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Measurement of z-direction moisture transport
and shrinkage in the drying of paper

WARREN J. BATCHELOR, ZIQl WUt AND ROBERT E. JOHNSTON#

SUMMARY

A new experimental rig has been construc-
ted to measure z-directional temperature,
moisture and shrinkage during the drying
of paperboard. The board to be tested was
constructed from three 60 g/m2 sheets.
Shrinkage was measured using eddy
current displacement transducers and
very thin copper meshes buried between
the sheet layers. Moisture content was
calculated from the impedance measured
between pairs of the copper mesh elec-
trodes. The temperature was measured
using very thin thermocouples buried within
the sheet. Preliminary measurements on
an unbleached eucalypt kraft pulp showed
complex drying behaviour, with drying oc-
curring first at the surface in contact with the
hot plate and then secondly at the cooler
surface where moisture was removed.
The middle of the sample was the last to
fully dry out. This was in contrast to the
shrinkage data, which showed that the
bottom layer, from which the water was
evaporated, was the last to shrink.
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The process of drying a material with ahe sheet as a whole and no attempt was
complicated structure like paper is a verynade to measure the shrinkage profile in
difficult one to model. The basic structurethe z (thickness) direction. Drying was
of the sheet is difficult to characterisestudied when their layered sheet of paper
The cellulosic fibres from which paper iswas bought into contact with a hot plate.
made are hydrophilic, however, the exacThe measured moisture profiles showed a
degree will depend on the method by whiclmaximum in the middle of the paper. The
the fibres have been treated. The fibresminimums at the surfaces were caused by
will have broad distributions of shapesthe migration of water away from the hot
(length, width, wall area, lumen area) andurface and by evaporation into the air
mechanical properties. Water in paper cafilom the opposite surface. The measured
be present both as liquid and vapoutemperature profiles showed complex
Liquid water can be present within thebehaviour. After initially increasing upon
fibres, as free water within the lumens otontact with the hot plate, the temperature
the fibres, as water droplets between thihen remained constant before dipping
fibres and adsorbed to the surfaces of thtarough a minimum and then increasing.
fibres. Both liquid water and waterThe minimumappeared to be associated
vapour can be transported through theith the transitiorfrom the so-called con-
sheet, although the transport of liquid watestant rate to falling rate periods in drying.
becomes progressively less important as Lee and Hinds1(0) also reported mea-
the sheet becomes dryet).( Various surements in which a thick paper pad was
mechanisms for the transport of water andought into contact with a hot surface.
water vapour within theheet have been They performed their measurements on
proposed, although the importance 0600 g/n? pads that had been formed from
each mechanism remains uncle&). ( six plies. The temperatures were again
Despite the difficulties, there have beemeasured by fine thermocouples inserted
numerous attempts to model the dryingetween the plies. No easy way of mea-
process1,3-7). The models have generallysuring the local moisture content in the
been complex, involving a great numbeplies was found. Instead, a single drying
of parameters, many of which have noturve was established through a series of
been measured. These models so far haugsts. At the end of each test, the sample
also not considered the shrinkage of th@as pulled from the rig, rapidly delami-
paper during drying, although shrinkagenated and the moisture content of each

Paper is formed by impinging a diluteN@s been included in general models fdayer measured gravimetrically. A complete
suspension of fibres onto a wire and® drying of hygroscopic material8)( drying curve was established by varying
draining most of the water through the*"Y successful model will thereforethe moisture content at which the tests
wire, leaving a mat of fibres. After depend heavily on accurate experimentalere stopped. No attempt to measure
pressing to remove more water the pap ta, |n'wh|ch van_ables such as shnnkagghr?nkage was made. The Cc_)n\_/enience of
is then dried by passing it over a series §#nd moisture profiles are measured.  their techniques is severely limited by the
steam-heated cylinders. While the formin One of the first papers to make compneed to conduct one test per data point.
and pressing sections will have remove hensive measurements of some of thesie reliability of the whole curve is then
more than 99% of the original water, th(#fOpertleS was by Han and Ulman@). ( heavily dependent on the reproducibility
removal of the remaining amount of wate hey constructed their test paper byf the experimental technique. _
in the dryer section requires the IargesEFu”dmg it up from several thin sheets. Durlng the drying .process,.mc.)lsture
amount of energy in the papermaking pro; hey r—_zmbeddecﬁ ray sources betweenmoves in the sheet in bc_)th Ilqwd_ and
_ There is great interest in studyinth.e various layers. By measuring the absog:apour form. Lee' and Hmdsl(p) d!d
tcr:aeSZrying of paper so as to maximise thé:lon of the rays as they passed througdjeyelop a very interesting tephmque,
drying efficiency e sheet, the moisture content of the shegsing water soluble, non—vo_Iat|_Ie tracer
: between source andetector could be molecules, to measure the liquid flux in
determined. In thesexperimentsthe tem- the drying process. After delaminating the
perature profile was measured by embedsheet to obtain the moisture content in a
ding very thin thermocouples between thely, the sheet was then disintegrated and the
layers. Shrinkage was only measured fdracer molecule concentration measured.
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The change in tracer concentration fronpractical means was found to be able tiom the sample while the sample was under
the previous test point was then used tdo so. Instead sheetgere formed sepa- test, which is an important consideration
calculate the liquid flux in the ply. Therately and then placedn each other to for measurements at high temperature.
combined data of moisture content andorm the sheet to be tested. This method To conduct a test, a paper sample was
liquid flux was then usedlj to calculate allowed the thermocouplesd electrodes cut to closely fit the test chamber and
the vapour flux. The results for the vapourequired for the temperature, moisture cornthe electrodes were connected to the LCR
flux showed consistent flows away fromtent and sheet thickness to paced in  meter. The impedance measured in the
the hot surface for all of the plies. Theappropriate positions. In the worgported test was the steady-state impedance. The
measurements of the liquid flux resultdere, the sheets were constructed frofne to reach a steady state varied with
were more complex, as they showed thahree 60 g/rA handsheets made from agitferent moisture contents, ranging from
liquid water initially flowed into the plies Eucalyptus globuluslaboratory pulp 5 couple of minutes for a very wet sample
closest to the hot surface. This inflow wasooked to a Kappa number of 20. Th >60%) to a few seconds for a relatively
ascribed to the need to balance the liquisheets were made using a British Standa%ﬂ sample (<15%). After the impedance
water vapourised at the hot surface. It waldandsheet machine and pressed at 2 t@, s measured, the sample was removed
found that, except at the beginning of theising a ‘Roll-tech’ dynamic press. Someand its weight 'measured with an analyti-
drying process when the sheet was stilamples were also made at lower grame. palance (Mettler Toledo AB204). The
very wet, the flows of liquid water were mages so that the effect of sample thick, oisture content was later calcﬁlated
small compared to the vapour flows. ness on the measured impedance could be :

. . : rom the oven-dry weight of the sample.

Kuno et al. 4) measured moisture andinvestigated. : .

X . : The measured impedance will depend on
temperature profiles continuously. Their the applied weight 1), Therefore, the
test material was 300 ghArpaper con- Moisture content i h?p h 19 : lected t ' q
structed of five 60 g/@hsheets. In order to The method chosen for the measurememelg on fhe rig was selected 1o pro IL(;CI:
better simulate industrial drying, the pape i i € same compressive stress as would be

. fYIng, IN€ Papebf moisture content was the impedanceg o4 in a full-scale test
i X For temperatures higher than 20°C, the
i i L Y . whole test unit was put into an oven and
used palrs of eIe_ctrodes buried betweellas modified by replacing the wire elec, reheated to the desired temperature. The
the layers of their paper. The measurefloges used by these workers with thirgam le. which was in a seF;)aIed lastic
impedance between the electrodes wagyare electrodes. Square electrodes were Pie, P

found to be very sensitive to the Moisturgnosen over wire electrodes to minimisead [© Prevent moisture escaping, was

content of the material between the eleGhe problems with aligning the clectrodes2'SC Put into the oven to be preheated.

trodes. Kuno et al. found that varying thex; 5 given density and structure i \ter about 15 to 20 minutes the sample
moisture content from 70 to 10% changeghcasured impedance may depend on tH2S taken out from the bag, put into the
the measured impedance by two orders @gnaration between the wires and hend&>t chamber and quickly covered with the
magnitude. The measured impedance Waspecomes critical to ensure that the wirele St chamber lid. After the impedance
found to depend on temperature as well age exactly aligned. These electrodes Ca{ﬁadlng was taken, the whole test unit was
moisture content. Shrinkage of the Sheea{lso be used as targets for the measureméﬂlfen out and allowed to cool. The sample
was not measured. of displacementl(2). was then quickly transferred into a pre-
It was the goal of our research to de- In the work reported here, 2 cm x 2 Cmweighed sealed plastic bag and the actual
velop, for the first time, an experimentalSquare electrodes were ch,osen. For tH‘@oisture of the handsheet was determined
technique for simultaneously measuringuII multi-layer drying test, a copper meshdravimetrically.
moisture profile, z-direction shrinkage an bf 25.4um thickness Was,selected for the !t should be noted that special care
temperature profile in the drying of paper,, .o 4o atarial. The reasons for thid@d tobe taken to successfully obtain the
This is expected to provide valuable_ .. .o discussed in the section drP!rect data at higher temperatures because
information to aid in understanding thisdisplacement measurements. Both thi€ high evaporation rate at these high

complex process. leads to the electrode, as well as the elef@mperatures can cause significant moisture
trode itself, were constructed of this mesHOSS during operation. All the operations
MEASUREMENT oo d : ; .
bad to be carried out quickly to minimise
TECHNIQUES As moisture can penetrate the mesh stru q y

ture of the electrode, it was expected tha@ny unnecessary moisture lossramsfer-
Our aim was to simultaneously measuréhe moisture content of the part of thding the sample for measurement.
moisture content, z-directional shrinkagesheet between the mesh electrodes should Samples with moisture contents in the
and temperature at different positionpe the same as in the rest of the ply. range 7 to 60% were tested. Measurements
through the thickness of the sheet. The |n order to measure the moisture contenfvere made at temperatures of 20°C, 30°C,
techniques we developed will now bethe relationship between moisture conterf0°C, 50°C, 60°C, 70°C and 80°C. The

discussed in detail. and impedance had to be accurately detedty thickness of each of the handsheets
mined. This was done using the calibrawas measured using a Messmer Digi-Cal
Sheet structure tion rig shown in Figure 1. In the rig, athickness tester at room temperature.

It was decided to make the measuremengample is sandwiched between top and Atypical plot for five handsheet samples
on multi-layer sheet. While it would be pref-bottom electrodes. The weight applied t®f different thickness, at 20°C is shown
erable to measure temperature, moistutée top lid ensured good contact betweeim Figure 2. The tested samples were 120
content and shrinkage continuousiyough sample and electrodes. The rig was desi¢e 270um thick when dry or 210 to
the z-direction of a single layer sheet, nmed to minimise the escape of moisturd80um thick at 60% moisture content.
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Fig. 1 Experimental rig for calibration of the relationship Fig. 2 Impedance vs. moisture content for tests at 20°C.
between impedance and moisture content.

These valuesorresponded to a grammageT he derived equation is as follows: use the copper mesh targets that were
range of 37 to 60 g/fn As can be seen already beingised for moisture measure-
from Figure 2, thethickness of tested ments, as eddyurrent sensor targets.
samples has had moeasurable effect on A 1 This measurement method works by
the impedance. This phenomenon was (70_T)[10g(15'37f1792 M) 1] inducing anddetecting eddy currents in
observed at higher temperature, too. The ~ log(1.18x10°.M"7)] metal targets. If the distance between the
independence of the measured impedane¢hereZ is the impedanceé/ is the moisture sensor and target is small then the detect-
on grammage or thickness was surprisingontent, and is the temperature in °C. ed voltage from the sensor will depend
and contrary t@xpectations. Work is con-  The accuracy of Equation 1 can beinearly on the distance between target
tinuing to explairthis apparent anomaly. seen in Figure 3. This shows the measurand sensor. A copper mesh of 2fm

To obtain an equation for calibration, thements at 50°C. The line shown in this figthickness was selected, based on the data
data from the tested samples was combinggle was obtained from the calibrationof Burton and Spraguel1®), which
into a single set and fitted using a powegquation and was not directly fitted to theshowed that for a 254m thick copper
law equation. The result of the fit is showryata for 50°C. As can be seen in the figurmesh, the deviation of the measurement
as the line in Figure 2. The?Ralue for the calibration equation, although noiyith the temperature of the target was lin-
the fit (0.99) for the pulp tested indicatedyerived from this data set, describes thear with temperature reaching ~1% at
that the power law equation provided ayata very well. The experimental result3.00°C. A 38.1um thick mesh had no
accurate representation of the data, givingere found to agree similarly well with deviation with temperaturewhile for a
a simple but reIa_uver accurate method t¢ne prediction over the complete range of2. 7um thick mesh, the devion expo-
measure the moisture content. temperature and moisture tested. nentially increasedwith temperature

Besides the tests at 20°C, tests Were the impedance method for measuringeaching 10% at 80°C. The mesh should
cor:ducted at°30°C, 40°C, 50°C, 60°Cgistyre content has best accuracy fdfe as thin as possible to minimise the dis-
70°C and 80 C_ to study the effect Ofmoisture contents in the range 10 to 50%uption caused by theresence of the elec-
temperatgre on impedance. It was founQ/hich is the range of moisture contents ofrode. Accordingly, the 25.4m thick
that the impedance generally decreases;me jnterest in drying studies. Abovemesh was selected as the smallest thickness
\t/r\gzegﬁ?; :)efTeprﬁraet?e:ti:zcéiiizsﬁagiil:e % moisture content, the technique is lessompatible with a minimal measurement
impedance is n ft nearly as strong as graccurate because the measured impedanesiation with temperature. As the thick-

effect of moisture. The measured decreas??re low and it can be difficult to obtain aness of the layers varied from 200,

in impedance is likely to be due to a fallzoit;fntlsm&egggcirrleeasilrlgé élto rzogtl:tz@vhen wet, tOOIO(Dlm when dry, the mesh
in the resistance and an increase in the 0 P Ras 13 to 25% of the thickness of one of

. L Impedance versus moisture content cur
capacitance of the sample. This is becaui)e P Ve layers.

both the resistance and capacitance a £9ins to increase sharply. Small changes The displacement transducers were cali-
largely determined by the mobility of the'” moisture content produce very |arg€_brated for distance by using a micrometer
water molecules and the ions within th&"@nges in impedance, so small errors iy accurately position the copper target
sample and the mobility will increasell® Moisture content measurements Wikt various distances from the sensor and

Z_ 10)(/50
x = log(1.18x10°.M"7%)+

with temperature. disproportionately affect the accuracy otorrelating it against the measured signal.
To obtain an equation to describe thdhe data. Before each test, the sensors were re-zeroed

effect of temperature, a regression equation. against the copper mesh targets without

was fitted to the experimental results takeiSPlacement measurements the sample. All positions were then meas-

at 20 and 70°C. Then a universal equatiofnd construction of the full test rig  yred with reference to this zero position.
was derived to predict thiempedance at To measure the shrinkage profile, it wasr'he thickness of each layer was measured
the other tempeatures for the moisture necessary to measure the thickness bl subtracting the displacement measured
content in the range from 10 to 60%each layer. To do this, it was decided tdor the top of the layer, from the displace-
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Fig. 3 Comparison between experimental data obtained
at 50° and fit predicted from equation 1.

Fig. 4 Schematic of test rig used for full-scale tests.
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Fig. 5 Measurement of moisture content in the sheet layers during drying.
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Fig. 6 Measurement of temperature distribution during drying.

measurements. The heat source for the
experiments was an aluminium block
weighing 2.6 kg. A thin glass sheet was
placed between the heataiock and the
sample in order to electrically isolate the
heater block from the copper mesh elec-
trodes. The samples themselves were
exactly sized to fit under the heater block.

A schematic of the test rig is shown in
Figure 4. The key feature to the success-
ful design of the rig is the selection of a
sintered disc of fine glass beads for the
sample support. This disc plays multiple
roles. It supports the weight of the heater
block, yet at the same time, the porous
nature of the disc allows for the ready
transport of moisture away from the
paper. The disc also insulates the sensors
from the hot paper surface, ensuring that
accurate measurements of displacement
can be made. The glass bead material was
also selected because it has a very low
thermal expansion. This ensured that the
changes in position of the targets were
due to the shrinkage of the sample.

The result is a test rig that allows the
moisture content, thickness and temper-
ature of the three layers of the sheet to be
measured continuously throughout the test.

RESULTS

A sample set of results is shown in Figures

ment measured at the bottom of the layesensor temperature well under 90°C5 to 7. These figures show temperature,
The working range of the eddy-currenfThus it was necessary to find a means dpoisture and shrinkage data, respectively.
sensors was only 0 to 5 mm and the eddyeeping the eddy current sensors separate 1N€ moisture data is shown in Figure 5.
current sensors were temperature confrom the hot paper as well as at the samg € INitial moisture content of the sample

0 .
pensated only to 90°C. That is, the distime supporting the paper and providing a'as measured as 60% for two of the plies

and 70% for the middle ply. One possible

placement readings were assumed to beeans to remove the evaporated moisturg, <« for this discrepancy may simply
independent of temperature, providedhe other requirements for the supporting;yepeen that the local moisture content
that the temperature dhe sensor was material were that it have a low therma|p this ply was higher in the area where
less than 90°Calthough for maximum expansion and that it be non-metallic sehe measurements were made. This dis-
accuracy it was desirable to keep thas not to interfere with the eddy currentrepancy may also be due to the effect
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of ageing on the copper mesh electrodesiscrepancy could be that as the heaté&or example, the thickness of the top layer
It was later discovered that problems cablock begins to heat up, evaporatiordecreases from 190m at the start of the
arise with the ageing of these coppeimmediately begins to occur at the surfactest to 97um after 8 minutes. Thereafter
mesh electrodes, which produces a degre¢ the sample in contact with the blockthe measuredisplacement begins to drift
of tarnish orthe surface of the electrode. The calculated moisture content has apwards againThe bottom layer appears
This can significantly affect the measuregower law dependence on the impedanc#o shrink cortinuously for the first 16 min-
impedance at very high moisture contents hus while a transfer of moisture from theutes of the test. Thereafter the thickness of
The temperature readings are shown isurface in contact with the heater block tehis layer appears to stabilise for a few
Figure 6. Figure 6 shows four thermo-deeper within the layer will not change theminutes before then drifting further
couple readings. The legend indicates theverall average moisture content withirdownwards. These di€ulties with drift
position of the thermocouple. For examthe layer, it will increase the impedancemay be because eaddyer thickess is
ple, M-T indicates that the thermocoupledue to the disproportionate contributionrmeasured by subtracting the displacement
is placed between the middle and the tofrom the drier layer. Thus, the moisturemeasured at the top of the layer from the
layers (closest to the heater) of the sampleontent data must be treated with cautiodlisplacement measured at the bottom of the
Switching the heater block power supplywhen there are large moisture gradients.layer. These displacements are not meas-
on started the test. Thus the starting tem- Despite these reservations, the moisturered atthe same position, which can be a
perature of the heater block was rooncontent data still shows some vémieres- source oferror. This will be an increasing
temperature. It is not possible to apply déing trends. As expected the moisturgroblem as the drying test proceeds and
hot heater block directly to a wet samplegontent in the layer closest to the heatdhe thickness of the layers is reduced.
since the impedance measurements takgtap) begins to decrease first, while thé-urthemore for the top layer, the thick-
few minutes to stabilise for a wet samplemoisture content in the ply furthest fromnessvariation at the end of the drying pro-
In examining the data, it can be seen thahe heater (bottom) starts to decrease fropess may also be due to the difference of
as expected, the thermocouple in diredts initial level last. While the top layer drynessbetween top and middle sheets.
contact with the heater block has the highalways has the lowest moisture contentlhe dry topsheet will tend to push the tar-
est temperature, and that the temperatusdter 12.5 minutes the moisture content iget into the wetter middle layer with this
decreases the farther away the thermdhe bottom layer crosses over that in thgrocess, themeverse once the top layer
couple is from the heater block. The maximiddle layer and remains less than that iAas fully dried.
mum difference between the thermocoupléhe middle layer for the remainder of the The layer thickness data show a some-
(marked T-Heater) in contact with thetest. This must be because the moistumhat different trend to the moisture con-
heater block and the thermocoupléransport through the bottom surface intéent data in Figure 5, since at no point do
(marked Disc) is less than 10°C, indicatinghe glass bead disc is exceeding that froithe thicknesses of the top and bottom
that there was good thermal contact behe middle ply. The result is a sheet thalayer cross over each other. Except at the
tween the heater block and the top layen the latter stages of the drying processtart and end of the test, the shrinkage is
and that there was good heat transféras dry surfaces surrounding a wet middlalways greatest in the top layer and least in
through the layers. of the sheet. the bottom layer. The cause of this apparent
In examining the change in moisture The shrinkage measurements ar@iscrepancy may be that the water is dis-
content in the three layers during the testhown in Figure 7. The data in this figureributed differently between the different
it can be seen that the moisture content show that at the start of the test, the tophases at different z-direction positions in
the top layer begins to decrease almoiyer begins to shrink first, followed by the sheet. In these drying experiments, the
immediately after the heater begins tdhe middle layer and then the bottonfhrinkage of the layers arises from the
warm up. This decrease in moisture contetiéyer. It is difficult to judge the final shrinkage of the fibres, which is in turn
is not matched by any change in the thickthickness of the dry sheet. Over extendegPntrolled by the water content present
ness of the layer, as is later shown iperiods of time, the measured thicknesse¥ithin the fibre wall. The water in the cell

Figure 7. A possible explanation for theof the layers are not completely constantvall in turn is only one component of the
total moisture content, which will also

include water vapour, free water droplets
between the fibres and in the lumen, water
adsorbed onto the fibre wall, etc. If the
fraction of water distributed between these
- Middle forms varies with depth in the paper then
it is easily conceivable that the relationship
o Bottom between moisture content and shrinkage
may be complex. Further work will be
conducted to clarify what is happening.

CONCLUSIONS
60—

20 24 28 32 36 40 A new experimental rig has been constructed
Time, min capable of measuring z-directional tem-
perature, moisture and shrinkage during
Fig. 7 Measurement of layer shrinkage during drying. the drying of paper. Preliminary results on
continued on page 127
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Table 1 shows a typical view of theratio values from short length screens usin@)
spreadsheet. the mixed flow model is more accurate
An example performance curve isthan from full-length screens using th 4
presented in Figure 13. plug flow model. Screen performance can
potentially be predicted from passages)
ratio measurements from narrow length

CONCLUSIONS

The plug flow and the mixed flow methodsscreen sections.

of modelling a screen have been used tRCKNOWLEDGEMENTS
predict thickening across a screen, the con-
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an unbleached eucalypt kraft pulp showed
complex drying behaviour, with drying
occurring first at the surface in contacf3)
with the hot plate and thesecondly at the
cool surface where moistuneas removed. (4)
The middle of thesamplewas the last
part to fully dry out.This wasin contrast

to the shrinkage data, which showed that
the bottom layer, from which the water
was evaporated, was the last to shrink. (5
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