying cylinders. The reasons for the uniformity
improvement lies in the fact that steam cans are used in
the falling rate drying phase which means the drying
rate varies directly with the moisture content of the
shegt. This means that in the falling rate phase, wetter
places on the shee will dry faster than drier plaes
which will move a profile towads uniformity.

Typical Steam Cylinder EV Rates for
Entering Moistures Less Than 15%
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Application of MSP Drying Systems

Drying arrangements for coated paper generally include a combination of the drying systems as disaussed in the previous
sections. The primary task is to detemine the optimum combination required to properly dry the applied
sizing/coating.

Just how much drying should each arrangement provide has been the subject of numerous papers and discaussions. The
primary focus of much of the research has centered on how to predict the optimum drying rates and how the drying
configuration can either enhance or degrade the coating appearance. The condusions drawmn from this work is that there
are no hard and fast rules to determine the drying contribution of each component and much depends on the coating
formulation and running conditions.

Coating drying will typically use the three known methods of heat transfer, convection (air dryers), radiation (IR), and
conduction (steam cylinder dryers). The optimum use of these drying systems can result in a high quality finished shest,
improper use will most likdly provide disgopointing results. For example, the improper application of gas IR resulting
in very high operating temperatures could overheat the coated surface by not having proper air ciraulation resulting in not
providing the required evaporative cooling. With air dryers it is possible for the drying leve to exceed an acceptable rate
causing binder migration in the coating. Steam cylinder dryers can be subject to pick off if the coating is not adequately
dried before contact with the cylinder’s surface. Consequently, it is very important that each type of drying is properly
applied so the drying is donein the proper sequence at the proper rate

A primary requirement for drying coated paper is to dry the newly applied coating without the wet coating surface
having the opportunity to be picked off by physical contact with another surface. Secondly, the drying needs to be
completed in a manner that the coating binder is not redistributed during the drying process.

The drying process is often desaribed in three phases which are desaibed below:

* Phase 1. Sensible heat load, whete the sheet temperatures increase and drying begins.

 Phase 2. Steady state evaporation, where energy is consumed for free water evaporation while the shea
temperature remains relaively constant.

e Phase 3. Falling rate where the shegt temperature increases as “free” water becomes scarce and the evaporation
rate begins to fall.

It is generally agreed that heat transfer or sensible heating in the early stages (phase 1) of drying can effectively be done
with gas IR dueto the penetrating heat characteristics of this form of heat transfer. Another alternative for consideration
is the new high performance flotation dryers on integrated dryer systems desaibed previously.

For this type of drying to be effective in high solids coating applications, the totd heat transfer should be sufficient to
not only provide all the sensible preheating, but also raise the coating solids to a level in which immabilization of the
solids occurs. Each application needs to be addressed separately due to the numerous variables in determining the
coating binders immabilization point. In sizing applications, thisis not an issue. It is also worth noting that there are
applications in the field where all the drying is completed by gas IR. Additionally, it is possible if spac is available to
do most of the drying via conwective air flotation drying and conduction steam cylinder drying. However, when air
flotation dryers are used for preheating and steady state drying, the drying process must be carefully monitored so as not
to exceed a dryer rate so as not to cause binder migration.

Applying the above drying phase theory with the drying systems currently available typically result in the use of gas IR,
followed by some type of air flotation dryer followed by finishing cylinder dryers. A schematic of this drying
arrangement is illustrated in Figure 31.



Airturns offer a pradtical way to turna coated web in a
non-contact fashion. Gas IR drying has an advantage
of compactness and high energy output, which allows
this system to be locaed close to the coating head so
as to initiate drying immediately upon exiting the
coating head. Flotation dryes offer the advantages of

Mua

non-contact drying and drying rate control until the [nfaRed AIFltaon  afterDryig |

coating solids are immobilized to allow contact with i i i

web support rolls or cylinder dryers.  Steam cylinder The' FYRate E i E

dryers offer the adventages of contact drying for Drying el sy : g 1
improved sheet appearance and are used for sheet and Process Heat  Stae Rate

tension control. Fig. 31

The most productive way to put the shown information into practice is to look at an example which is characteristic
of a MSP sizing and pigmentation application and review the performance of the various drying alternatives
discussed.

To begin, we need to define an example MSP application which is expected to apply size and pigmentation coating as
shown in Figure 32:

. “ c S Potential Drying Alternatives
Typical “On Machine” MSP Application - ying
Case Description
Dessipton coeng 1 12 t (3.6 m) Air Flotaion
Bast wt @2% MOI 34 bs/3000ft2 (553 g sm) 34bs/3000ftz (553 g sm) . . .
2 6.5ft (2 m) High Performance Air Flatation
Totd CoatWeight 10b/3000ft (163 g sm) 1.36lb /300 ft2 (221 g sm)
ST > > 3 8 Rows Gas IR
Coaing Solds (%) 5 10 4 8 Rows Gas IR & 3 Air Bar Stabilizer
Operting Speed 3000fpm @Smpm) 3000ipm @5 mpmy 5 8 Rows Gas IR & 12 ft (3.65 m)Air Flotation
VebTemperare HOF @C) HOF @C) 6  8Rows GasIR & 65 ft ¢ m) High Performance Air Fotation
240in ches(6100mm) 240in ches(6,100mm) ) ) )
7 Integrated Drying System 4 ft Turn & 10 ft Air Flo@ation
— Lo} —; foYs
= =

Lan > O

Using the above coating and sizing information as a basis, the various drying equipment presented in the previous
disaussions can be compared by looking at the following seven different drying arrangements (Fig. 33).

For the sizing application, the totd water to be removed from the applied coating is 666.2 Ibshr-ft (991.3 kg/hrm) and
is considerable larger than the coating application at 393.3 Ibs/hr-ft (585.2 kg/hr-m). In terms of overall sheet moisture,
the sized shee leaves the MSP at 27.1%, with the coated shed leaving at 16.9%. For the various alternatives, we will
neglect the drying contribution of theair turn.

Case#1 looks at using a conwventiond 12 foot (3.65 m) effective length gas fired, flotation dryer. The average dryer
evaporation rate has been constrained to less than 7 Ibs/hr-ft (33.7 kg/hr-m?) in the coating application which has
consequently limited the dryer’s potential. Obviously the dryer could be made longer, however we must remember that
most MSP applications are very tight for space. This case will also require additional drying to meet the drying
requirements for the sizing operation. This case exemplifies why conwventiond air flotation dryers are not often the sole
source of MSP drying in “on-machine” applications. The 12 foot (3.65m) air flotation dryer will provide 21% of the
moisture removal for coating applications and 12% for sizing arrangements.



Case#l

a!s(%iorgdv)entlond Alr Flotation — 12 foot (3.6 m) Case #1 — 12 ft (3.65 m) Air Flotation Dryer
A B
Sheet Moisture  Ctg  16.9% 14.8%
Sizing 27.1% 25%

Mnar nn
Zze Press

AlrFltatan

Ev Rate (Ave.) Ctg 6.8lbs/hrft> (332 kg/hr-m?)
Sizing 119 b/hrft? (581 kg/hr-m?)

Drying Rate Ctg 81.61lbs/hr-ft (121.4 kg/hr-m)
Sizing 1421bs/hrft (2125 kg/hr-m) Arr lnr- At Crying
Water Removed Ctg  21%oftheDrying Required
Sizing 12%of theDrying Required

Case #2 looks at the new high performance flotation dryer’s capabilities. Operating at elevated temperatures and
velocities, a short 6.5 foot (2 m) dryer will result in exiting sheet moisture of 12.3% for coating and 21% for sizing
applications. Having an average evaporation rate of between 25-34 Ibshr-ft* (124-165 kg/hr-m?) results in a drying rate
of over 160 Ibshr-ft (247 kg/hrm). This arrangement will provide 42% of the moisture removal for coating
applications and 33% for the sizing operation.

Case #2
High Performance Air Flotation 6.5 foot (2 m) Case #2 - 6.5 ft (2 m) High Performance Air Flotation
A B
Sheet Moisture  Ctg  16.9% 12.3%
Sizing 27.1% 21%

Ev Rate (Ave) Ctg 25.4Ilbshr-ft> (124 kg/hr-m?)
Sizing 33.72 Ibsr-ft? (164.6 kg/hr-m?)

Drying Rate Ctg 1666 Ibshr-ft (247.9 kg/hr-m)
Sizing 2212 Ibs/hr-ft (329.1 kg/hr-m)

Water Removed Ctg  42%of theDrying Required
Sizing 33%of theDrying Required

Case #3 considers the capabilities of an 8 row (4 rows/side) gas IR system. Note the performance of this arrangement
results in an exiting sheet moisture of 13.3% for the coating application and 22.8% or the sizing arrangement. Drying
rates are 120.8 to 145.5 Ibs/hr-ft (179.7-216.6 kg/hr-m) respectively. This system will provide 31% of the coating and
22% of the sizing drying requirements.

Case#3
Gas IR --- 8 rows Case #3 — 8 Rows Gas IR Drying
A B

Sheet Moisture  Ctg  16.9% 13.3% '”fD'aryR:d

Sizing 27.1% 22.8% B After
Ev Rate (Ave) Ctg 30.2lbshr-ft> (1475 kg/hr-m?)

Sizing 36.4lbs/hr-ft* (177.7 kg/hr-m?) Metaing

SizePress N

Drying Rate Ctg 1208 Ibshr-ft (179.7 kg/hr-m) A

Sizing 1456 Ibs/hr-ft (216.6 kg/hr-m)

AirTum

Water Removed Ctg  31%of theDrying Required
Sizing 22%of the Drying Required




Case#4 couples the 3 air bar stahilizer with the 8 rows of gas IR. This arrangement provides a slight improvement in
performance resulting in 38% of the water removal in the coating application and 27% for the sizing operation.

Case#4

Gas IR + 3 Air Bar Stahilizer

Sheet Moisture A B C
Ctg 16.9% 13.3% 12.2%
Sizing 27.1% 22.8%  21.8%
Ev.Rate (Ave) (Ibs/r-ft?) (Ibs/hr-m?)
IR AF
Ctg 30.2(1475) 16.9(825)
Sizing 36.4(177.7) 20.1(981)
Drying Rate (Ibs/hr-ft) (Ibs/hr-m)
IR AF
Ctg 1208 (179.7) 28.7(427)
Sizing 1456 (216.6) 34.2(504)
Water Removed
Ctg 38%of the Drying Required
Sizing 27%of theDrying Required

Case #4 — 8 Rows Gas IR + 3 Air Bar Stabilizers

Case #5 expands on Case#4 whereby a 12 foot (3.65 m) air flotation dryer is placed in the configuration immediately
following the 8 rows of gas IR. This configuration will provide a balanced drying arrangement resulting in an exiting
sheet moisture of 8.9% for the coating application and 18.2% for the sizing arrangement. The combined systems will
result in 64% of the drying for coating and 44% for the sizing arrangement.

Case#5

Gas IR with 12 foot (3.65 m) Air Flotation

Sheet Moisture A B C
Ctg 16.9%  133%  8.9%
Sizing 271%  228%  18.2%
Ev.Rate(Ave) (Ibshr-ft?) (Ibs/hr-m?)
IR AF
Ctg 30.2(1475) 11.0(537)
Sizing 36.4(177.7) 12.3(601)
Drying Rate (Ibs/hr-ft) (Ibs/hr-m)
IR AF
Ctg 1208 (179.7) 132(196.4)
Sizing 1456 (216.6) 147(2187)

Water Removed
Ctg 64%of the Drying Required
Sizing 44%of the Drying Required

Case #5 — 8 Rows Gas IR
+12 ft. (3.6 m) Gas-Fired Air Flotation

Ar Fuuaen
Crymr ‘

AHar Orylig




Case#6 looks at pladng a 6.5 foot (2 m) high performance air flotation dryer with 8 rows (4 per side) of gas IR. This
combination will result in an exiting sheet moisture of 4.2% for the coating application and 14.7% for the sizing
configuration. The configuration occupies the least space while providing all the necessary coating drying and 59% of
the sizing drying.

Case #6

Gas IR + High Performance Air Flotation Dryer

Sheet Moisture A B o
Ctg 16.9%  133%  4.2% Case #6 — 8 Rows Gas IR + 6.5 ft (2 m)
Sizing 27.1%  228%  14.7% High Performance Air Flotation Dryer
Ev.Rate(Ave) (Ibshr-ft?) (Ibs/hr-m?) .
IR AF Metiriveg A
Ctg 30.2(1475) 33.3(825) Siza Fraer. )
Sizing 36.4(177.7) 37.5(1831)
Drying Rate (Ibs/hr-ft) (Ibs/hr-m)
IR AF
Ctg 1208 (179.7) 218(324.4) inin Rad
Sizing 1456 (216.6) 2458 (365.7) Alr Drger
Water Removed
Ctg 100%of the Drying Required
Sizing 59%of the Drying Required

Case#7 looks at using a 14 foot (4.3 m) gas fired integrated air turn dryer-flotation dryer after the metering size press.
In this case the integrated air floa system differs in operation from the more traditional air turn air dryer unit in that the
system operates as a high performance flotation dryer from web entry to web exit.  This configuration will provide a
balanced drying arrangement resulting in a exiting sheet moisture of 5.3% for the coating application and 15.2% for the
sizing arrangement.  The combined systems will result in 89% of the drying for coating and 60% for the sizing

arrangement.

Case#7

Integrated Air turn with Air Flotation Dryer

Sheet Moisture A B C
Ctg 16.9% 14.9% 5.3%
Sizing 27.1% 25.1% 15.2%

Ev.Rate(Ave) (Ibs/hr-ft?) (Ibs/hr-m?)
Turn-Dry AF
Ctg 18.7(915.5) 30.8(150.3)
Sizing 18.3(891)  32.7(1596)

Drying Rate (Ibs/hr-ft) (Ibs/hr-m)
Turn-Dry AF
Ctg 77.1(1147) 3084 (456.8)
Sizing 75.2(1119) 3270 (486.5)

Water Removed
Ctg 89%forthe Drying Required
Sizing 60%of the Drying Required

Case #7 — Integrated Air Turn + AF Dryer

Metering
Size Press

After
Drying

Integrated
B Drying System




Summary

The objective in each case was to detemine the performance of the selected drying system as applied to the “typical”
MSP application data In each case reference is made to the ending shegt moisture, dryer drying rate with the tota
water to be removed will provide a useful comparison of the drying equipment performance

Having a general understanding of the design attributes of each dryer type and how the systems can be beneficial in
making the right drying strategy selection.
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