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SUMMARY

Laboratory- and pilot-scale experiments were performed in cooperation with
Beloit Corporation and Union Camp Corporation to identify potential furnishes and
operating parameters for upcoming high-speed pilot-scale trials and commercial
demonstration of impulse drying. These initial experiments focused on determining the
relationship between water permeability, refining, and prepressing for specific pulps.
Also, mill refined pulp and machine paper were compared to laboratory samples in
regards to water permeability and impulse drying performance.

Results indicate that hydrodynamic specific surface is highly dependent on sheet
formation and prehandling. Without extreme care in sheet preparation, the permeability
test results are highly variable. However, the trends indicate that minimum refining and
prepressing as much as possible are necessary to lower the specific surface to the range
(1-2 m 2/g) necessary for maximum impulse drying efficiency.

Mill refined pulp and machine paper were comparable to laboratory prepared
samples in regards to permeability and impulse drying. Impulse drying results in an
outgoing solids improvement of up to eight percentage points compared to double-felted
pressing. STFI index values showed an increase of up to 3.5% over double-felted
pressing. These results were achieved with ingoing solids of 40-42%. At ingoing solids
of 35%, impulse drying showed less improvement compared to double-felted pressing,
indicating that an impulse dryer should be in the third or fourth press position for
maximum efficiency. Ring crush improved 15% over double-felted pressing for the more
open furnish, but double-felted pressing produced higher ring crush results for the closed
furnish. For all cases impulse drying significantly decreased (up to 56%) Bendtsen
roughness compared to double-felted pressing. Comparisons between Beloit and IPST
results indicate consistent trends with IPST results being the most conservative.

Other process variables such as platen surface coating, felt type, felt moisture, and
presteaming temperature profiles were investigated. In the laboratory simulations, high
felt moisture (>32%) with the R felt resulted in excessive rewet and significant reduction
in water removal. The laboratory equipment was not able to obtain presteaming
temperature profiles comparable to machine conditions. Observations indicate that platen
surface and felt type have an effect on water removal, sheet physical properties, rewet,
and sheet sticking. Because of tradeoffs between these properties and others, the data
obtained in these experiments were not sufficient to specify optimum process parameters.

These experiments used furnishes that simulated present commercial furnishes
and a conservative nip load. Therefore, the water removal and strength improvements are
less than what can potentially be achieved, yet substantial improvement in sheet
smoothness was achieved. Maximum commercial nip loads are limited by present
engineering constraints, but the top ply hydrodynamic specific surface could be
substantially lowered to further improve impulse drying performance.
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INTRODUCTION

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 [1-21]. That research has shown that
deleterious sheet delamination can be avoided by a combination of processing strategies.
These strategies include steps to make the prepressed sheets highly permeable to water
flow and steps to reduce excess 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 prepressing the sheet to as high a solids as possible.
In addition, IPST research suggests 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.

Laboratory-scale experiments have been conducted with virgin Southern Pine,
Douglas Fir, and OCC [1,2,4,6]. Two-ply sheets made from combinations of the above
furnishes, at different levels of specific surface, have also been used. Both virgin
furnishes have been successfully impulse dried in the laboratory. OCC performed best in
regards to moisture removal and strength development when blended with a virgin kraft
at concentrations of 50% or less by weight.

Pilot-scale experiments using a sheet-fed shoe press confirmed the laboratory-
scale results [3,7]. The impulse drying critical temperature depends on the thermal
properties of the roll coating and the specific surface of the heated ply of the sheet.
Impulse drying was shown to be superior to single- and double-felted pressing in water
removal and important physical properties. Both single-ply and two-ply sheets were
successfully impulse dried.
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RESEARCH OBJECTIVES

The overall objective of the work reported was to identify potential furnish types
and operating windows to be used during the upcoming pilot-scale trials and commercial
demonstration of impulse drying. To meet this objective, initial work was performed to
meet the following specific objectives.

· Compare mill-refined pulp and machine paper to laboratory-refined pulp and
handsheets in regards to water permeability and impulse drying performance.

· Determine the relationship between permeability, prepressing, and refining for
specific pulps.

* Refine laboratory-scale operating parameters to better simulate commercial
machine conditions.
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EXPERIMENTAL PLANS AND PROCEDURES

This experimental program was a cooperative effort between Union Camp
Corporation, Beloit Corporation, and IPST. Union Camp provided the pulp and prepared
the handsheets for testing. Beloit prepressed the handsheets and performed some of the
physical testing. IPST performed the permeability tests, impulse dried selected furnishes
on the MTS laboratory press, and performed the ultrasonic testing. Beloit also performed
MTS and pilot-scale impulse drying tests.

For machine linerboard samples, couch trim was grabbed from commercial Union
Camp linerboard machines and sealed in plastic bags for transport. The couch trim
samples were prepressed to 35% solids prior to testing.

The first set of furnishes evaluated was chosen to simulate present mill furnishes
and is described in Table 1. All of these furnishes were made into handsheets for testing.
Furnishes W1 and W5 were impulse dried. The remaining furnishes were used for
permeability testing.

Table 1. Handsheet furnishes received for impulse drying evaluation.
Nominal Nominal

Basis Sheet No. of
IPST U. C. Weight Solids Sheets

ID No. ID No. Top Sheet Bottom Sheet (g/m2) (%) Recv'd

W1 2P1 15% mill refined 85% mill refined 190 35 25
4705-35-D, 260 ml CSF 4705-35-E, 660 ml CSF 42 28

W2 1P1 none 100% mill refined 190 35 4
4705-35-E, 660 ml CSF 42 4

W3 1P2 100% mill refined none 190 35 4
4705-35-D, 260 ml CSF 40 4

W4 2P2 15% valley beaten 85% mill refined 190 none
4705-35-B, 650 ml CSF 4705-35-E, 660 ml CSF

W5 2P3 15% valley beaten 85% valley beaten 190 35 25
4705-35-B, 650 ml CSF 4705-35-C, 640 ml CSF 42 25

W6 1P3 none 100% valley beaten 190 35 4
4705-35-C, 640 ml CSF 42 4

W7 1P4 100% valley beaten none 190 35 4
4705-35-B, 650 ml CSF 42 4

W8 1P5 100% valley beaten none 190 35 8
Hard Wood, 650 ml CSF 42 8

a) Basis Weight is nominal oven-dried value based on 42# sheets at 7.5% moisture.
b) Cases W1 through W7 are a mixture of hardwood and pine.

For each furnish to be impulse dried, the following matrix of conditions was used.

4



Table 2. Impulse drying experimental matrix.
Case D1 D2 D3 D4 Al A2 C1 C2 A3 A4 C3 C4
Config. DF DF DF DF ID ID I D ID I D I D ID 
Felt B B R R B B B B R R R R
Type
Pivot 0 0 0 0 0 0 0 0 0 0 0 0
Position
Platen n/a n/a n/a n/a A A C C A A C C
Surface
Press
Impulse 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
(MPa-s)
no. of n/a n/a n/a n/a a.n. a.n. a.n. a.n. a.n. a.n. a.n. a.n.
temps
Sin, % 35 42 35 42 35 42 35 42 35 42 35 42
repeats 10 10 10 10 a.n. a.n. a.n. a.n. a.n. a.n. a.n. a.n.

a) Ingoing Sheet Temperature

b) Ingoing Felt Moisture = 16% (0.
c) a.n. = as needed.

Impulse Dryig = ~65'C (15)UI)
Double-felted Pressing = Ambient

A second set of experiments was performed to characterize the relationship of
hydrodynamic specific surface to refining level and prepressing. The furnishes used are
listed in Table 3.

Table 3. Furnishes used for permeability study.
IPST ID No. U. C. ID No. Pulp Type Freeness (ml)

W9 1P10 100% Hardwood 691
W10 P11 1100% Pine, 754

93.0 Kappa
W11 1P12 50% Hardwood 707

50% Pine 761
W12 1P13 100% Pine 665
W15 1P14 100% Hardwood 670
W16 1P15 100% Hardwood 650
W17 1P16 100% Hardwood 630
W18 1P17 100% Pine 700
W19 1P18 100% Pine 620
W20 1P19 50% Hardwood 670

50% Pine 700
W21 1P20 50% Hardwood 650

50% Pine 660
W22 1P21 50% Hardwood 630

50% Pine 620
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Each furnish was prepressed by Beloit as shown in Table 4, except as noted
below. For case P1, furnishes W15-W17 and W22 were crushed resulting in questionable
or lost samples. For case P2, furnishes W16, W17, and W22 were again crushed; furnish
W15 was pressed at 300 and 800 pli. For cases P3-P5 and furnishes W15-W17 and W22,
the first pressing was reduced to 300 pli. A few sheets were still crushed, and the data
obtained from them were scrutinized.

Table 4. Pressing conditions.
Pressing Roll Nip DF ENP Total Impulse

Case Pressures (pli) Pressures (pli) (psi-s)
P1 800 n/a 2.42
P2 500+800 n/a 3.94
P3 500+800+1200 n/a 7.58
P4 500+800 6000 22.12
P5 800 6000+6000 38.78

a) Machine speed = 1650 fpm.

The water permeability tests were performed using procedures previously
documented [24]. Compressive loads used were in the range of 200 to 650 lb.-force.
Water pressure in the range of 2 to 15 psi was used to ensure flow rates in the range of 0.5
to 30 g/min.

The question was raised about whether the sheet temperature profile was constant
in the z-direction during steaming. We embedded thermocouples in a sheet by pressing
multiple thin layers (65 g/m2) together with thermocouples between the layers. Top and
bottom thermocouples were added to give a total of four measurements through the sheet.
Table 5 lists the furnishes prepared with thermocouples.

Table 5. Multilayer sheets with thermocouples between the layers.
IPST ID No. Ply U. C. ID No. Pulp Type Freeness (ml)

Top 1P6 100% Hardwood 691
W13 Middle 1P7 & 1P9 100% Pine, 659

& Bottom __93.0 Kappa
Top 1P8 100% Hardwood 297

W14 Middle 1P7 & 1P9 100% Pine 659
& Bottom
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RESULTS

FIBER ANALYSIS

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

Table 6. Fiber identification for various pulp samples.
Furnish ID USWK UHWK Softwood Species Hardwood Species

IPST U. C. (%) (%)_
W9 IP10 2 98 Mixed species of southern yellow Oak, Gum, Yellow Poplar,

pine (Hard Cook) Maple, and trace amounts of
other mixed species

W10 1P11 97 3 Mixed species of southern yellow Mixed, incl. Oak, Gum,
pine (Hard Cook) Yellow Poplar, and Maple

Table 7. Fiber dimensions.
Length Cell Wall

Case Pulp Kappa Freeness (mm) Width Perimeter Thickness Coarseness
No. (mlCSF) Arith] LW WW (gm) (gm) (gm) (mg/lOOm)

W10 Pine 93.0 754 2.36 3.28 3.86 34.3 82.6 3.5 41.0
W18 Pine 93.0 700 2.44 3.21 3.78 34.6 85.2 4.0 35.8
W12 Pine 93.0 665 2.55 3.29 3.87 35.9 85.0 3.3 35.4
W19 Pine 93.0 620 2.19 2.92 3.46 36.2 85.2 3.2 35.2
W9 Hard - 691 1.20 1.41 1.57 16.8 45.6 3.0 17.4
W15 Hard - 670 1.47 1.33 1.47 16.9 46.2 3.1 15.8
W16 Hard - 650 1.22 1.41 1.58 16.4 45.2 3.1 16.4
W17 Hard - 630 1.17 1.32 1.43 16.0 44.4 3.1 16.2
Wll Mix - 734 1.52 2.13 2.97 21.1 58.6 3.6 25.2
W20 Mix 685 1.55 2.19 3.01 23.8 60.0 3.1 21.6
W21 Mix 655 1.36 1.81 2.37 21.9 57.0 3.3 21.0
W22 Mix 625 1.44 2.15 3.11 22.8 58.0 3.1 21.2

PERMEABILITY

All of the raw permeability data are summarized in Appendix D as permeability
versus porosity plots.

Couch Trim Sample Set

The permeability data collected for the couch trim samples are summarized in
Table 8. Some of the sheets were manually separated at the ply bond and each ply tested.
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Table 8. Permeability results for the couch trim samples.
Sheet 95% OD Basis 95% Specific 95% Specific 95%
Solids Conf. Weight Conf. Surface Conf. Volume Conf.

Furnish (%) Interval (g/m 2 ) Interval (m2 /g) Interval (cm3 /g) Interval

Mill #1 36.7 1.6 180 3 5.0 1.2 1.7 0.3
Mill #1
Top Ply 15.8 6.0 3.1 0.4
Mill #1

Bottom Ply - - - 16.3 8.2 2.95 0.2
Mill #2 25.0 0.3 141 4 5.3 1.6 2.0 0.5
Mill #2
Top Ply - - - 4.8 4.2 7.2 3.2
Mill #2

Bottom Ply 2.5 1.6 4.3 0.4

It was determined that the permeability test equipment was not working properly
(note the large values for specific volume). Therefore, all of the above results are
probably in error to some extent. Before continuing with additional tests, the equipment
was repaired and checked. All of the data reported in subsequent sections of this report
were collected after the repairs.

Impulse Drying Sample Set

Handsheets made from mill-refined and laboratory-refined pulps were evaluated
for impulse drying. In addition to the two-ply sheets, one-ply sheets of each component
pulp were tested for permeability. The results are shown in Table 9.

Table 9. Permeability results for the impulse drying samples.
Sheet 95% OD Basis 95% Specific 95% Specific 95%

IPST U. C. Solids Conf. Weight Conf. Surface Conf. Volume Conf.
ID No. ID No. (%) interval m2 ) interval Interval (m 3gg) Interval

W1 2P1 36.8 1.1 174 5 7.3 1.0 2.0 0.1
Wl 2P1 47.0 2.3 184 8 5.2 0.6 1.8 0.1
W2 1P1 35.7 1.2 171 9 4.9 1.6 2.0 0.1
W2 1P1 43.5 1.6 169 6 4.9 2.0 1.8 0.1
W3 1P2 32.3 1.8 178 7 60.9 4.9 1.2 0.1
W3 1P2 39.6 1.8 175 6 45.7 6.9 1.6 - 0.2
W5 2P3 37.1 1.3 183 6 6.0 1.9 1.9 0.1
W5 2P3 42.4 1.3 176 7 5.2 0.8 1.8 0.1
W6 1P3 30.7 2.4 182 4 6.4 2.2 2.0 0.04
W6 1P3 36.6 0.9 181 3 4.0 0.8 2.0 0.02
W7 1P4 31.1 0.2 174 2 11.8 1.2 1.8 0.04

W7 1P4 43.5 1.7 176 5 4.7 0.5 1.7 0.05
W8 1P5 35a - 170 4 6.9 0.3 2.5 0.1
W8 1P5 42a - 174 3 6.7 2.1 2.5 0.1

a) Nominal sheet solids.
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Refining Study Set

All the sheets fabricated from furnishes W9 to W12 and W15 to W22 were
prepressed to five pressing conditions as described above. Figures 1 to 6 show sheet
solids after each prepressing as a function of press condition and total impulse for pine,
hardwood, and 50/50 blends. For the pine cases, solids ranged from 30 to 48%, while for
the hardwood cases, solids ranged from 36 to 51%. For all cases, solids were directly
proportional to total press impulse. The same press impulse results in higher solids for
samples of higher freeness. The freeness values used for the mixed cases were averages
of the component freenesses.
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The sheets were formed and pressed in two batches. The first batch (W9-W12)
was received and tested in early September. The second batch (W15-W22) was received
about 1.5 months later. Between four and six samples were tested for each case (furnish
and prepressing condition). All of the samples were stored in the refrigerator until tested.
Since previous work [24] observed that fiber aging affects permeability results, the tests
were performed in random order.

Figures 7 through 18 show the dependence of specific surface on storage time
measured from pressing date. In general, for the least pressed cases (P1), specific surface
increased with storage time. For the pine furnish, there is a general decrease in specific
surface with time except for the highest freeness case (W10). For the case W10 (754 ml
CSF), there was no aging effect observed.

For the hardwood sheets, the aging effect was more significant and resulted in
increased specific surface with time except for the least refined case, W9 (691 ml CSF).
For case W9, specific surface increases with time except for the least pressed sheets (P1).
There was no observed time correlation for the mixed cases.

In general, the variability of the permeability test results was too great to
accurately compensate for aging effects; therefore, for further analysis, all results were
time averaged. For some of the cases plotted below, there were data points that were
outside of the range plotted. These data points are shown in a box in the plot.
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It was observed that the variability of water permeability measurements for the first
batch (furnishes W9-W12) was less than that for the second batch (W15-W22). During
prepressing of the sheets from the second batch, sheet crushing was observed for some
cases as noted in the procedures section. In general, for the crushed sheets, the specific
surface was lower than what was expected.

12

, P1
"o- P2 

-- P4

a_ he0

-i-*^ ^ '^T --- ~ a - -- 6-

YI, P3~~~~~~~~~~~~
: 1P4

0



The dependencies of specific surface and specific volume of swollen fibers on
freeness are plotted in Figures 19 through 24. In general, specific surface (Figures 19, 21,
and 23) tended to decrease with increased ingoing solids and freeness for both pine and
hardwood furnishes. For a given freeness, the specific surface for pine was lower than
that for hardwood. These results correspond with previously observed trends [3,6,7].

Figures 20, 22, and 24 show the dependence of specific volume on freeness for
different prepressing conditions. Specific volume typically varies in the interval of 1.0 to
1.5 cc/g. Higher values were observed for pine compared to hardwood. Lower solids
cases had higher values of specific volume. For pine, there was no observed correlation
with freeness (Figure 20), while for hardwood, the specific volume tends to increase with
increased freeness.
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The effect of pine fiber content, in a hardwood mixture, on specific surface for
different pressing conditions is shown in Figures 25 through 29. In general, the addition
of 50% pine fibers to the hardwood results in virtually the same specific surface as for
100% pine. Some deviations are primarily caused by high variability of specific surface
for low freeness furnishes.

45. 0o 691-754 ml
40 .t- 670-700 mlMc 0.| 650-665 ml

E 35 .A 620-630 ml
30

25 0

20. O

15
' 10 A
Q. 5

0
-10 0 10 20 30 40 50 60 70 80 90 100

Pine Content (%)

Figure 25. Pressing condition P1.
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Figure 29. Pressing condition P5.

IMPULSE DRYING

All impulse drying was done with a presteaming temperature of 65°C. To
determine the steaming time, two wire thermocouples were placed between the sheet and
the felt, and the temperature was recorded while steaming with the platen surface
temperature set at 200°C and the heat shield in place. The steaming time was set to the
time at which the slowest temperature profile crosses 55°C. At this time, the sheet
temperature should be between 55 and 75°C. The results of these calibrations are shown
in Table 10, and the temperature profiles are in Appendix E.

Table 10. Presteam times and temperature ranges obtained.
Furnish Case Time (s) Temp Range (°C)

W1 Al 21 55-75
A2 18 55-70
A3 15 55-69
A4 15 55-66
C1 11 56-71
C2 14 55-74
D1 30 55-76
D2 34 55-83

W5 Al 19 55-72
A2 15 55-73
A3 14 55-64
A4 16 55-69
C1 14 55-68
C2 14 55-71
D1 32 55-82
D2 31 55-82
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A second calibration procedure measures moisture change during steaming. A
sheet and felt were weighed and then steamed as if for impulse drying. However, the
sheet and felt were removed from the MTS and weighed again right after steaming. Five
repeats were done at five platen surface temperatures, and a best fit to the data was used
to determine the moisture change during steaming. Before impulse drying, the sheet
moisture level was adjusted such that the sheet solids were at the target level after the
steaming step, i.e., just before pressing.

Couch Trim Samples

The effect of ingoing felt moisture was tested using the Mill #1 couch trim. The
A platen, R felt, and 35% ingoing solids were used (case A3). The steaming time used
was 15s at a temperature of 61-71°C. Results are listed in Table 11, and the raw data are
in Appendix A. Felt moisture was observed to make a difference, and it was decided to
use 16% for the remainder of the experiments.

Table 11. Results of felt moisture variation impulse drying trials.
Ingoing Ingoing Outgoing

Platen Felt 95% Sheet 95% Sheet 95%
Case Temperature Moisture Conf. Solids Conf. Solids Conf.

(°C) (%) Interval (%) Interval (%) Interval

A3-PR1 200 16.1 0.2 37.5 3.3 42.9 3.6
A3-PR1 200 34.3 15.9 a 37.2 2.8 36.1 9.4
A3-PR1 250 16.6 3.4 36.3 2.4 44.9 1.0
A3-PR1 250 32.7 2.5 33.9 2.1 38.6 3.6

a) The high variation for this case was the result of moisture migration within a stack of wet felts while
waiting to perform the experiment.

Critical temperatures were determined from the specific elastic modulus, %CV of
SEM, and from visual observations. All of this data are shown in Appendix C. An
explanation of the delamination codes is at the beginning of Appendix A. The following
procedure was used to determine the critical temperatures.

1) Determine the temperature at which the %CV of SEM exceeds a value of 15-
20%. In most cases, there was a sharp increase in %CV when delamination
first occurred.

2) Determine the temperature at which the SEM values peak.
3) Determine the highest temperature at which there were no visible

delaminations observed.
4) If two or more of the above determined temperatures agree, then that was the

critical temperature.
5) If none of the above temperatures agree, then determine if the density data

peak at one of the possible temperatures. For these cases, the critical
temperature was the temperature that agrees with the majority of data.

6) If all else fails, the critical temperature was determined from the visual
observations.
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7) Round off the temperature to the nearest 5°C.
8) Identify any anomalies.

Previous experiments have shown that above the critical temperature, the SEM
(and other strength properties) drops. Conversely, the %CV of the SEM rises just above
the critical temperature. Therefore, the above procedure will determine a lower limit for
the critical temperature for most cases. To determine the upper and lower uncertainties
for the critical temperature, the following procedure was used.

1) The upper limit was the next higher temperature for which there were data if
there was no visible delamination. If there were any visible delaminations,
then the upper limit was zero.

2) If there was a large jump in the %CV of SEM value at the upper limit (-10 to
40+), then the lower limit was 10°C less than the critical temperature;
otherwise, the lower limit was next lower temperature for which there were
data.

3) If the SEM data do not show a peak at the critical temperature, then the lower
limit was the next lower temperature for which there were data.

4) The lower limit cannot be less than 100°C (otherwise, it would not be impulse
drying).

5) Uncertainties are the difference between the critical temperatures and the
limits rounded to the nearest 5°C.

Additional Mill #1 couch trim sheets were impulse dried to determine the critical
temperature and water removal. Figures 30 through 33 show the data used to determine
the critical temperature. For temperatures of 150°C and below, severe sticking affected
the results, and these data were ignored when determining the critical temperature. The
critical temperature was 255°C, plus zero, minus 55°C. In Figure 32, the observed
delamination value of six at 200°C may have been an anomaly.

Figures 34 and 35 show the outgoing solids and felt water gain results. The
higher sheet outgoing solids and lower felt water gain at temperatures of 150 ° and below
are a result of sheet sticking. Because sticking was also a problem at high temperatures,
the felt water gain was lower than the typical values of 70-90%.
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Beloit also performed some tests using the Mill #1 and Mill #2 couch trim sheets.
Ingoing solids were 36%; the "A" roll coating, "R" felt, and presteaming were used. The
results at the critical temperature are tabulated in Table 12 for comparison.

Table 12. Results of Beloit impulse drying tests of couch trim.
Test Simulator Mill #1 Mill #2

Critical MTS" 177 149
Temperature (°C) HRP ° 204 177

Outgoing MTS 46.5 50.5
Solids (%) HRP 51.9 52.9

DF ENPC 47.7 47.8
TAPPI MTS__

Density (g/cm3 ) HRP 0.620 0.626
DF ENP 0.605 0.574

GM STFI MTS _

Index (Nm/g) HRP 27.2 27.5
DF ENP 25.3 25.8

Top Side MTS __ 

Bendtsen Rough. HRP 1650 790
(ml/min) DF ENP 2330 1840

a) MTS = Beloit MTS.
b) HRP = Beloit impulse drying pilot roll press.
c) DF ENP = Beloit double-felted pilot extended-nip press.

Prepared Handsheets

Extensive IPST impulse drying trials were conducted for furnishes W1 and W5.
A presteam temperature of-65°C, and an ingoing felt moisture of 16% were used.
Before analysis, the impulse drying data were filtered for a basis weight of 177 ±10 g/m2

(OD), an ingoing solids of 32,35,40 or 42 +1.0%, and an impulse of 0.1379 +0.0034
MPa-s. Data used for further analysis are listed in Appendix A. Rejected data are listed
in Appendix B.

Table 13 lists the experimental conditions used for impulse drying and the critical
temperatures obtained. SEM, %CV of SEM, visible delamination codes, and some of the
density data that were used to determine the critical temperatures are listed in
Appendix C.
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Table 13. Impulse drying critical temperatures.

Furnish ID Specific 95% Critical
IPST U. C. Case Felt Sur. (m2/g) C.I. Temp. (°C) Uncertainty

WI 2P1 Al B 7.35 0.98 170 +15 -10
W1 2P1 A2 B 5.24 0.58 160 +10 -10
W1 2P1 A3 R 7.35 0.98 155 +10 -10
Wl 2P1 A4 R 5.24 0.58 160 +10 -15
W1 2P1 C1 B 7.35 0.98 205 +oo -10
W1 2P1 C2 B 5.24 0.58 190 +o -10
W5 2P3 Al B 6.00 1.94 175 +10 -10
W5 2P3 A2 B 5.24 0.77 205 +10 -10
W5 2P3 A3 R 6.00 1.94 160 +10 -15
W5 2P3 A4 R 5.24 0.77 170 +15 -25
W5 2P3 Cl B 6.00 1.94 230 +10 -20
W5 2P3 C2 B 5.24 0.77 230 +20 -20

Other physical properties at the critical temperature are listed in Tables 14 and 15,
and are shown in Figures 36 through 39.

Table 14. Impulse drying water removal data at the critical temperature.
Furnish Case Ingoing Outgoing 95% Conf. Moisture 95% Conf.

C Solids (%) Solids (%) Interval Ratio Change Interval
W1 Al 32 46.6 1.4 0.97 0.25
W1 A2 40 50.0 1.0 0.54 0.09
W1 A3 32 43.4 1.5 0.85 0.03
W1 A4 40 47.6 2.2 0.44 0.05
W1 C1 35 46.5 1.4 0.70 1.02
Wl C2 42 50.3 0.2 0.37 0.37
W1 D1 35 41.6 0.5 0.48 0.06
W1 D2/40 40 44.7 1.4 0.22 0.10
WI D2/42 42 44.9 3.6 0.17 0.12
W5 A1 32 46.6 0.7 0.96 0.05
W5 A2 40 51.6 0.5 0.58 0.07
W5 A3 32 45.6 1.3 0.92 0.16
W5 A4 40 47.6 11.3 0.42 0.07
W5 C1 35 46.7 1.7 0.69 0.09
W5 C2 42 51.5 1.4 0.45 0.09
W5 D1 35 41.3 0.14 0.43 0.04
W5 D2/40 40 43.6 oo0.19 oo
W5 D2/42 42 44.3 oo 0.13 oo
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Table 15. Impulse drying physical property data at the critical temperature.
Furnish 1Case1 Density1 95% Conf. STFI index 195% Conf. SEM 195% Conf.

_______ ____ (g/m 3) Interval (N-mlg) JInterval J(Nmk)jItra
WI Al 0.683 0.029 30.19 0.06 0.186 0.005
WI A2 0.722 0.072 - - 0.172 0.020
WI A3 0.665 0.076 30.06 2.80 0.154 0.028
WI A4 0.678 0.066 29.47 0_____ 0.148 0.044
WI Cl 0.670 0.070 29.21 13.59 0.165 0.038
WI C2 0.699 0.006 29.12 1.67 0.166 0.013
WI DI 0.614 0.020 29.15 0.80 0.133 0.015
WI D2/40 0.660 0.047 29.19 3.16 0.143 0.013
WI D2/42 0.653 0.241 29.74 6.68 0.144 0.019
W5 Al 0.710 0.016 31.03 1.46 0.168 0.009
W5 A2 0.734 0.008 29.44 00____ 0.176 0.012
W5 A3 0.699 0.029 31.61 3.46 0.158 0.018
W5 A4 0.722 0.051 31.96 00____ 0.151 0.057
W5 Cl 0.711 0.007 30.70 1.41 0.165 0.017
W5 C2 0.728 0.014 29.77 2.03 0.160 0.013
W5 DI 0.640 0.028 30.95 0.62 0.142 0.010
W5 D2/40 0.670 _______ 32.98 00____ 0.140 0_____

W5 D2/42 0.643 _______ 32.50 ______ 0.149 ______
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Figure 36. Critical temperatures for B felt.
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The following data, obtained by Beloit, are shown in Table 16 for comparison.
The roll surface was "A" and the R felt used. The Beloit MTS impulse was 0.16 MPa-s;
presteaming was used; and the felts were air dried. Presteaming was also used for the
HRP and HTP impulse drying cases. The control case was prepressed and finish dried.
The commercial case was prepressed and then run through a three-nip single-felted roll
press at 500, 800, and 1200 pli. All physical property data reported were at the critical
temperatures.

Table 16. Comparison of IPST and Beloit impulse drying results at the critical
temperature.

Nominal Beloit Beloit
Test Furnish Ingoing Contd Com' IPST Beloit Beloit ENP ENP DF

Solids (%) MTS MTS HRP HTP

Critical Wl (2P1) 36 - 155 177 <177 177 -
Temp. Wl (2P1) 42 160 177 <177 177 -
(°C) W5 (2P3) 36 160 204 177 204 -

W5 (2P3) 42 170 204 177 204 -

Outgoing WI (2P1) 36 - 38.0 43.4 48.8 49.7 48.0 46.3
Solids WI (2P1) 42 - - 47.6 51.7 51.3 49.2 48.3

(%) W5 (2P3) 36 - 37.4 45.6 49.4 48.8 46.9 45.6
W5 (2P3) 42 - - 47.6 50.8 51.2 50.6 48.2

IPC Wl (2P1) 36 0.615 0.686 0.665 0.775 0.825 0.815 0.800
Densityb WI (2P1) 42 0.705 - 0.678 0.805 0.845 0.825 0.815

(g/cc) W5 (2P3) 36 0.617 0.708 0.699 0.825 0.820 0.870 0.860
W5 (2P3) 42 0.785 - 0.722 0.840 0.835 0.835 0.815

GM STFI Wl (2P1) 36 26.1 26.4 30.1 27.8 28.0 25.4 29.3
Index WI (2P1) 42 - - 29.5 27.2 30.0 26.9 29.3
(Nm/g) W5 (2P3) 36 25.7 28.7 31.6 30.9 29.8 30.0 32.5

W5 (2P3) 42 28.6 - 32.0 30.2 30.3 30.8 31.0
MD Ring Wl (2P1) 36 13.7 14.3 - - 13.4 13.4 15.6

Crush Wl (2P1) 42 - - - - 15.0 12.9 16.4
Index W5 (2P3) 36 12.1 14.4 - - 14.0 13.8 -

(Nm/g) W5 (2P3) 42 13.6 - - - 11.8 15.2 12.9
CD Ring W1 (2P1) 36 7.4 8.4 - - 10.7 9.6 11.2

Crush WI (2P1) 42 - - - - 10.6 8.6 11.2

Index W5 (2P3) 36 7.2 9.2 - - 11.5 11.0 -

(Nm/g) W5 (2P3) 42 8.3 - - 9.9 11.5 9.8
Top Side Wl (2P1) 36 1120 1580 - 1780 960 1080 1680
Bendtsen WI (2P1) 42 2460 - 1570 920 1180 1750

Rough. W5 (2P3) 36 1450 1550 - 1460 880 1000 2020

(ml/min) W5 (2P3) 42 1730 - - 1410 910 1120 1830
a) The IPST STFI results are not a geometric mean (the sheets were hand-formed).
b) The IPST densities are from the ultrasonic tests.
c) Beloit pilot ENP press operated as an impulse dryer.
d) Cont = Control case, ingoing conditions.
e) Corn = Commercial case, three-nip roll press.

22



STEAMING TEMPERATURE PROFILES

The objective of this part of the experiments was to try to induce a temperature
gradient within the sheet during presteaming. This would enable the MTS to better
simulate actual commercial machine conditions.

After preparing the sheets with thermocouples, the sheets were steamed in the
MTS nip. The B felt and heat shield were used, and the platen temperature was set at
200°C. Data collection was started, and then the steam was turned on. The first set of
results is shown in Figures 40 through 44. One of the thermocouples failed during the
embedding process; therefore, some of the temperatures show a flat line.
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Figure 40. Furnish W13, 35% solids, repeat 1.
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Figure 41. Furnish W13, 35% solids, repeat 2.

5 10 15 20
Time (s)

Figure 42. Furnish W14, 35% solids, repeat 1.
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Figure 43. Furnish W14, 35% solids, repeat 2.
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Figure 44. Furnish W14, 35% solids, repeat 3.

From the above results, it was observed that the top thermocouple was lifting
from the sheet resulting in inaccurate temperature measurements. Because the felts have
a curl, it is possible that enough steam was hitting the bottom of the sheet, reducing the
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possible temperature gradient. For the next set of tests, the sheet was taped to the felt to
prevent steaming from the bottom. Also, the top thermocouple was taped to the sheet
with porous tape.
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Figure 45. Furnish W13, 35% solids, sheet taped to felt, repeat 1.
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Figure 46. Furnish W13, 35% solids, sheet taped to felt, repeat 2.
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Figure 47. Furnish W14, 35% solids, sheet taped to felt, repeat 1.
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Figure 48. Furnish W14, 35% solids, sheet taped to felt, repeat 2.
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For the last trial, a maximum gradient was formed by steaming only until the top
surface reached 75°C. The result is shown in Figure 49.
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Figure 49. Furnish W14, 35% solids, sheet taped to felt, repeat 3.

Although a temperature gradient does exist during MTS steaming, the sheets
reach equilibrium within two to three seconds after turning off the steam. Since it takes
nine seconds for the MTS head to close during a hit, any temperature gradient will
disappear before a hit can be made. It may be possible to reduce the closure time to about
two seconds, but this is still too slow to test a significant temperature gradient.
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CONCLUSIONS

The following conclusions can be drawn from this work.

1) There is no observable difference between mill-refined pulp and machine-formed
paper, and laboratory-prepared pulp and laboratory-formed handsheets in regards to
water permeability and impulse drying. Observed differences can be attributed to
process variables such as refining level and prepressing.

2) As reported in previous experiments, specific surface can be minimized by minimally
refining the pulp and prepressing the sheet as much as possible. Under the same
processing conditions, pine has a lower specific surface than hardwood.

3) Permeability results are highly dependent on sheet preparation and preprocessing.
For consistent results, it is important that preparation techniques be standardized and
followed rigorously. An aging effect was observed that increases as the furnish
becomes more closed.

4) IPST impulse drying results were consistent with previous experiments showing an
increase in outgoing solids of 2-8 percentage points for the A platen and 5-7
percentage points for the C platen compared to double-felted pressing for 40-42%
ingoing solids. STFI index values showed an increase of up to 3.5%. However, for
35% ingoing solids, impulse drying was no better than double-felted pressing.

5) Beloit impulse drying results had a less dramatic improvement in water removal (up
to 3.8 percentage points) compared to double-felted pressing. They also had up to
15% improvement in ring crush and up to 56% decrease in Bendtsen roughness
compared to double-felted pressing.

6) Although there was a bias in the results between IPST and Beloit, the trends were
consistent, with the IPST results being the most conservative. Some of the
differences may be a result of different testing conditions between laboratories.

7) Felt type and moisture levels have an observable effect on water removal, rewet, and
sheet sticking. The best combination was the B felt at 16% moisture or less.

8) Present laboratory equipment cannot recreate expected machine presteaming
temperature profiles in the sheet. Additional experiments are needed to determine the
effect of different presteaming temperatures on impulse drying efficiency.

29



RECOMMENDATIONS FOR FUTURE WORK

This work was based on furnishes that simulated presently utilized commercial
furnishes and a conservative nip loading. Therefore, the results indicate what could be
achieved in a worst case scenario. The next phase of impulse drying work should use a
less refined top ply to improve the sheet permeability. Also, recycled fiber should be
evaluated.

It is not possible to directly test the effect of sheet temperature gradients on
impulse drying with the MTS. The next set of experiments should look at the effect of
different levels of presteam sheet temperature on impulse drying.
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APPENDIX A

The following tables contain the data that were used for analysis. The coded comments
are explained below.

Delamination Codes

0: None
1: Small Blisters (< 1mm) < half the sheet
2: Medium Blisters (1mm to 1cm) < half the sheet
3: Small Blisters > half the sheet
4: Large Blisters (> 1cm) < half the sheet
5: Medium Blisters > half the sheet
6: Large Blisters > half the sheet
7: Split Sheet
9: Other (explain in Comments)

Rewet Codes

10:
11:
12:
13:
14:
15:
19:

None
Slight Edge Rewet, < half the edge
Moderate Edge Rewet, > half the edge
Slight Rewet, < 1/3 of sheet
Moderate Rewet, 1/3 to 2/3 of sheet
Severe Rewet, > 2/3 of sheet
Other (explain in Comments)

Stick Codes

20: None
21: Slight Picking (surface disturbed)
22: Moderate Picking (a few fibers stuck to platen)
23: Severe Picking (many fibers stuck to platen)
25: Slight Sticking (sheet lifted, but released immediately, no picking)
26: Moderate Sticking (sheet stuck, but released on its own, may have picking)
27: Severe Sticking (sheet stuck, but could be easily peeled off, may have picking)
28: Extreme Sticking (sheet stuck, difficult to peel off)
29: Other (explain in Comments)
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APPENDIX B

The following tables contain the data that were not used for analysis. Data were not used
if the ingoing solids or basis weight were out of the established range. Also rejected were
data where the sheet stuck to the platen (except at the corer) or showed any other
anomalous behavior.
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APPENDIX C

The following figures show the specific elastic modulus, %CV of SEM, visual
delamination code, and selected density plots used to determine the critical temperature.
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APPENDIX D
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Figure D20. Furnish W7, solids 42%.
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Figure D21. Furnish W8, solids 35%.
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Figure D22. Furnish W8, solids 42%.
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urnish W9, press Figure D24. Furnish W9, press
condition P2.
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Figure D25. Furnish W9, press
condition P3.
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Figure D27. Furnish W9, press
condition P5.
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Figure D26. Furnish W9, press
condition P4.
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Figure D28. Furnish WI1O, press
condition P1.
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Figure D29. Furnish W10, press
condition P2.
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Figure D31. Furnish W10, press
condition P4.
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Figure D30. Furnish W10, press
condition P3.
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Figure D32. Furnish W10, press
condition P5.
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Figure D33. Furnish W 11, press
condition P1.
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Figure D35. Furnish Wl 1, press
condition P3.
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Figure D34. Furnish Wl 1, press
condition P2.
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Figure D36. Furnish Wl 1, press
condition P4.
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Figure D15. Furnish W37, press
condition P5.
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Figure D39. Furnish W12, press
condition P2.
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Figure D38. Furnish W12, press
condition P1.
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Figure D40. Furnish W12, press
condition P3.
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Figure D41. Furnish W12, press
condition P4.

Figure D42. Furnish WI12, press
condition P5.
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Figure D43. Furnish W15, press
condition P2.

Figure D44. Furnish WI15, press
condition P3.
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Figure D45. Furnish W15, press
condition P4.

100

.01 fq
0.55

10

1

.1

.01 1-K
0.55 0.60 0.65 0.70 0.75

Porosity

Figure D46. Furnish W15, press
condition P5.
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Figure D47. Furnish W16, press
condition P2.
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Figure D48. Furnish W 16, press
condition P3.
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Figure D49. Furnish W16, press
condition P4.
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Figure D50. Furnish W16, press
condition P5.
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Figure D5 1. Furnish WI17, press
condition PI.

Figure D52. Furnish W17, press
condition P2.
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Figure D53. Furnish W17, press
condition P3.
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Figure D54. Furnish W17, press
condition P4.
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Figure D56. Furnish W 18, press
condition P1.
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Figure D59. Furnish WI 8, press
condition P4.
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Figure D58. Furnish W18, press
condition P3.
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Figure D60. Furnish WI 8, press
condition P5.
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Figure D61. Furnish W19, press
condition P1.
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Figure D63. Furnish W19, press
condition P3.
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Figure D62. Furnish W19, press
condition P2.
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Figure D64. Furnish W19, press
condition P4.
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Figure D65. Furnish W19, press
condition P5.
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Figure D67. Furnish W20, press
condition P2.
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Figure D68. Furnish W20, press
condition P3.
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Figure D69. Furnish W20, press
condition P4.
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Figure D71. Furnish W21, press
condition Pl.
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Figure D70. Furnish W20, press
condition P5.
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Figure D73. Furnish W21, press
condition P3.
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Figure D75. Furnish W21, press
condition P5.
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Figure D74. Furnish W21, press
condition P4.
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Figure D76. Furnish W22, press
condition P1.
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Figure D77. Furnish W22, press
condition P2.
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Figure D79. Furnish W22, press
condition P4.
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Figure D78. Furnish W22, press
condition P3.
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Figure D80. Furnish W22, press
condition P5.
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APPENDIX E

The following figures show the temperatures recorded during presteaming. Time zero is
when the steam is first turned on. The steaming time was set to the time when the lowest
temperature exceeded 55°C.
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Figure El. Furnish W1 (2P1), A platen, B felt, 35% sheet solids.
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Figure E2. Furnish WI (2P1), A platen, B felt, 42% sheet solids.
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Figure E3. Furnish W1 (2P1), A platen, R felt, 35% sheet solids.
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Figure E4. Furnish W1 (2P1), A platen, R felt, 42% sheet solids.
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Figure E5. Furnish W1 (2P1), C platen, B felt, 35% sheet solids.
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Figure E6. Furnish W1 (2P1), C platen, B felt, 42% sheet solids.
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Figure E9. Furnish W5 (2P3), A platen, B felt, 35% sheet solids.
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Figure E10. Furnish W5 (2P3), A platen, B felt, 42% sheet solids.
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Figure E12. Furnish W5 (2P3), A platen, R felt, 42% sheet solids.
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Figure E13. Furnish W5 (2P3), C platen, B felt, 35% sheet solids.
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Figure El6. Furnish W5 (2P3), double-felted pressing, B felt, 42% sheet solids.
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