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SUMMARY

Experiments have been conducted on a sheet-fed pilot-scale shoe press to compare impulse
drying and double-felted pressing. Both an IPST ceramic coated and a Beloit Type A press roll
have been evaluated for linerboard sheet structures having a wide range of z-direction
permeability. Both roll surfaces evaluated had thermal properties that are covered by IPST
impulse drying patents.

The objective of the experiments was:

1) To find ways of correcting previously observed sheet sticking problems.

2) To compare the performance of the IPST-C ceramic and Beloit-A press roll surface coatings.

3) To obtain process data over a wide range of linerboard sheet structures.

4) To evaluated the resulting linerboard in terms of important physical properties.

The results of these experiments, in terms of the first three objectives has been reported to the
U.S. Department of Energy (1) under contract FG02-85CE40738 and to IPST member
companies (2). The results of the experiments, in terms of the fourth objective, are the subject of
this report.

The experiments showed that impulse drying was superior to double felted pressing in both press
dryness and important paper physical properties. In particular, the experiments showed the
following:

Critical Impulse Drying Temperature: As in previous laboratory-scale experiments (4), critical
impulse drying temperature was found to depend on the hydrodynamic specific surface of the
heated layer of the sheet. As expected, critical impulse drying temperature was higher for the
"low thermal mass" IPST -C ceramic press roll than for the "higher thermal mass" Beloit -A
press roll. Interestingly, it was also observed that the choice of felt can influence critical
temperature.

Press Dryness: The experiments showed that, for a given set of pressing conditions, press
dryness tends to decrease when the hydrodynamic-specific surface of the entire sheet is
increased. In addition, press dryness resulting from impulse drying was generally higher than that
achieved by double-felted pressing. Differences in dryness ranged from 8 percentage points for
sheets having low heated ply hydrodynamic specific surface to 3 percentage points for less
permeable sheets. The Beloit -A roll surface yielded higher press dryness than the IPST
modified ceramic roll even though it was generally operated at a lower temperature (this was
unexpected and deserves further study). While increasing the press load from 6000 pli to 8500 pli
increased press dryness, the improvement was observed to be relatively small.

STFI Compression Strength: The Geometric mean STFI compression strength of impulse dried
sheets were consistently higher than that obtained by double-felted pressing. The difference in
strength tended to be more significant for the more permeable sheet structures. For two-ply
sheets, the STFI compression strength resulting from impulse drying was as much as 17 percent
higher than that produced by double-felted pressing. No substantial strength difference was
observed comparing sheets impulse dried with the Beloit -A roll to those dried using the IPST-C
ceramic coated press roll.
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Gurlv Porosity: For all furnishes, the impulse dried sheets were less porous than double-felted
pressed sheets, which in turn were less porous than the control sheets that were pressed to 52%
solids.

Ink Penetration Test: The rate of change of the contact angle for black flexographic ink drops on
the felt side of the samples were measured. Impulse dried and double-felted samples were
generally independent of furnish and similar to commercial samples.

Sheet Surface Roughness: The roughness of the wire side of sheets was measured by Sheffield
and Bendson roughness tests. It was concluded that while the method of pressing and the extent
of refining control surface smoothness, the method of pressing is the dominant variable. In
general, impulse dried samples were smoother than single-felted pressed samples, which were
smother than double-felted pressed samples.

ZD Tensile: The zd tensile strength is a measure of ply-bond strength. Through these
measurements it was concluded that impulse drying can be used to increase ply-bond strength.

Burst Index: Impulse drying tended to increase burst strength as compared to double-felted
pressing.

Cracking Angle: Cracking angle was found to be dependent on the level of refining of the fibers
on the wire side of the sheet and the method of pressing. Refining was found to be the dominant
effect, in that excessive refining leads to a low cracking angle. Impulse dried samples tended to
have slightly lower cracking angles than double or single-felted pressed sheets. Since impulse
drying performs best when the heated ply (wire side) is not heavily refined, there should no
problem in achieving acceptable cracking angle results in commercial practice.

OVERVIEW AND OBJECTIVES

Ongoing laboratory and pilot scale research at the Institute of Paper Science and Technology
(IPST) has demonstrated that heavy weight grades of paper, such as linerboard, can be
successfully impulse dried. That research has shown that deleterious sheet delamination can be
avoided by a combination of processing strategies. These strategies include steps to make the
pre-pressed sheets highly permeable to water flow and steps to reduce excessive pressure
dependent heat transfer to the sheet that results in excessive internal flash evaporation at the exit
of the impulse dryer.

Research at IPST suggests that high sheet Darcian permeability (low hydrodynamic specific
surface) can be obtained by limiting refining to the minimum required for product aesthetics and
by pre-pressing the sheet to as high a dryness as possible [2, 3]. In addition, IPST research
suggest that excessive pressure dependent heat transfer can be eliminated by using press roll
surfaces composed of materials having low thermal conductivity, low heat capacity, and low
density [5-14].

Much of the previous IPST research was conducted with single-ply linerboard sheets composed
of virgin southern pine that was minimally refined to eliminate shives. In contrast, commercial
linerboard is usually two or three ply and composed of blends of virgin Kraft and recycled fiber.
While current recycle content varies from mill to mill, there is increasing environmental pressure
to increase recycle content. Mills in the U.S. typically use recycled fiber from old corrugated
containers which are collected at warehouses and other high volume locations. In current
practice, the amount of recycled fiber, included in linerboard, is limited by the fact that sheet
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strength properties decrease when recycle content is increased without further refining. Recycled
fiber has the additional disadvantage in that it has a poor physical appearance. To improve the
appearance of liner made with recycled fiber, U.S. manufacturers typically form a multi-ply sheet
where the recycled fiber is contained in a bottom or inner layer, and outer layers are made from
virgin Kraft sufficiently refined to impart a good appearance to the product.

Laboratory-scale impulse drying simulation experiments have been conducted with; virgin
southern pine, virgin Douglas fir, OCC and single and double-ply sheets made from
combinations of these furnishes [4]. Both virgin furnishes have been successfully impulse dried
in these laboratory experiments. OCC performed best, with regard to moisture removal and
strength development, when blended with a virgin Kraft at concentrations of about 50% or less
by weight. The performance of double-ply sheets was found to be controlled by the furnish
characteristics of the heated-ply.

Previous laboratory and pilot scale work [13,14] has demonstrated that pressure profile, felt
design, and press load have an influence on impulse drying efficiency. The present experiments
were, in part, designed to confirm these effects over a wide range of linerboard furnishes on the
Beloit pilot shoe-press.

Laboratory-scale experiments had identified a methodology for structuring sheets so that they
could be successfully impulse dried. The present experiments were also designed to confirm the
scale-up of that methodology to conditions more representative of commercial conditions. Single
and double-ply sheet structures were chosen that made use of southern pine, Douglas fir and
OCC pulps. Those structures were also chosen to span a wide range of hydrodynamic specific
surfaces.

Additional objectives of the present experiments were to compare impulse drying to double-
felted and single-felted hot pressing and to unpressed controls, and to compare and contrast the
performance of the IPST modified ceramic and Beloit "A" press roll surfaces.
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EXPERIMENTAL PLANS AND PROCEDURES

Experimental Plans:

The pilot experiments were conducted in March of 1993 at Beloit Corporation's Rockton, Illinois
research laboratory. The X2 pilot shoe press on machine number 2, as shown in Figure 1, was
used.

Top Felt

( }Uhlfs ^^ Induction
U[ Heatig System

A:*.] An ... ..... 1 E

Pre- Steam

:/ Ha^/~ ?rvBottom Felt

Grooved
B Jlai _t

Figure 1. Pilot shoe press configured for impulse drying, double-felted or single-felted pressing

In order to meet the stated objectives the experimental conditions as shown in Table 2 were
established. These conditions represent the minimum set of cases that were to be run for each of
six furnishes spanning a wide range of hydrodynamic specific surface.
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Table 1. Planned Experimental Conditions

Machine
Configuration
Felt Type
Pivot Position
Roll Cover
Load

No. Of Temps.
No. Of Repeats

Notes: Speed: 1200 fpm
Load: L = 6000 pli, H = 8500 pli.
Roll surface temperatures typically: 100°C, 150°C, 200°C, 250°C, 300°C, 350°C.
All sheets to have ingoing solids of 52%.
Deionized water to be used for the felt wash system.
All sheets to be steamed prior to impulse drying or double felted pressing using

the same apparatus on the press.

The pulp used in these experiments was taken from the same batch used in conducting the
laboratory-scale experiments (4). That earlier work demonstrated that the hydrodynamic specific
surface of the heated layer of the sheet controls the maximum temperature of impulse drying.
For this reason, sheets having a wide range of hydrodynamic-specific surfaces were produced for
the pilot-scale work. Table 2 shows the composition of the seven furnishes that were to be
investigated. Cases with the prefix WF were produced on the Institute's low speed web former
while furnish cases having a FD prefix were produced on the Institute's Formette Dynamique at
conditions similar to those used in the earlier work (4).

Table 2. Planned Furnish Compositions

Composition Of ToD Ply Composition UO Bottom Ply

5

X2 Shoe Press
Double Felted Impulse Drying
B_1 S S B S

0 +22 0 2 0 +2 0 +2 0 +2
Not Aplicabe C AA CC A C

L LHL HL HL LH L L HL L L

Not Ap cable 6 616 6 6 6 6 66 6 6 6
414 4144 41414 1 4 4 414 4 4-4 4 41414 44

Furnish Pulp Freeness Weight Pulp Type Freeness Weight
Case Type ml % ml %
WF1 HKSP 740 100 0
WF2 HKSP 600 100 0
WF3 HKDF 720 100 0
WF4 OCC 600 100 0
WF5 OCC 450 100 0
FD6 HKSP 740 20 HKSP 740 40

OCC 600 40
FD7 HKDF 720 20 HKDF 720 40

OCC 600 40



Experimental Procedures:

Each furnish was refined to the appropriate freeness level and formed into 205 g/m2 sheets. The
general procedure was to form the sheets on the IPST slow speed web former (cases: WF1,WF2,
WF3, WF4, and WF5) or on the Formette Dynamique (cases: FD6 and FD7) and press the sheets
on our Baldwin large platen press with blotters on both sides of the sheet. All the sheets were
pressed to a target outgoing dryness of 52%. The pressing conditions used for each furnish are
listed in Table 3. For example, the WF1 sheets were pressed in three batches. In the first batch,
the sheets had an ingoing dryness of between 32 and 37%. These sheets were placed in the
Baldwin press with one blotter on top and one blotter on bottom and pressed at a pressure of 50
psi for 120 seconds. The blotters were then changed, the sheets inverted, and pressed a second
time at a pressure of 50 psi for 150 seconds.

Table 3. Pressing Conditions

Pressing Parameters
First Pressin Second Pressing

Furnish Ingoing Pressure Time Number Pressure Time Number
Case Dryness Of Of

(%Solids) (psi) (seconds) Blotters (psi) (seconds) Blotters
WF1 32 35 120 1T;1B 35 150 1T;1B

32 35 95 1T;1B 35 95 1T;1B
42 335 230 1T;1B 

WF2 35 35 160 1T;1B 35 160 1T;1B
35 335 360 2T;2B 

WF3 28 35 180 2T:2B 35 180 1T:1B
32 335 180 2T:2B 30 120 1T:1B

WF4 38 35 60 IT: lB n/a n/a n/a
40 35 120 IT: 1B

WF5__
FD5 13 50 360 2T;2B 50 600 2T;2B
FD6 13 50 360 2T;2B 50 420 2T;2B
FD7 12 50 360 2T;2B 50 450 2T;2B

The results of permeability measurements indicated that the OCC sheets, produced on the web
former, did not have the specific surface that was required (see Results section). Therefore,
duplicate sheets for the OCC 450 ml CSF case were made on the Formette Dynamique (Case
FD5). Table 4 lists the compositions of the sheets actually used in the present experiment.

Table 4. Actual Furnish Compositions

ComDosition Of To) Ply T Composition Of Bottom Plv
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Furnish Pulp Freeness Weight Pulp Type Freeness Weight
Case Type ml % ml %
WF1 HKSP 740 100 0
WF2 HKSP 600 100 0
WF3 HKDF 720 100 0
FD5 OCC 450 100 0
FD6 HKSP 740 20 HKSP 740 40

OCC 600 40
FD7 HKDF 720 20 HKDF 720 40

OCC 600 40



After pressing, sheets were cut to 8.5"xl 1" and the solids were adjusted to 52% by air drying or
water misting as necessary. The sheets were then randomized to reduce any systematic errors
resulting from the preparation procedures, and doubled bagged for shipment to Beloit.

In actual practice, events during the experiments precluded some conditions while opening up
opportunities to examine additional variables. Table 5 lists the experimental conditions that were
actually used and coded case numbers used in the remainder of this report.

Table 5. Actual Experimental Conditions

Case Pressing Roll Felt Pivot Speed Load Wash
Type Cover (ft/min) (pli) Water

Con Control n/a n/a n/a n/a n/a n/a
D1 D.F. n/a B 01200 6000 Deionized
D2 D.F. n/a B 0 1200 8500 Deionized
D3 D.F. n/a B +2 1200 6000 Deionized
D4 D.F. n/a S 0 1200 6000 Deionized
D5 D.F. n/a S 0 1200 8500 Deionized
D6 D.F. n/a S +2 1200 6000 Deionized

C1S S.F. IPST-C B 0 1200 6000 Deionized
C2S S.F. IPST-C B 0 1200 8500 Deionized
C3S S.F. IPST-C B +2 1200 6000 Deionized
A1S S.F. Beloit-A B 0 1200 6000 Deionized
A4S S.F. Beloit-A S 0 1200 6000 Deionized
A5S S.F. Beloit-A S 0 1200 8500 Deionized
C1 I.D. IPST-C B 0 1200 6000 Deionized
C2 I.D. IPST-C B 0 1200 8500 Deionized
C3 I.D. IPST-C B +2 1200 6000 Deionized
Al I.D. Beloit-A B 0 1200 6000 Deionized
A2 I.D. Beloit-A B 0 1200 8500 Deionized
A4 I.D. Beloit-A S 0 1200 6000 Deionized
A5 I.D. Beloit-A S 0 1200 8500 Deionized
A6 I.D. Beloit-A S +2 1200 6000 Deionized

A4F I.D. Beloit-A S 0 1500 6000 Deionized
A5F I.D. Beloit-A S 0 1500 8500 Deionized
A4H I.D. Beloit-A S 0 1200 6000 Normal
A5H I.D. Beloit-A S 0 1200 8500 Normal

7
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RESULTS

Fiber Identification and Length Analysis:

For each furnish, samples from the prepared sheets were sent to John D. Hankey & Associates
for fiber analysis. The results of the fiber identification are in Table 6. Table 7 summarizes the
average fiber dimensions.

Table 6. Fiber Identification For Various Pulp Samples

Table 7. Fiber Dimensions

For case FD5 the dimensions given are an arithmetic average of four batches that were tested.
Also note that there are three cases for OCC. The WF4 and WF5 cases were web former cases
and were not used for the pilot trial because of a low hydrodynamic specific surface. Fiber
dimension data is included here for a comparison of the different formation techniques. Figure 2
shows the difference between the two fiber length distributions.
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Furnish Pulp USWK UHWK% Softwood Species Hardwood Species
Type %

WF1 S.Pine 97-98 2-3 Southern yellow pine Mixed, incl. Gum, Yellow Poplar,
High (Hard Cook) and Oak
___ Kappa Trace of Semibleached Kraft

WF2 S.Pine 97-98 2-3 Southern yellow pine Mixed, incl. Gum, Yellow Poplar,
High (Hard Cook) and Oak
__ Kappa Trace of Semibleached Kraft

WF3 D.Fir 100(-) Trace Douglas Fir, Ponderosa and/or Lodgepole Alder
High pine, Balsam Fir, Hemlock, Trace of
Kappa Cedar and White Pine

_______ _____ (Hard Cook)__
FD5 OCC n/a n/a Mixed Unbleached Kraft, and Mixed Kraft, Unbleached

Semibleached Kraft Semichemical Kraft, NSSC Pulps,
and Mechanical Pulps

FD6 HKSP 90-95 5-10 Mixed Species incl. Hard Pine (Southern Mixed, incl. Gum, Oak, Yellow
& & Yellow Pine, Ponderosa Pine, and/or Poplar, and Maple
OCC semi- Lodgepole Pine, etc.), Douglas Fir,

_____ chemical Balsam Fir, Hemlock
FD7 HKDF 90-95 5-10 Mixed Species incl. Hard Pine (Southern Mixed, incl. Gum, Oak, Yellow

& & Yellow Pine, Ponderosa Pine, and/or Poplar, and Maple
OCC semi- Lodgepole Pine, etc.), Douglas Fir,

chemical Balsam Fir, Hemlock

Furnish Pulp Kappa Top Ply Length Width Perimeter Cell Wall Coarseness
Case Type No. Freeness MM (Jmm) (lm) Thickness (mg/100 m)

(ml CSF) Arith LW WW (Ln)
WF1 S.Pine 109.2 740 2.52 3.21 3.73 36.6 87.2 3.5 36.0
WF2 S.Pine 109.2 600 1.78 2.47 3.07 34.8 83.7 3.5 34.2
WF3 D.Fir 89.6 720 1.95 2.71 3.31 33.1 74.6 2.1 24.2
WF4 OCC 114.6 600 1.42 2.19 2.98 30.7 72.6 2.8 27.2
WF5 OCC 114.6 450 1.05 1.64 2.45 28.0 67.6 2.9 28.2
FD5 OCC 114.6 450 1.00 1.44 2.07 27.9 68.3 3.1 29.2
FD6 S.Pine n/a 740 1.80 2.68 3.43 33.7 79.8 3.1 29.4

&OCC
FD7 D.Fir n/a 720 1.66 2.52 3.20 34.5 78.6 2.4 26.8

&OCC_
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Figure 2. Comparison between fiber length distributions for webformer andformette sheets

Specific Surface:

The measured hydrodynamic specific surfaces for each furnish are in Table 8.

Table 8. Hydrodynamic Specific Surface

Furnish Case Specific Surface Standard Specific Volume Standard
(m 2/g) Deviation (cm3/g) Deviation

WF1 1.3 0.5 1.0 0.2
WF2 3.1 0.7 1.1 0.1
WF3 2.3 0.8 1.1 0.1
WF4 1.3 0.2 1.1 0.0
WF5 1.8 0.2 1.2 0.0
FD5 10.5 0.6 1.0 0.0
FD6 1.4 0.2 1.2 0.1
FD7 2.0 0.3 1.1 0.0

Plots of permeability verses porosity for each furnish are shown in Appendix C.

Controls

Because of the limited time available on the Beloit pilot equipment, the authors wanted to
perform as much preliminary work at IPST as possible.

The hydrodynamic specific surface is highly dependent on the pressing history of the sample.
When the procedures for preparing the sheets for this experiment were developed, it was decided
that all furnish cases should be pressed in the same manner. Formette sheets are very bulky and
weak before pressing and can only be pressed on the Baldwin large platen press. Therefore, even
the Webformer sheets were pressed on the Baldwin press.
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Using a low pressure, long time history results in sheets with the correct solids content, but the
sheet density may be lower than expected. This is most apparent in a minimally refined sheet
particularly case WF1.

Critical Temperatures:

During transport and storage before the experiment,moisture migrated within the sheets to some
extent. Therefore, during the experiment, the sheets were selected from the bags to achieve a
balanced moisture distribution. Table 9 lists the actual properties of all the sheets used during
the experiments and the ranges of acceptable values for data analysis. Appendix A tabulates all
of the acceptable data while the rejected data is tabulated in Appendix B.

Table 9. Ingoing Sheet Properties And Accepted Limits

Target Average Std Dev Accepted SD Accepted Range
Basis Weight, g/m 2 205 204.53 9.81 -2 s 185-225
Ingoing Solids, % 52 51.51 2.35 -1.5 s 48-55

Critical temperatures for each impulse drying case were determined from the SEM, %CV of
SEM, and the visual delamination observation data as discussed in References 1 and 2. Table 10
lists the determined critical temperatures and the uncertainties for each case.

Table 10. Critical Temperatures (In Degrees Celsius)
for Impulse Drying on the X2 Shoe Press with Upper and Lower Uncertainties

10
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For case A4F, sheet sticking precluded testing any temperature other than 150° C. All of those
sheets were delaminated and no further testing was performed.

Water Removal and Physical Properties:

For the control, single felted pressing, and double felted pressing cases, the water removal and
physical property data was averaged and a 95% confidence interval was calculated using the
standard equation below. The results are shown in Appendix B.

C.I. = ± t/2,n-l
OEn

where, confidence = (1-a)100%
n = number of data points
s = standard deviation of the data
t = student t-distribution.

Previous experiments have shown that, for impulse drying, water removal and physical property
development can be approximated by a linear function of temperature below the critical
temperature. To determine a value for each property at the critical temperature for the impulse
dried cases, a linear regression was performed on the best data. The data was filtered to remove
data that showed a drop in properties above the critical temperature. Also, any data below
100° C that shows evidence that the sheets may have stuck to the roll were eliminated. All data
between 100°C and the critical temperature were retained. Figure 3 shows a typical case before
and after the questionable data were removed.

After removing the questionable data, a linear regression was performed and the 95% confidence
limits on the true mean were calculated. The following equation was used to calculate the
confidence limits on the regression mean.

11



C.L.= +tac,2,n-2 S n+ 

confidence = (1-a)100%
n = number of data points
t = student t-distribution
s = standard distribution of data
x = temperature mean

n
Sxx= I Xi 2

i=l

-f \2
xi

n

For the impulse dried cases, physical properties at the critical temperature were determined from
the regression. These values are in Appendix B. The upper and lower uncertainties were
determined from the region bounded by the confidence limits on the regression mean and the
upper and lower limits of the critical temperature.

Figure 3 shows a typical case before the questionable data were removed and the remaining data
with the regression line and calculated confidence limits. The shaded region indicates the region
bound by the confidence limits for the critical temperature and the regression mean.

C2/WF1 with all data
I......... ... ,..... ....

0 50 100 150 200 250
0 50 100 150 200 250

45

40

35

I 30

25

20
300

C2/WF1 after removing
questionable data

0 50 100 150 200 250 300
Surface Temperature, °C Surface Temperature, °C

Figure 3. Case C2/WFI MD STFI data before and after removing the questionable data and
calculating the linear regression and confidence limits on the mean value. The critical
temperature was 245 °C ± 50 .

Figures 4 through 9 show outgoing solids as a function of furnish for each of the process
variables. Note that the furnishes are arranged in order of increasing hydrodynamic specific
surface. In these, and subsequent figures, the legend symbols are used to identify the method of
pressing used and the specific process case. For example, (Dl) indicates that the data
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corresponds to double-felted pressing at Case 1 process conditions. Similarly, (C2) and (A2)
correspond to impulse drying at Case 2 process conditions using the IPST-C and Beloit-A press
roll surfaces respectively.
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Figure 4. Outgoing Soliods For Case 1.
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Figure 7. Outgoing Soliods For Case 4.
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Figure 9. Outgoing Soliods For Case 6.

It may be observed fromFigures 4 through 9, that impulse drying is always superior to double-
felted pressing in terms of achievable outgoing solids. In addition, there is evidence that the
Beloit-A roll surface resulted in higher outgoing solids than the IPST-C surface.

In a similar way, Figure 10 shows the effect of increasing the machine speed of the impulse dryer
from 1200 fpm to 1500 fpm (or reducing nip residence time from 40 ms to 30 ms ). For the
conditions investigated, such a speed increase resulted in an outgoing solids reuction of about
1%. Figure 10 also shows the effect of using hard felt wash-water in place of de-ionized felt
wash-water. It was observed that use of hard felt wash-water tended to increase outgoing solids.
It may be speculated that this may have been caused by longer post nip contact between the press
roll and the sheet when calcium carbonate has had a chance to build up on the roll surface.
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Figure 10. The Effect of Machine Speed and Felt Wash-Water Hardness On Outgoing Solids
Case 4 and Case 5 Using the Beloit-A Press Roll.

Figures 11 through 16 show the geometric mean STFI indexes for Case 1 through Case 6,
comparing double felted pressing (D) to impulse drying with the IPST-C press roll (C), and to
impulse drying with the Beloit-A press roll (A).
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Figure 11. GM STFI Index For Case 1. Figure 12. GM STFI Index For Case 2.
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Figure 15. GM STFI Index For Case 5. Figure 16. GM STFI Index For Case 6.

Figures 11 through 16 show that the STFI compression strength of impulse dried sheets tends to
be at least as high as that achieved by double-felted pressing, while differences due to press roll
surface were negligble. Statistical analysis of the data, previously reported in Reference 1 and 2,
confirms these findings.

Ii addition to STFI compression strength, other important physical properties were measured on
double-felted and single-felted pressed samples and on samples impulse dried at the critical
temperature. These properties were: Sheffield and Bendtsen roughness, Gurley porosity,
Cracking angle, Ink penetration, z-direction tensile, and Burst. These data are tabulated in
Appendix B and summarized for Case 1 through Case 6 in Figures 17 through Figure 74.

16

I



500

a 3000 1 FA

ww2500

2 3000

1 2 3 4 5
Case Type

Figure 17. Furnish WFI.

=5500

-~D5000

d 4500

V 4000
0

'O3500

"t3000

cn 2500

2000

6

1 2 3 4 5 6
Case Type

Figure 19. Furnish WF3.

5500

j5000SFA

4500 TestFLimi

~4000 [ DC

3 3500

~3000

C42500

2000
1 2 3 4 5 6

Case Type
Figure 18. Furnish WF2.

5500

-5000 D

4500 10 SF(C) . es ii

~4000

~3500

4 3000

C42500

2000
1 2 3 4 5 6

Case Type
Figure 20. Furnish FDS.

17



M ID(A) ~~Test Limit
U3 ID(A) & Control

m ~ ~ ~~ 

IIll I'
I-

ni
1 2 3 4 5

Case Type
Figure 23. Furnish WFI.

6

=5500

-Mu 0 0 0

Q)4500

V 4000
02

23500

"I3000
(A

ro,2500

2000

5500

A 5000

W 4500
0

0040

,=2500

2. 000

I I I I I
*- I. -r--r ---- -- - - -- ,- r-

1 2 3 4 5 6
Case Type

Figure 22. Furnish FD7.

0 SF(Q ~~Test Limit
0 ]D(A) ~& Control

1 2 3 4
Case Type

5 6

Figure 24. Furnish WF2.

18

0 SF(C) ~~Test Limit
M ID(A) &Cntrol

=5500

-1 5000

00
0 45000
.0

2P 4000
C?

n 3500

2 000

5n 500

25000

500

20 500

00 3000
00

-o2500

2000

I

i

11 A



* ID(A) Test Limit
El ID ~~~& Control

1 2 3 4 5 6
Case Type

Figure 25. Furnish WF3.

* ]D(A) Test Lin-it
13 ID(C) / & Control

.1 2 3 4 5
Case Type

Figure 27. Furnish FD6.

~5500

54000

43000

32500

5500

2~000

5 500

54000

450

~3500

~3000

~2500

2000
6

2 3 4 5 6
Case Type

,26. Furnish FD5.

I DF
I SF(A)
3 SF(C)
I ID(A) Test Limit

1 2 3 4 
Case Type

Figure 28. Furnish FD7.

5 6

19

5500

C.)

4 5000

w 45000
0

c~O5000

3000

:23500

2 000

5v 500

V.)

24000

500

A35000

cn2500

2= 000



I
.dJijm.5mbVW & - .- -"

1 2 3 4 5 6
Case Type

Figure 29. Furnish WFI.

MDF

03 SF(A)
E3 SF(C)
* ]D(A)

o3 DC) 1 Control

I'll I I
1 2 3 4 5

Case Type
Figure 31. Furnish WF3.

I

7000 D

A6000

5 000
a)~~~IDA

2000

~1000

0
1 2 3 4 5 6

Case Type
Figure 30. Furnish WF2.

7000

~6000 D

3 000

~1000

0
6

Fie

1 2 3 4
Case Type

,lure 32. Furnish FD5.

56

20

mDF
E3 SF(A)
0 SF(C)

o3 IDC)
EID(A) - 1 -Control

��ID II

=7000

~6000

cn5000

0

O) 3000

= 2000
C~00

0

=7000

.1:',6000

w 5000

*= 4000
0

=) 3000

0 2000

c"1000

0



7000 i

6000 

5000 -

4O000 

3000 -

2000 i

1000 -

U
1 2 3 4 5 6

Case Type
Figure 33. Furnish FD6.

A

U)

.a

cJ0

10

*00

7000

SF(C)~~~~~~~~~~~~U

UID(A) Control

42000

31000

702A

7000 

60007

5000 

4M 7

3000,

2000 7

I000-

1 2 3 4 5 6
Case Type

Figure 34. Furnish FD7.

_ _ _ _ _ I -I~

600

500

400

300

200

100

0

0

0

0

0

0

1 2 3 4
Case Type

Fig-ure 36. Furnish WF2.

21

0

I ci iD~) I 0 ~ Control

=1~- 
*1*

13 ED(C) ~~Control

I~~~~

mmDF

E3 SF(A)
0 SF(C)
* ID(A)

I f XC) / elControl

hilni
1 2 3 4 5

Case Type
Figure 35. Furnish WF1.

6 5 6

-1

7M

A



0 ":

01-

0:-

10 

1 2 3 4 5 6
Case Type

Figure 37. Furnish WF3.

v

0 -

1 2 3 4 5
Case Type

Figure 39. Furnish FD6.

7000

256000
2
8 5000

cO4000
0

= 3000

'O2000

2 1000

0

r.7000

Z:~6000
2

5000
W 4000
0

0 3000

7 2000

C41000

0
6

1 2 3 4 5 6
Case Type

Figure 38. Furnish EDS.

[3 ID(C) ~ ~ ontrol

1 2 3 4 A
Case Type

Figure 40. Furnish FD7.

56

22

700

-E600
2
6 500

t~O400
A

c 300

0

I 200

7100

Control

I rII



0

0

a.)

WF1 WF2 WF3 FD5 FD6 FD7
Furnish

Figure 41. Case 1, full scale.

20

'A

25 15'

011

0

54

LI - ______

0 O Control
E 0DF

O- E3 ID(A)
IM ID(C)

0~~~~~~~~~11

3~ ~ ~ ~~A

0

R 4C

'g C

0

i1c

I-

A- 

WFI WF2 WF3 FD5 FD6 Ff37
Furnish

Figure 43. Case 1, expanded scale.

'0 

'0 

0 !

Inl -

WFI WF2 WF3 FD5 FD6 FD7
Furnish

lure 42. Case 1, full scale.

o Control m
* 0DF

~0 [ ID(A)
ID(C)

0~~~~11

A -
1 *I I 1I I 1I I I I I I 

WF1 WF2 WF3 Ff35 Ff36 Ff37
Furnish

-Figure 44. Case 1, expanded scale.

23

-7 -9



10

sco

Q'

1 2 3 4 5 6
Case Type

Figure 45. Furnish WF1.

24

~22

1u 10

64

14

24

0*

0 MD

0
)

1 2 3 4 5 6
Case Type

Figure 47. Furnish WF3.

ZL911

220

" 200
*8 180
la ~160

140
r- 120

100
80
60
40
20

EDF
O3 SF(A)
13 SF(C)
E ID(A)
o3 ID(C)Coto

U H -ff1011
1 2 3 4 5 6

Case Type 
Figure 46. Furnish WF2.

220 
00200 
-8 180 -
0 160 -
Z 140 O

120-.
100 -
80 1
60 -
40 K
20'-311ElEIII HilNll III I I

1 2 3 4 5 6
Case Type

Figure 48. Furnish FD5.

24

I

MDF
03 SF(A)
E3 SF(C)
M*ID(A)

Control

2-I, Rnimnals IIm

/ Control

- &&L-



Co Co

160 U D(A)Corl
Co Co~~~~~~Cnto

120
100
80
60
40
20

1 2 3 4 5 6
Case Type

Figure 49. Furnish FD6.

1.0
0.9
0.8

*'- 0.7
4)0.6

.~0.5

'8 0.4

0.3
0.2
0.1
0.0

240
220 
200 jE
180 -
160 I
140 
120
100 unn
80
60
40
20

1.0

0.9
-~0.8

*~0.7
C06
co 0.5

0.4
'8 0.3

0.2
0.1
0.0

1 2 3 4 5 6
Case Type

Figure 51. Furnish WFI.

I DF
3 SF(A)
I SF(C)
I ID(A)
3 ID(c)

ER
1

En a

~Control

1 2 3 4 5 6
Case Type

Figure SO. Furnish FD7.

Commercial

A I -A0 n - Samples

1 2 3 4 5
Case Type

Figure 52. Furnish WF2.

6

25

I



~0O I

cu (

C4

I
0.

o O.~
co 0.:
f 0.:

-Cu

04

-C
D.',

4.0
1 2 3 4 5 6

Case Type
Figure S3. Furnish WF3.

.U

4
3 Commercial
2 -n/ Samples

I) 

1 2 3 4 5
Case Type

Figure 55. Furnish FD6.

1 2 3 4 5 6
Case Type

Figure 54. Furnish ED5.

w
aa)
v
16

9
d
0
2
C2

6 1 2 3 4 5 6
Case Type

Figure 56. Furnish FD7.

26

__



1 2 3 4 5 6
Case Type

Figure 57. Furnish WF1.

1 2 3 4 5 6
Case Type

Figure 58. Furnish WF2.

YIJ'J

800 -

700 .

0 600O'

,A-500 -

200 -

100 .

v.

1 2 3 4 5 6
Case Type

Figure 59. Furnish WF3.

1 2 3 4 5 6
Case Type

Figure 60. Furnish FDS.

27

900'.

800~

700~

600~

,,500

400.

3001:

200

100:

900 -

800

700

~400~

N300.

0 DF

0 ID(A)

13 Ii)(C)
Control

mm DF

0 ]D(A) Control
[:1 ID(C)

I



7%" J

800 -

700 '

600 '
4)

=w4 0 )

F- 400 -

Q 3 00 '

200 -

IOU 7

1 2 3 4 5 6
Case Type

Figure 61. Furnish FD6.

8

7 MD

e 6 [3 ED(C) Control

5
4)

I- 3

CIO 2

. 1 2 3 4 5 6
Case Type

Figure 63. Furnish WFJ.

4)

r.4

4i

I-

V . I

1 2 3 4 5
Case Type.

Figure 62. Furnish FD7.

6

1 2 3 4 5 6
Case Type

Figure 64. Furnish WF2.

28

aU

4

4)

M DF

0 11D(A)

E3 ID(C)
Control



o4

x
d>

cnrr 
C9

8

-. 7

2 6

3 5

c. 4

EI 3

2

1

0

8

7 mDF
* ID(A)

6 D ID(C) /Control

4

3

2

0
1 2 3 4 5 6

Case Type
Figure 65. Furnish WF3.

c3
K
I
-0

5C/
O

1 2 3 4 5 6
Case Type

Figure 66. Furnish FD5.

8

o 7

c 6

3 5

4

I 3

m 2

3 1

0
1 2 3 4 5 6

Case Type
Figure 67. Furnish FD6.

1 2 3 4 5 6
Case Type

Figure 68. Furnish FD7.

29

M DF

Control



S 7 118 A7 CD
ID(A) 

65 a6 ID(C) Control 6

I 4 l It , · U Control

1234562 1 2 3 4 5 6Case Type

Figure 69. Furnish WF1.

8

7 DF

1 2 3 4 5 6

Case Type
Figure 71. Furnish WF3.

3030

1 2 3 4 5
Case Type

Figure 70. Furnish WF2.

6

1 2 3 4 5 6
Case Type

Figure 72. Furnish FD5.

I



8
7

0i

c4

3

$ 2

0

S I

Of4

o
1 2 3 4 5 6 1 2 3 4 5 6

Case Type Case Type
Figure 73. Furnish FD6. Figure 74. Furnish FD7.

CONCLUSIONS

Experiments have been completed on the Beloit sheet-fed pilot impulse drying shoe press. The
major conclusions to be drawn from these experiments may be summarized as:

Critical Impulse Drying Temperaturee: As in previous laboratory-scale experiments (4), critical
impulse drying temperature was found to depend on the hydrodynamic specific surface of the
heated layer of the sheet. As expected, critical impulse drying temperature was higher for the
"low thermal mass" IPST modified ceramic press roll than for the "higher thermal mass" Beloit
"A" press roll. Interestingly, it may also be concluded that the choice of felt can influence the
critical temperature.

Press Dryness: It may be concluded that, for a given set of pressing conditions, press dryness
tends to decrease when the hydrodynamic specific surface of the sheet is increased. In addition, it
may be concluded that press dryness resulting from impulse drying was generally higher than
that achieved by double-felted pressing. Differences in dryness ranged from 8 percentage points
for sheets having low heated ply hydrodynamic specific surface to 3 percentage points for less
permeable sheets. The Beloit "A" roll yielded higher press dryness than the IPST modified
ceramic roll even though it was generally operated at a lower temperature. While increasing the
press load from 6000 pli to 8500 pli increased press dryness, the improvement was observed to
be relatively small.

STFI Compression Strengh: The Geometric mean STFI compression strength of impulse dried
sheets were consistently higher than that obtained by double-felted pressing. The difference in
strength tended to be more significant for the more permeable sheet structures. For two-ply
sheets, the STFI compression strength resulting from impulse drying was as much as 17 percent
higher than that produced by double-felted pressing. No substantial strength difference was
observed comparing sheets impulse dried with the Beloit "A" roll to those dried using the IPST
modified ceramic coated press roll.
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Gurlv Porosity: For all furnishes, the impulse dried sheets were less porous than double-felted
pressed sheets, which in turn were less porous than the control sheets that were pressed to 52%
solids.

Ink Penetration Test: The rate of change of the contact angle for black flexographic ink drops on
the felt side of the samples were measured. Impulse dried and double-felted samples were
generally independent of furnish and similar to commercial samples.

Sheet Surface Roughness: The roughness of the wire side of sheets was measured by Sheffield
and Bendson roughness tests. It was concluded that while the method of pressing and the extent
of refining control surface smoothness, the method of pressing is the dominant variable. In
general, impulse dried samples were smoother than single-felted pressed samples, which were
smother than double-felted pressed samples.

ZD Tensile: The zd tensile strength is a measure of ply-bond strength. Through these
measurements it was concluded that impulse drying can be used to increase ply-bond strength.

Burst Index: Impulse drying tended to increase burst strength as compared to double-felted
pressing.

Cracking Angle: Cracking angle was found to be dependent on the level of refining of the fibers
on the wire side of the sheet and the method of pressing. Refining was found to be the dominant
effect, in that excessive refining leads to a low cracking angle. Impulse dried samples tended to
have slightly lower cracking angles than double or single-felted pressed sheets. Since, impulse
drying performs best when the heated ply (wire side) is not heavily refined, there should no
problem in achieving acceptable cracking angle results in commercial practice.

RECOMMENDATIONS

Based on the research results to date, IPST is forming a joint venture with Union Camp
Corporation and Beloit Corporation for the purpose of commercializing impulse drying
technology. Four initiatives are planned:

1) Optimization of roll coatings for performance and durability.

2) Development of mechanical equipment culminating in continuous, high speed, pilot paper
machine experiments.

3) Development, construction, and demonstration on a wide-width, commercial paper
machine producing linerboard.

4) Extending the use of impulse drying to a wide range of paper grades.

The first initiative will be conducted at IPST in FY'94, and is being funded by a continuation of
Contract No. FG02-85CE40738. The initiative consists of a number of interrelated tasks. These
included experiments to optimize the thermal and mechanical strength properties of the heated
press roll surface, construction and use of a high speed test stand to monitor stresses and long
term durability of optimized roll surface coatings, and theoretical work to predict stress and
temperature within the prototype press rolls.

The second initiative will be jointly conducted by Beloit, Union Camp and IPST in FY'94 and
FY'95. That initiative will consist of the engineering design, construction and experimentation

32



associated with the evaluation of a continuous commercial speed impulse dryer. The dryer will
be installed on Beloits' new #4 pilot paper machine. The focus of early experimentation will on
verifying the mechanical and runnability aspects of the impulse dryer. Experiments to define the
furnish variables specific to the eventual Union Camp commercial application will also be
undertaken. In addition, paper produced on the pilot paper machine will be converted to
corrugated board to allow final use testing and evaluation.

The third initiative will be conducted if the second initiative is successful. The work will be
jointly conducted by Union Camp, Beloit and IPST in FY'96 through FY'99. In this initiative, a
commercial width impulse dryer will be designed, constructed, and installed on a Union Camp
commercial paper machine. Experiments will then be conducted to evaluate impulse drying
technology. Once operational, the performance of the impulse dryer will be monitored over a
period of two years.

The fourth initiative will be coordinated by the Beloit, Union Camp, IPST joint venture, while
various aspects of the work may be sub-contracted to Beloit, IPST or such organizations as the
Herty Foundation. This initiative can begin once the mechanical equipment has been perfected
(FY'97 at the earliest). The purpose of the initiate will be to expand the application of impulse
drying technology to a wide range of grades and furnishes.
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APPENDIX C

The following figures show permeability versus porosity data for each furnish produced.

S 100 100

10 101

$ .1 $ 1

0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
Porosity Porosity

Figure C1. Furnish WF1. Figure C2. Furnish WF2.

1000- <1000

100 100
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0 .1 .5 0.6 0. 7 . . 1 
0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8

Porosity

Figure C3. Furnish WF3.
Porosity

Figure C4 Furnish WF4.
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'igure CS. Furnish WES.
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Figure CZ. Furnish FD6.

0.4 0.5 0.6 0.7 0.8
Porosity

Figure C6. Furnish EDS.
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Figure C&. Furnish FD7.
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