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Trocknung

Lösungsmittel der Wahl des Papiermachers ist Wasser



Trocknung

Ist ein zweistufiger Vorgang:

Energietransport in das Trockengut

Massetransport aus dem Trockengut

Erst nach dem Massetransport ist die Trocknung abgeschlossen



Trocknung

Wenn die Trocknung richtig durchgeführt wird 
ist die Steuerung nach Temperatur in md 
irrelevant für die Qualität des Endproduktes.

Irre relevant ist die Steuerung der Temperatur in 
z-Richtung.



Trocknung

Konduktion

Konvektion

Radiation



Erwärmung mittels Radiation

Wechselwirkung zwischen Strahlung und

Wasserstoffbrückenbindung

OH—-Gruppen

Strahlung dringt unter die Oberfläche

Teuerste Trocknungsenergie



Erwärmung mittels Radiation – 1.Schritt

Gasbetriebene IR-Strahler (Mittelwelle):
Strahlungsmaximum zwischen 2.5 und 3.5 µm 
Wellenlänge, entsprechend 1.160 bis 830 K

Standard elektrische NIR-Strahler (Kurzwelle): 
Strahlungsmaximum bei 1.18 µm, entsprechend 
2.450 K

Optimierte elektrische NIR-Strahler: 
Strahlungsmaximum bei 1.45 µm, entsprechend 
2.000 K.

1/3 der Energie wird bei kürzerer Wellenlänge, 2/3 
bei längerer als dem Maximum ausgestrahlt

Temperaturen gemäß Stefan-Boltzmann und Wien‘sches Verschiebungsgesetz



Erwärmung mittels Radiation – 1.Schritt

Die Energiedichte hängt in der 4. Potenz von der 
Temperatur in K ab

Gasbetriebene IR-Strahler: 1.160 bis 830 K

Standard elektrische NIR-Strahler: 2.450 K
d.h. rund 35fache Strahldichte

Optimierte elektrische NIR-Strahler: 2.000 K,
d.h. rund 16fache Strahldichte



Wie wird die Radiation in Wärme gewandelt?



Absorption infraroter Strahlung – 2.Schritt

Ein grundlegender Vortrag eines 
hervorragendes Fachmanns – 
Helmut Graab.

Aber fehlerbehaftet – was er 
aber 1991 nicht wissen konnte.
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Absorption infraroter Strahlung – 2.Schritt

2001 und 2002 wurde die Absorption von NIR 
Infrarotstrahlung in Wasser exakt vermessen.

Ein Absorptionspeak bei 1,44 µm bzw. 1,45 µm.

Dieser ist relevant für optimale Strichtrocknung.



Absorption infraroter Strahlung – 2.Schritt

Aber es gab schon ältere exakte 
Vermessung der Interaktion zwischen 
Infrarotstrahlung und Wasser in fester, 
flüssiger und Gasform.

Mit allen Peaks bei rund 1,45µm, 1,95µm, 
2,95µm, 4,7µm und 6,1µm.

Aber verstauben in analoger Form in 
irgendwelchen Universitätsbibliotheken. 
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Ein grundlegender 
Vortrag eines 
hervorragendes 
Fachmanns – Helmut 
Graab.

Aber fehlerbehaftet – 
was er aber 1991 nicht 
wissen konnte.

Laut ihm eignen sich 
elektrische Strahler 
nicht, weil Lampen- und 
Schutzglas den oberen 
Teil der MIR absorbieren.
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Absorption infraroter Strahlung – 2.Schritt

Man kann aber auch ein 
anderes Glas als alle 
anderen 
Lampenhersteller 
verwenden.

Mit sehr hoher 
Durchlässigkeit für 
Infrarotes Licht.

Für Lampen und 
Schutzglas.



Und wo entsteht die Wärme?
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Penetration gemäß Lambert-Beer – 3.Schritt
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Penetration gemäß Lambert-Beer – 3.Schritt

Strahlung elektrisch betriebener NIR 
Strahler (Strahlungsmaximum bei 1,18 
µm) dringt sehr tief ein bei sehr 
geringer Absorption.

Strahlung optimierter elektrisch 
betriebener NIR Strahler 
(Strahlungsmaximum bei 1,45 µm) 
dringt tief in das Substrat ein bei 
starker Absorption.

Infrarotstrahlung gasbetriebener 
Strahler wird innerhalb weniger µm 
absorbiert. Es wird praktisch nur die 
Oberfläche erwärmt.



Infrarotstrahlung gasbetriebener 
Strahler wird innerhalb weniger 
µm absorbiert.

Gas ist sehr günstig und 
gleichzeitig extrem teuer.

Heißluft ist viel besser, weil sie die 
Oberfläche genau so gut erwärmt.

Penetration gemäß Lambert-Beer – 3.Schritt
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The thickness of the samples (1
cm) is intentionally much greater
than that used in industr ial
processes (approx . 20 µm). This is
because determining moisture con-
tent or starch content profiles
requires cutting the samp les to
slices, which cannot be executed on
very thin coatings.

By imposing a large pressure dif-
ference (0.9 bar) between the top of
the coating, which is at ambient
pressure, and the vacuum chamber
in the measure cell, the mass trans-
fers between the coating and this
chamber are greatly increased. Con-
sequently, the evaporation f lux at the
bottom of the coating, which is
nearly zero when dewatering is not
simulated, becomes important when
it is simulated.

Method of determining the
moisture content profiles

To characterize the liquid transport
in the coating during drying, an
exper imental process has been
developed to determine the mois-
ture content profiles. It is based on a
destructive cutting method des-
cribed in Fig. 3.

At first, the coating is put in the
drying experimental setup that was
described earlier. At a given time, the
drying experiment is stopped and
the measure ce l l is immediate ly

placed and supported in the cutting
system by two locking screws. A pis-
ton, whose position is located w ith a
micrometer screw, allows the sample
to be moved vertically w ith great
accuracy and thus determines the
thickness of the slice that is cut by
the blade. Twelve slices are generally
obtained in 1 cm. Every slice is
weighed and placed in an oven at
80°C for 24 hours for comp lete

dehydration. Then, the moisture con-
tent of a slice i is given by the fol-
low ing equation:

W
i
= (m

i
– m

di
) /m

di
(1)

where m i and mdi are the humid
mass of the slice and the mass of the
dehydrated slice, respectively.

The cutting operation is fast
enough that the mass of evaporated
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2. Schematic of the experimental cell used for the laboratory
coating drying experiments

3. Coating cutting configuration

4. Evolution of the temperature at the top and bottom of the coating; a 60°C drying
experiment without dewatering simulation.

EXPERIMENTAL SETUP
The principal goal of this study is to
understand and quantify the differ-
ent phenomena observed during the

SAM 80 RS

Electronically controlled
gateManometer

Vacuum pump +
hydraulic system

Vacuum container
(0.1 to 1 bar)

Electronic  scale

Infrared dryer

Cell Thermocouples

1. Experimental configuration

Initial conditions Moisture content, W0 0.572
Mass fraction of starch, Wa0 0.02
Thickness, e0 (cm) 1

Physical characteristics Moisture content at the 0.315
of the coating gel point, Wg

Moisture content at the 0.185
critical point, Wc

Modeling of the • If W 0.35: D(W) = AL exp[BL(W–W0)]

transport coefficient as a • If W Œ [0.3, 0.35]: D(W) = CL exp[DL(W–0.35)]

function of moisture • If W Œ [0.275, 0.3]: D(W) = EL

content, D(W) • If W Œ [0.23, 0.275]: D(W) = EL exp[FL(W–0.275)]

• If W Œ [0.1, 0.23]: D(W) = GL exp[HL(W–0.23)]

• If W Œ [0.07, 0.1]: D(W) = IL

I. Drying mass flux correlation function

II.Transport parameters and physical characteristics of the coating

Temit = 80°C Temit = 60°C

• If t <9000 s, • If t <50 s, Fm
d(t) = A60

Fm
d(t) = A80 exp(B80t) + C80 exp(D80t) • If t >50 s, Fm

d(t) = A60 exp(B60 t
C 60])

+ E80 exp(F80t)

• If t Œ [9,000, 17,000], Fm
d(t) = G80

• If t >17,000 s, Fm
d(t) = H80 exp(I80t)

drying of a paper coating. With this
aim in mind, coating samples are
studied alone . Neverthe less, the
effect of water penetration in the

base paper is simulated by an origi-
nal method. A short description of
the experimental setup is given in
the follow ing sections. Note: In the
follow ing paragraphs, the simulation
of water penetration into the base
sheet is denoted “dewatering simula-
tion.”

Coating formulation
For each drying experiment, the
coating formulation is the same. It
can be defined, in terms of mass frac-
tion Ci = mass of component i /total
mass of the wet coating, as follows:

• Hydrocarb (carbonates): Cc =
27%

• a-gloss (kaolins): Ck = 27%
• Latex: Clat = 8%
• Starch: Cs = 3%
• Liquid (water): CL = 35%.

Drying and dewatering
To reproduce the coating dewater-
ing, a liquid f lux toward the bottom
of the coating was created by impos-
ing vacuum conditions at the lower
boundary of the coating sample. The
complete experimental setup (dry-
ing and dewatering) is shown in Fig.
1. The setup includes:

• An infrared dryer w ith adjustable
temperature (50–160°C)

• The measure cell (w ith a porous
bottom), which contains the coat-
ing samples (Fig. 2)

• A bell-shaped vacuum container
that is linked to a hydraulic sys-
tem which allows a low pressure
(0.1 bar) to be obtained

• An electronically controlled gate
that works as a sw itch, allow ing
(or not allow ing) the low pres-
sure under the coating to be
established

• An accurate electronic scale
(accuracy: ±0.001 g) that gives
the evolution of the cell mass
during drying

• Acquisition software, which
allows the acquisition of the
global mass and temperature at
various points in the coating.

V O L . 79:  N O . 9  T A P P I  J O U R N A L 131

Penetration gemäß Lambert-Beer – 3.Schritt
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2. Schematic of the experimental cell used for the laboratory
coating drying experiments

3. Coating cutting configuration

4. Evolution of the temperature at the top and bottom of the coating; a 60°C drying
experiment without dewatering simulation.

Philippe Bernada, Denis Bruneau: Modeling binder migration during drying of a paper coating
TAPPI Journal, Vol. 79; No 9, September 1996
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Verwendet wurden Infrarotlampen, die für 
die Versuche gedimmt wurden auf 50°C bis 
160°C, also  Strahlungsmaximum zwischen 7 
und 8 µm.

Über 90% der Energie erwärmte die 
obersten 10µm von 1.000µm.

Man erkennt, wie die Konduktion die 
Sedimentschicht langsamer erwärmt als die 
Radiation die Oberfläche. 

Die Ergebnisse sind irrelevant für die 
optimale Strichtrocknung!
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Philippe Bernada, Denis Bruneau: Modeling binder migration during drying of a paper coating
TAPPI Journal, Vol. 79; No 9, September 1996
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Je höher die Temperatur des Strahlers 
desto tiefere Penetration in das 
Trockengut

132  July 1995 Tappi Journal

Drying

(aw) and solid fibers (aF) as functions
of the IR emitting surface tempera-
ture. These generalized absorption
coefficients (shown in Fig. 2) can be
used to calculate the average absorp-
tion coefficients of the wet paper
sheet ( a wp) under various moisture
contents and porosities. The poros-
ity is a function of paper grammage
and thickness. As an illustrative ex-
ample, Fig. 2 also shows the average
absorption coefficient of a paper with
a porosity of 0.7 and with a moisture
content varying from 0.2 to 1.2 g
water/g fiber. On the other hand,
the reflectivity of water surface (Rw)

is 3–4% in the wavelength range of
1–15 µm for an incident angle of 0–
60°. For IR paper drying, a
reflectivity of 4% can be used for the
water surface in the calculation of
the reflectivities of wet paper sheet.
For the reflectivity of dry paper
(Rdp), the same method as for the
absorption coefficient is used with
the spectra published by Ojala and
Lampinen (8). Figure 3 presents the
reflectivity of dry paper as well as
that of a wet paper sheet as a func-
tion of the emitting surface tempera-
ture, assuming a paper porosity of
0.7.

In IR paper drying, it is known
that a higher emitting surface tem-
perature leads to a greater penetra-
tion of the IR energy into the paper
sheet. In this investigation, the IR
energy attenuation within a paper
sheet for different moisture contents,
paper thickness and IR emitting sur-
face temperature were calculated
from Eqs. 3 and 4 and the data of
Fig. 2. Choosing a paper porosity of
0.7 as an example, the IR energy
attenuation at different IR emitting
surface temperatures and different
moisture contents as a function of

4. IR energy attenuation as a function of paper thickness at various
IR emitting surface temperatures

5. IR energy attenuation of a paper with a porosity of 0.7 at an IR
emitting surface temperature of 2000°C and at various moisture
contents of the paper sheet

6. Variation of moisture content as a function of drying time with an
IR emitting surface temperature of 1030°C

7. Variation of instantaneous evaporation rate as a function of
drying time with an IR emitting surface temperature of 1030°C
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Penetration gemäß Lambert-Beer – 3.Schritt

Helmut Graab: Einfluss der Strahlertemperatur von Infrarotstrahlern auf die Trocknungsleistung
Wochenblatt für Papierfabrikation 19/1991



Aber woher weiß das Wasser, wo es hin soll?



Massetransport aus dem Strich – 4.Schritt

Das Wasser des Strichs muss an die Oberfläche gebracht werden.

Dort sättigt der Dampf die laminare Grenzschicht und verhindert 
weitere Verdampfung.

Die laminare Grenzschicht muss turbulent gestört werden.

Sie muss möglichst warm sein.

Sie muss möglichst trocken sein.



Massetransport aus dem Strich – 4.Schritt

Wasser, dass in das Substrat migriert, muss nach dem Trocknen 
des Strichs verdampft werden – mit hohem Energieaufwand:

Abbremsen des Wassers bei der Migration

Überwinden der Wasserstoffbrückenbindung

Beschleunigen des Wassers an die Oberfläche

Durchqueren des getrockneten Strichs.



Massetransport aus dem Strich – 4.Schritt

Wie verhindere ich das Wegschlagen der flüssigen Phase?



Massetransport aus dem Strich – 4.Schritt

134  July 1995 Tappi Journal

Drying

energy absorption efficiency as a
function of the moisture content of
the paper sheet, and as a function of
the emitting surface temperature.

Experimental results
and discussion

In order to establish a typical dry-
ing curve and to monitor the de-
crease of the moisture content
during the drying process, the pa-
per sheet was exposed to the IR ra-
diation for different periods of time
by passing the paper sheet through
the IR heater at different speed. In
each individual experiment, the ini-
tial moisture content of paper sheet
and the other operating parameters
were held constant. The moisture
content of paper after drying was
determined gravimetrically at the
end of each exposure time. Figure 6
shows a typical drying curve where
the moisture content is plotted as a
function of the drying time. This fig-
ure shows that the moisture content
decreases rapidly. About 20% of the
moisture content was evaporated
with a drying time of 1 second, which
corresponds to about 22% of the to-
tal drying time required to complete
drying. In the case of steam cylinder
drying, it has been reported that—
for the same time period—only about

7% of the evaporation could be
achieved (22). Based on the decrease
of the moisture content, the instan-
taneous evaporation rate was calcu-
lated graphically and it is presented
in Fig. 7. The instantaneous evapo-
ration rate is proportional to the
slope of the drying curve in Fig. 6.
Since this slope depends highly on
the precision in the determination of
the moisture content during drying,
and a high precision is difficult to
attain with a pilot scale plant, the
instantaneous evaporation rates pre-
sented in Fig. 7 are therefore con-
sidered as an approximation of actual
evaporation rates. However, despite
this limitation, it is clear that, in gen-
eral, the evaporation rate decreases
throughout the drying except for the
initial sharp rise.

It has been well accepted that IR
radiation, when used at the later
stage of conventional cylinder dry-
ing, can increase the drying rate,
hence extending the constant dry-
ing rate period to the later stage of
drying. In addition, previous experi-
ments carried out on pulp laps with
more than 700 g/m2 have shown the
distinct presence of a constant rate
period by IR drying (3). Therefore,
one might expect the existence of a
constant drying rate period in IR
drying. However, if a constant rate

drying is present when using IR ra-
diation for papers such as newsprint,
it is over a very short time span, as
shown in Fig. 7. In this series of
experiments, all operating param-
eters were held constant except the
paper running speed. Therefore, the
variation of the evaporation rate can
be attributed mainly to the variation
of the IR heat transfer to the paper
sheet during drying. It has been
found that wet materials almost al-
ways reflect less IR energy than dry
materials. There are two principal
reasons for the reduction of
reflectivity upon wetting. One is the
low reflectivity of the water surface.
Another is the multiple internal re-
flections within the liquid layers be-
tween the solid surface and liquid
surface. Throughout the drying pro-
cess, the IR paper surface
reflectivity increases until it assumes
a constant value when the paper sur-
face becomes completely dry. On the
other hand, internal absorption de-
creases with decreasing moisture
content as indicated in Eq. 4. Conse-
quently, IR heat transfer to the pa-
per sheet will decrease as the paper
becomes drier. These are the main
reasons for the absence of a con-
stant drying rate period.

Drying experiments at different
IR emitting surface temperatures

12. Variation of average evaporation rate as a function of initial
moisture content of paper sheet at different blowing air velocities (IR
emitting surface temperature: 100°C)

13. Temperature of the upper surface of paper sheet at different IR
emitting surface temperatures and blowing air velocities
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Je höher die Geschwindigkeit der Luft, 
die die Laminarschicht stört, desto 
höher die Verdampfung 
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TAPPI Journal Vol.78, No.7, 



Massetransport aus dem Strich – 4.Schritt

Je dichter der Strahler auf der 
Papierbahn sitzt, desto höher wird die 
Verdampfung

Aber nicht wegen dem geringeren 
Abstand zum Strahler, sondern weil die 
Turbulenzen zwischen Strahler und 
Bahn sich verstärken

Kuang, Thibault, Chen, Grandjean/ Pilot scale investigation of infrared drying of paper 
TAPPI Journal Vol.78, No.7, 
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the paper thickness are illustrated
in Figs. 4 and 5, respectively.

The most useful information is the
absorption by the whole paper sheet
and the efficiency of the IR heaters.
The absorption by the whole paper
sheet is the IR energy attenuation
as it travels through the paper sheet.
It is expressed by the Eq. 5:

qa = I
t
 ( 1 –  e

– awp L) (5)

The efficiency of the IR heaters
can be estimated by the IR energy
absorption efficiency which is de-

fined in the present study as the
ratio of the IR energy absorbed by
the paper sheet to the IR energy
emitted from the IR heater, and ex-
pressed from Eqs. 1 and 5 as:

ηa = 
F

ip
 ( 1 –  Rwp)  ( 1 –  e

– awp L)
1 –  F

ip 
F

pi
 R

i
 Rwp

(6)

The reflection and the internal
absorption of the paper sheet de-
pend on the IR emitting surface tem-
perature, the reflectivity of dry
paper, the paper porosity and mois-

ture content. Therefore, the IR en-
ergy absorption efficiency depends
on the view factor between the IR
heater and the paper sheet, the IR
emitting surface temperature, the
reflectivity of dry paper, the paper
porosity, the paper moisture content,
and the paper thickness.

With these equations, as well as
the available absorption and reflec-
tion data, the absorptivity and the
transmissivity of the paper sheet
under different conditions can be
calculated. It is also possible to esti-
mate the variation of the IR absorp-
tion by the paper sheet and the

8. Variation of average evaporation rate as a function of drying time
period in each passage of the paper sheet through the IR heater at
three different IR emitting surface temperatures

9. Variation of average drying efficiency as a function of drying time
period in each passage of the paper sheet through the IR heater at
three different IR emitting surface temperatures
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10. Variation of average evaporation rate as a function of drying
time period in each passage of the paper sheet through the IR
heater at two different exposure distances (IR emitting surface
temperature: 1100°C)

11. Variation of average evaporation rate as a function of initial
moisture content of paper sheet at different air recycle ratios (IR
emitting surface temperature: 100°C)
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Praxiserfahrungen

Booster für Strichtrocknung

Booster für Barrieretrocknung

Vorwärmung



Praxiserfahrung Strichtrocknung

Kartonmaschine mit 2+2 Strichen online

Elektro-IR mit 1,18 µm Wellenlänge 

Vorstrichgewicht 13 g/m2 mit FK 69% bis 71%

Pro Vorstrich 2 Reihen mit 28 Modulen à 30 kW

Gesamt 1,680 MW installierte Leistung pro Strich

Gefolgt von 2 Heißlufthauben



Praxiserfahrung Strichtrocknung

Elektro-IR mit 1,45 µm Wellenlänge 

Vorstrichgewicht 13 g/m2 mit FK 69% bis 71%

Pro Strich 2 Reihen mit 28 Modulen à 24 kW

Gesamt 1,344 MW installierte Leistung pro Strich

Gefolgt von 2 Heißlufthauben

20% geringere installierte Leistung



Praxiserfahrung Strichtrocknung



Praxiserfahrung Strichtrocknung

Kurze Wellenlänge erwärmt vor allem Substrat.

Wellenlänge ist lang genug, mit 50% weniger Verlustleistung als 
Standard NIR.

Turbulente Störung der Laminarschicht während Bestrahlung 
kann mehr Dampf abführen wie durch Bestrahlung entsteht

Verdampfungsenthalpie kühlt die Oberfläche.

Temperaturdifferenz zwischen initialer Sedimentschicht und 
Oberfläche garantiert Massentransport an die Oberfläche.



Praxiserfahrung Booster Barrieretrocknung

Barriere basierend auf hochviskosem PVA

Streichmaschine mit mehreren Streichköpfen auf beiden 
Papierseiten.

5 Heißlufthauben zur Trocknung des PVA-Strichs.

Geschwindigkeitsbegrenzung durch Trocknung des PVA-Strichs.



Elektro-IR mit 1,45 µm Wellenlänge vor Heißlufthauben 
installiert.

Reflektor auf Rückseite um Energieverluste zu minimieren.

Benötigter Einbauraum md: 50 cm

Installierte Kapazität:   160 kW/m Arbeitsbreite

Praxiserfahrung Booster Barrieretrocknung



Praxiserfahrung Booster Barrieretrocknung

100,0

105,0
102,9

112,5
108,8

Elektrischer IR mit Wellenlänge 1,18µm erlaubt nur 
geringfügige Steigerung

Gasstrahler mit 3µm sind Barrierekiller, wurden vom 
Kunden nicht evaluiert.

Elektrischer IR mit Wellenlänge 1,45µm ermöglicht 
signifikante Geschwindigkeitssteigerung 



Praxiserfahrung Booster Barrieretrocknung

Wellenlänge 1,18µm verschlechtert 
Qualität.

Wellenlänge 1,45µm ermöglicht 
gleichzeitig
Geschwindigkeitssteigerung und
Qualitätsverbesserung 
durch Trocknung von der initialen 
Sedimentschicht aus und
Verfilmung der Oberfläche erst, 
wenn alles darunterliegende 
Wasser verdampft wurde. 

100,0

105,0
102,9

112,5
108,8

100,0 98,6

85,8

108,6 108,6



Qualitätsverbesserung aufgrund niedrigerer 
Temperatur

Optimierte Verdampfungsrate ergibt 
verbesserte Kühlung des Strichs

Trocknung von der initialen Sedimentschicht 
ausgehend

Kein Risiko verfrühter Verfilmung an der 
Oberfläche des Strichs

Maschine könnte weitere 20% vorgefahren 
werden

Praxiserfahrung Booster Barrieretrocknung

Temperatur   Feuchte



Praxiserfahrung Vorwärmung

Hier Thermographien von Betriebsversuch mit einseitigem Bestrahlen 
einer Pappe (1.400 g/m2, 2.000 µm) am Einlauf der Trockenpartie – 
Ansicht von Oberseite



Praxiserfahrung Vorwärmung

Hier Thermographien von Betriebsversuch mit einseitigem Bestrahlen einer 
Pappe am Einlauf der Trockenpartie – Ansicht von Unterseite



Technologie

Compact Engineering entwickelt und fertigt Wendeln und 
Lampen selbst

Wellenlängengipfel bei 1,45 µm unter Volllast

optimal zur Überwindung der Wasserstoffbrückenbindung

Optimal zur Trocknung aus der Tiefe für verringerte Binder- und 
Feinstoffmigration



Technologie

Spezielles Glas, mit extrem niedriger Absorption der 
Infrarotstrahlung

Auch für Schutzröhren

Schutzgas Xenon

Garantiert 15.000 Betriebsstunden bei Volllast 
(typisch ansonsten 5.000 h)

Goldreflektor

Aktives Grenzflächenmanagement der Laminarschicht



Spezielles Glas



Compact XenTec-Strahlerelement



Vielen Dank



Fragen?


