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TO: Members of the Engineering Project Advisory Committee

Enclosed is advance reading material for the October 23-24 meeting of the
Engineering Project Advisory Committee. Included are statds reports for
active projects, an agenda, and a current committee membership list.

Rooms have been reserved in the Continuing Education Center, and meals will

be provided as stated on the agenda. If you haven't already indicated your
attendance, please do so at your earliest convenience by calling Barbara Bisby
at (414) 738-3328.

For the fall series of PrOJect Advisory Committee meetings, the Institute
invites its member companies to send one or more representatives to attend
the review sessions Z?irst day) of any or all of the meetings. These invita-
tions were mailed in early August. PAC members from member companies are
also welcome to attend these other meetings, and may stay in the CEC and
attend meetings and meals of their choice at no cost. If you wish to attend
any of these other meetings but haven't registered, please call Barbara Bisby
to do so. A meeting schedule is enclosed for your information.

We Took forward to meeting with you on October 23-24.

Sincerely,

/4%///0/”7

Clyde H. Sprague, Director
Engineering Division

CHS/el
Enclosures

1043 East South River Street
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Continuing Education Center (CEC)

The Institute of Paper Chemistry
Appleton, Wisconsin

Wednesday, October 23, 1985

INTRODUCTION
PROJECT REVIEWS

- Fundamentals of Kraft Liquor Corrosivity
- Fundamentals of Corrosion Control in Paper Mills

LUNCH
PROJECT REVIEWS - continued

- Refining of Chemical Pulps
- Process Fundamentals of Wet Pressing

BREAK
PROJECT REVIEWS - continued

- Higher Consistency Processing
- Fundamentals of Drying
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Process Demonstrations

Thursday, October 24, 1985

BREAKFAST -- CEC Dining Room
Discussion of Projects
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Crowe
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spring Engineering PAC Meeting is scheduled for April 2-3, 1986.
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PROJECT SUMMARY FORM

DATE: September 11, 1985

PROJECT NO.: 3556 - Fundamentals of Kraft Liquor Corrosivity

PROJECT LEADER: D. C. Crowe

IPC GOAL:

Increase the useful life of equipment by proper selection of materials
of construction, and by identifying suitable process conditions.

OBJECTIVE:

Use electrochemical methods to understand the corrosion processes
occurring in kraft process streams as the basis for timely detection and elimi-
nation of corrosion and corrosion-assisted cracking in the kraft pulp mill.

CURRENT FISCAL BUDGET: $130,000

SUMMARY OF RESULTS SINCE LAST REPORT: (April, 1985 - September, 1985)

Corrosion testing in the laboratory using weight loss coupons continues
in an effort to establish the effects of white liquor constituents on corrosi-
vity. A test matrix of liquors with NaOH + NapS + NapS203 was completed. The
thiosulfate (NapSp03) was found to accelerate corrosion at all concentrations by
placing the corrosion potential at the active-passive transition, where iron
dissolution is greatest. Thiosulfate also impaired passivation. A test program
involving liquors with NaOH + NapS + NapS03 (sulfite) has been initiated.

Equipment for performing rotating cylinder electrode tests has been
procured, and assembly is underway. The equipment will permit tests to be per-
formed at well controlled rotation rates. The results will be related to beha-
vior at corresponding flow rates in white liquor circuits.

The field testing program has continued, with measurements of corrosion
rates being completed at two additional mills. The work was troubled by con-
tinuing difficulties with instruments. Results showed a wide variation in
corrosivity of liquors from mill to mill, related to liquor composition. The
steels being tested were ranked in order of decreasing corrosion rate: 1018,
A285C, A283 and A285-SPECIAL.

New instrumentation was obtained and is being assembled and programmed
to collect linear polarization resistance data in the field and store it on com-
puter disc for remote retrieval by telephone. This system will be utilized at
the next test mill.
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THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin

LIQUOR COMPOSITION EFFECTS ON CORROSION RATES
IN KRAFT WHITE LIQUOR

ABSTRACT

The effects of additions of elemental sulfﬁr-ané sodium thiosulfaté on
corrosion rates of 1018 carbon steel in alkéline sulfide solutions havelbeen
determined by long term weight loss tests.. The polarization behavior of 1018

steel and gold in the solutions was investigated.

Elemental sulfur, which forms polysulfide, had a transient effect at
low concentration, increasing corrosion rate initially. After further exposure
the corrosion potential increased, the electrode passivated, and corrosion rate

decreased. At higher concentrations, passivation was immediate.

. Thiosulfate increased corrosion rates dramatically by placing the
corrosion potential at the active-passive transition, where iron dissolution is

greatest. Passivation was impaired by thiosulfate.

LN
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SUMMARY FOR THE NONSPECIALIST

Corrosion of carbon stgel in kraft white liduofs reduces the service
life of equipment and causes unexpected failures to occur. There is a need to
understand the fundamental causes of this corrosion as a first step in reducing
corrosion costs. This work addresses that need by providing information on the

effects of variation in liquor chemistry.

In generél, corrosion rates depend on the concentrations of corrosive
species in the solution. This is ‘true of kraft pulping liquors. Changes in
concentration of corrosive species will influence the rate of corrosion. The
magnitude of this effect will‘depend on thg role a particular species plays in
the cprfos;on process. If the effect on co;rosion gafe fof a range of antici-
pated concéntrations of various corrosive species is known, it should be
possible to prediét the effect of changes in process chemistry on corrosion
rates in the mill. ‘The objective of this work has been to measure the effects
on corrosion rates of varying' the concentration of important corrosive species

in solution.

Specimens were exposed in NaOH + NaS aqueous solutions containing poly-
sulfide or thiosulfate, botﬁ known to influence corrosion rate. Polysulfide and
thiosulfate are common white liquor contamiqants resulting from incomplete reduc-
tion in the recovery boiler or from air oxidation. Weight losses were measured
after 2, 4, 6, and 8 weeks, and corrosion rates were calculated. In the solu-
tions containing low concentrations of polysulfides, there was a high rate of
corrosion initially, but the rate decreased to a very low level after a period
of exposure, apparently because the electrode formed a passivating oxide film.
Dramatic increases in corrosion rate were observed in solutions containing

thiosulfate, with the increase in proportion to the thiosulfate concentration.
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When steel is exposed in white liquor it develops an electrochemical

potential due to the corrosion reactions occurring on its surface. This corro-

AR

sion potential will depend on the concentration of corrosive species and tem—

C oy

perature and therefore will vary depending on the conditions where the steel is

e . . o :

exposed. It is possible’to obtain intormation on expected behavior in a variety
of‘conditions by varying this electrochemical potential and observing the beha—
vior. At low potential, the steel actively corrodes; this is the 'active'
region.. At higher (more noble).potential,  the surface becomes- partially pro4
tected by the formation of an. oxide film.. Iron sulfides interfere with. proper. :
formation - of the passive oxide film and dissolution of the steel continues. =~ . )
through the-poorly.formed film. At still higher potential, a protective or- - -:..
'passive' oxide film forms and the corrosion rate’ is very low.: Depending.on the
corrosion potential dissolution or passivation of the steel occurs. This can
account ior some of the variation of corrosion rates that may belobserved in

~t B N

white liquors.. The effects of varying concentrations of polysulfide and
thiosulfate on this behavior has been investigated to provide better information
on how chemistry can. be manipulated to cause passivation. of steel in kraft white

liquor.. . . -
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INTRODUCTION

3 [

The seriousness of corrosion and stress corrosion cracking in white

B »
'

liquor streams in the kraft pulp mills has been recognized and received con-
siderable attention in efforts to reduce the costs of corrosion. Nevertheless,
no thorough investigation of the effects of liquor composition on corrosion rate

'has been published.

As early as: 1951, corrosion in kraft mills was investigated in Sweden.
Ruus and Stockman! found that increasing. concentrations of sodium sulfide
(Na3S), sodium.hydroxide (NaOH), sodium' thiosulfate (Nay$,03), and sodium poly-
sulfide (NajSy) stimulated corrosion.’ Corrosion was also related to the amount

v

of oxygenipresent in the (batch),digestEr.2

An account of a U.S. study indicated that poor reproducibility of
weight loss test results that had been observed could be related to whether or

not the steel was passivated by a protective oxide £ilm.3

- Haegland and Roald* suggested that. corrosion rates were controlled by
thé rate of diffusion of polysulfide to the surface, where it was cathodically
reduced while anodic dissolution of the steel occurred. Thiosulfate increased
polysulfide concentration aﬁd sulfite decreased it, apparently by equilibration.
Roald? developed an equation relating corrosion rate to the rate of diffusion of
polysulfide to the surface. Corrosivity was a function of NaOH, NajS, NayS03,

and NapS03 (sodium sulfite) concentrations.

Mueller® utilized anodic polarization curves to determine the active-
passive nature of steel in white liquor. A large active-passive peak was
observed between the active and the passive potential ranges as illustrated in

Fig. 1. Higher concentrations of oxidizing species could shift the potential
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into the passive range where corrosion rates were lower. The surface is 'passi-
vated' by formation of a thin oxi&e layer which protects the surface from~disso;
lution. Thus corrosion rates would depend on whether the electrode was

passivated or not and this could account for some of the great variation between
mill and laboratory. In a subsequent publication, Mueller’/ stated that stirring.

doubled the size of the active-passive peak.

u

-

<

=

&

5 %

m - -
Active-Passive
Transition

Active

log CURRENT DENSITY (i), nA/cm?2

" Figure 1. Schematic anodic polarization curve of steel.-

At The Institute of Paper Chemistry, Kesler and Bakken® determined that

carbonate (NapCO3), chloride (NaCl), and sulfate (NaySO;) slightly depressed the
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maximum anodic current density at the active-passive peak. Corrosion was in-
creased only if Na;S0Oj concentration was < 1 g/L. The additives had a negligiblé
or slightly inhibitive effect when sulfite content was higher. . These peak
currents could have been influenced by the value of the corrosion potential,

with a high cathodic current masking an increase in anodic currents associated
with higher actual corrosion rates. They performed weight loss tests and found
that corrosion rate correlated with Roald's equation only when liquors contained

> 1 g/L NasS03.

Landmark and Roald? determined that increasing concentrations of poly-

sulfides decreased the size of the active-passive peak, making passivation easier,

and attributed this decrease to the simultaneous cathodic reduction of polysulfide.

The polarization behavior of steel in white liquors was studied by
Wensley and Charltonl® in an effort to determine the effect of various species.
Sulfide and thiosulfate impaired passivation. Sulfate and sulfite had no

effecte The corrosion potential was controlled by polysulfide concentration.

Tromans!! investigated the polarization behavior of carbon steel in
NaOH + NaS solutions in an effort to better understand the processes causing
corrosion. Passivation was found to be inhibited by the incorporation of
sulfide into the passivating Fe304 film. This effort was extended by Crowe,12
in a study at high temperature. Passivation required the formation of an Fej0j3
film, and sulfide impaired the formation of this film. The formation of a

soluble iron sulfide species was associated with the active-passive peak.

In the research of stress corrosion cracking in kraft white liquor,
Singbeil and Garner3l found that inorganic constituents present in spent liquor
inhibited cracking. Their result suggests that inorganics may influence corro-

sion rates.
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IPC has undertaken fhe task of obtaining information on the effect of
liquor composition on corrosion rate. Some of these results for NaOH + Na,S
solutions have been described in a previous progress report.14 At higher NaOH
concentration, passivation in sulfide solutions was slower, or did not occur
thus resulting in higher corrosion rates. The corrosion rates after 8 week
exposures are summarized in the iso-corrosion plot in Fig. 2. Active corrosion
was balanced by hydrogen reduction. 'Corrosion potential in the passive region
corresponded to the Sz‘/Szz' redox potential. Intermediate polysulfide con-
centrations (0.5-2.0 g/L S) increased corrosion rate, but higher concgptrations
did not. Thiosulfate additions increased the corrosion rate substantially, and

copious NaFeSy formed on the electrode.

The objective of the present work has been to determine the effect of a
range of concentrations of the oxidized sulfur species sz" and 82032' on long-
term corrosion rate and to investigate the effects on the polarization beh#vior.
The polarization behavior of gold was investigated to determine which features
of the polarization curve of steel are due to reduction and oxidation reactions

of sulfides in solution; the gold itself is inert.

The chemistry of alkaline sulfide solutions is complicated by the
number of oxidized sulfur species which form, including Sy—-, 52032', SO32” and
8042'. Polysulfide can be formed by addition of élemeétal sulfur to sulfide
solution where it will combine with sulfide. This polysulfide is present in a
range of sizes: 822", S32‘, 842‘, and S52', in equilibrium with each other.
Sulfide in its most reduced form is present in alkaline solutions as HS- or S2~.
The bisulfide ion, HS—-, .is considered to be the predominant form of reduced
sulfide at the pH of white liquorlz’ls’16 and for this reason electrochemical

equilibria have been written in terms of HS- in the present work.
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The accuracy of experimental methods used in the work:-'was ‘appraised as

summarized in Appendix I. - : S

Na,S g/L

L 1 N l i
- 20 40 ¢ 60 80 - 100 120
NaOH +Na,Sg/L

B

Figure 2. Iso-corrosion plot. for: NaOH + Na3S solutions.:
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EXPERIMENTAL PROCEDURES

Corrosion rates were investigated in the present work by exposing 1018
steel weight loss coupons to liquors at 90 C containing NaOH (60-120 g/L), Nazs

(10-40 g/L), S (0-10 g/L), and NapS;03 (0- 50 g/L) for 2, 4, 6, and 8 weeks.

Experiments were pefformed in 180 mL Teflon™ beakers with screw-top
lids as described in a previous report.14 The cylindrical electrodes were 3/8-
inch in diameter with a surface area of 9 cmZ, tapped at one end and polished to
120 grit and degreased. The composition of the 1018 steel has been listed
previously.l4 The electrode holders were constructed of Teflon™. The electrode
was isolated from the holder by a Hypalon™ gasket. Each cell contained four
electrodes to be removed at two week intervals and a silver—-silver sulfide
reference electrode. After the test the electrodes were carefully blasted clean

before weighing. The experimental procedures and cleaning methods were evaluated

as described in Appendix I.

Polysulfide solutions were prepared in a purged flask using analytical
reagents and distilled water. Thiosulfate solutions were purged after make-up.
In the series using elemental sulfur to form sz‘, solutlons were changed every
three days to ensure that polysulfide concentrations were not decreased by oxi-
dation. Solutions containing thiosulfate, considered more stable, were changed
at two week intervals. The solutions were changed in a glove bag under a nitro-
gen atmosphere to prevent oxidation by air. Solutions were maintained at 90 C

throughout the test. The open circuit or corrosion potentials of the specimens

were recorded daily and plotted.

Anodic and cathodic polarization curves were obtained for steel and

gold in each liquor composition at 90 C. Potential was scanned at 1 mV/s using a
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Princeton Applied Research Model 350 corrosion measurement system. All measured

potentials have been quoted with respect to the silver-silver sulfide electrode,

V(SSSE), or have been converted to the standard hydrogen scale, V(SHE). These

potentials may be related by the equation:
V(SHE) = V(SSSE) - 0.7125 - 0.039 log ([Nay5]/858) . (1)

where [NasS] is the sodium: sulfide.concentration in'g/L, as described

previously.17
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RESULTS

POLYSULFIDE e
Elemental sulfur was added to sulfide solutions to form polysulfide via:
S + HS- + OH €5 S92~ + HyO | (2)

The effect of 5;2- on corrosion weight loss is summarized in Table l. Low con-
centrations of polysulfide (0.5-2.0 g/L S) caused a substantial increaée in
corroéion initially, buﬁ the rate declined after some exposﬁre time, presumably
due to passivation of the surface. This effect was more pronounced at high HS-
concentrationé and to a-lesser extent at high OH- concentr#tions. After eight
weeks exposure, the differences were reduced apparéntly because the electrodes
spent most of their exposure in tbe passive condition. Figures 3 and 4 illus-
trate the 5 mpy isocoffosion surface in tﬁe ﬁaOH + Na2s + é solutions after 2
and 8 weeks, respectively. Corrosion rates in solutions of compositions located
inside the isocorrosion surface exceeded 5 mpy. Solutions with compositions
located on the’surface caused corrosion rates of 5 mpy. The figures illustrate
that the average corrosion rate is above 5 mﬁy for a smaller range of solutions
after 8 weeks exposure and the range corresponds to the range of much gigher

rates measured after the 2 week test.

The effect of S additions on corrosion rate (after 2 weeks exposure) is
shown dramatically in Fig. 5 for 120 g/L NaOH solution with a range of NajS con-

centrations.

The variation of the corrosion potential of the eiectrodes with time is
plotted in Fig. 6 for the range of sz' concentrations in 100 g/L NaOH + 30 g/L

NajS. The plot indicates that the potential became more noble after a period of
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White liquor studies - polysulfide weight loss results.

Table 1.
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time in the polysulfide solutions, corresponding wﬁth passivation of the electrode.
The time to achieve passivation depended on the polysulfide concentration. As

seen in Fig. 6, if no S was added, the electrode remained active. Eluctuations

of potential were especially noticeable as the electrode moved from the active

to the passive condition. Representative plots for all solution compositions

are contained in Appendix II.

As the OH- and HS- concentration increased, the amount of sz' needed
to cause immediate passivation was increased. In the solution 100 g/L NaOH + 30
g/L NaS, passivation was immediate in a solution containing 5 g?L S. In lower
concentration 60 g/L NaOH + 10 g/L NapS solution, only 1 g/L S was necessary to
cause immediate passivation, but in 120 g/L NaOH + 10 g/L NajS, 5 g/} S was
required to cause immediate passivation. When no sulfur was added, the electrode

remained active.

Electrodes which experienced a high corrosion rate spent a significant

portion of their life at corrosion potentials ranging from -200 to -150

mV(SSSE).

Polarization behavior of steel was investigated in each solution éom—
position. Data from the polarization curves are summarized in Appendix III. The
corrosion potentials on steel were clustered around four values as shown in Fig.
7. The value of corrosion potential was more noble for higher S concentrations.
Representative anodic and cathodic polarizationm curves for steel are presented
in Fig. 8. Three major current peaks were obsérved repeatedly,»gltﬁough the
peaks shifted slightly as the solution composition was varied. Typically, the
peaks were located at 70, =40 and -150 mV(SSSE), although the peaks at -150 mV
were somewhat iadistinct. These peaks are associated with oxidation reactions:

dissolution or formation of solid products such as oxide films.
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Figure 8. Polarization curves for 1018 steel, 90 C, 1 mV/s in 100 g/L NaOH +
~ 20 g/L NapS with () and without (---) added S.
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The polysulfide obscured the features of the anodic polarization curve
of steel compared to plain NaOH + NajS solutions. At hig£ S concentrations,
Ecorr was very high and anodic peaks were located below E.,p,.. The slépe of the
polarization curve,.ip mV/logarithmic unit of current, is related to the charge
passed during the electrochemical reaction or reactions occurring at that poten-
tial, and therefore can proQide some information on the corrosion process, use-
ful in understanding the fundamental causes of the corrosion. The anodic Tafel
slope, By, on steel was 64 mV (av. 26 values, s = 34 where s is the standard

deviation). The cathodic Tafel slope, Bg, was 128 mV»(av. of 18 values, s = 47).

The polarization behavior of gold was similar in all solutions. Data
from the polarization curves is summarized in Appendix III. The cathodic
polarization curves had two or more sections as seen in Fig. 9, indicating ;hat
a number of reduction steps occur‘for the sulfides in solution. At higher sz'
concentrations, the current densities were increased and the current density
reached a plateau, suggesting concentration polarization. The anodic Tafel
slope, Bp, was 78 mV (av. of 56 values, s = 18), with a trend to slightly lower
values at high SXZ' concentrations. The cathodic Tafel slope, Bg, was 125 mV
(av. of 70 values, s = 34), with a general decrease with decreasing OH- and
HS- concentration. This 1is the opposite trend to the anodic Tafel slopes on
gold. The lower section of the gold cathodic polarization curve had a slope of
38 mV (av. of Il values, s = 4.5). At these potentials gas evolution was

observed at the electrodes._

THIOSULFATE

Additions of thiosulfate increased the corrosion rate significantly as

summarized in Table 2. This effect was more pronounced at higher OH- and HS--
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Figure 9. Polarization curve for gold, 90 C, 1 mV/s in 100 g/L NaOH + 30 g/L
Nag$S with 0.5 g/L S (__) and 1.5 g/L S (---) additionms.
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concentrations. Thiosulfate increased the corrosion rate more than did poly-
sulfide. At higher HS- concentration the corrosibn rate did not fall with time;
suggesting that passivation néver occurred. Weight loss was much greater than
in polysulfide, especially after long exposure times. This is illustrated
schematically in Fig. 10 and 11 for 2 and 8 weeks exposure respectively which
show the 15 mpy isocorrosion surface. This region, enclos£ng higher corrosion
rates than the S‘mpy isocorrosion surface draﬁﬁ for the pélysulfide solutions,
covers a large range of solution compositions énd within that area corrosion

rates are as high as 60-80 mpy.

Table 2. White liquor studies - thiosuifate weight loss results.

$203—-, g/L
NaOH,g/L  Na,S,g/L 0 2.5 5.0  10.0  25.0  50.0
2 Weeks, mpy
60 10 3.1 2.7 4.4 9.1 9.9 15.9
20 3.9 3.3 4.6 8.6 14.5 30.3
30 8.6 6.6 5.6 9.3 20.6 41.6
40 8.3 9.1 7.1 9.9 29.2 44,6
80 10 5.0 1l1.4 16.9 10.1 10.5 12.0
‘ 20 5.5 10.5 14.7 6.3 22.6 39.6
40 - 11.9 20.9 14.3 27.8 50.6
20 — 10.0 18.8 32.6 30.1 58.8
30 -— 22.0 33.0 33.5 23.7 58.1
40 - 1309 22.7 30.1 36- 6206
120 10 - 13.8 16.2 28.6 8.7 15.0
30 - - - - - -
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Table 2 (Continued). White liquor studies - thiosulfate weight loss
results.

S903--, g/L
NaOH,g/L  Na,S,g/L 0 2.5 5.0 10.0 25.0 50.0

8 Weeks, mpy

60 10 0
20 1
30 4
40 3
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'  Corrosion potential, E.oyrrs Of the electrodes was monitored throughout
the exposure and is plotted in Fig. 12 for a range of 82032“ concentrations in

' 80 g/L NaOH + 40 g/L NapS. Representative plots of corrosion potential vs. time
are shown in Appendix II. Shifts of E,oppr occurred in conjunction with change

' of electrodes, perhaps due to the momentary loss of temperature or the agitation

|

i

1

i

i

i

agsoclated with specimen removall®4 or because of some drying of the electrode as

it was transfered to the fresh solution.

Polarization curves for steel Qere obtainea for each liquor composition.
A fepresentative cufve is shown in Fig. 13. Data for thg polarization curves is
summarized in Appendix IIi; Generally, as the thiosulfate concentration was
increased, the corrosion potential increased from -240 to approximately -140 mV.

The E.orr Was slightly more noble in lower HS- concentrations. This range of
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Figure 13. Polarization curve of steel in 100 g/L NaOH + 10 g/L NayS + 10 g/L
NapS903, 90°C, 1 mV/S.
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potential was in the active-passive transition, very close to one of the peaks
where dissolution rates where high. There was no trend in either the anodic or -
cathodic Tafel slopes and they varied from test to test. In solutions containing
no thiosulfate, the anodic Tafel slope was approximately the same as in poly-
sulfide solution. Otherwise, there was no consistency in either the anodic or
cathodic Tafel slopes on steel. At -240 mV(SSSE), a peak was generally observed
in the cathodic scan. Anodic peaks were located at approximately -150, -50, 75

and 165 mV(SSSE).

Corrosion potential on gold was comparable to Sx—- solutions. It was
comparatively unaffected by 82032', but declined at higher HS- concentration.
Data from the polarization curves is summarized in Appendix III. The anodic
Tafel slope, Bp, on gold was 59 mV (av. of 66 values, s = 9). At higher poten-
tial, the Tafel slobe was 263 mV (av. of 55 values, s = 91); these values varied
widely. The cathodic Tafel slope was 51 mV (av. of 72 values, s = 10), A
representative polarization curve for gold 15 NaOH + NajS + NapS,503 solﬁéion is

illustrated in Fig. l4.
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Polarization curve of gold in 100 g/L NaOH + 10 g/L NajsS +
10 g/L Na3S203 solution. :
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DISCUSSION

POLYSULFIDE

High initial corrosion rates were a t;anqient effect in low concentra-
tion polysulfide solutions (0.5-2.0 g/L S), and rates decreased dramatically
when pagsivation occurred as seen by comparing Fig. 3 and 4. The isocorrosion
surface encloses fewer solutions after 8 weeks than after 2 weeks and these are
mostly solutions in which very much higher corrosion rates were observed after
the two week exposure test. Figure 5 shows how corrosion rates were much higher
in solutions with low concentrations of S. The passivation process is well
illustrated by the plot of the rest potential, Ecoprs VS. exposure time (Fig. 6)
where it can be seen that the potential moves from the active region, =240
mV(SSSE), to the passive region, 100 mV(SSSE), after a period of time. After
the steel became passivated, the corrosion rate was decreased to 2.5 mpy. At
high polysulfide concentrations (5-10 g/L S), immediate passivation occurred and

no period of high corrosion rate was observed.

The increase of corrosion rate at higher sulfide concentration may Se
attributed to increased difficulty of passivation in these solutions. This
increased difficulty of passivation can be rationalized by consideration of the
polarization curve. Anodic péak heights are larger in higher sulfide concentra-
tion solutions.l0,12 Ag the electrodes paséivate, the potential must increase
through the range of potentials of this peak where the increased currents are
associated with increased dissolution. The péak current is known as the criti-
cal current for passivation, 1£cr1t)- More corrosion occurs before passivation
is complete, that is, i(crit) is larger for higher sulfide concentrations.
Indeed, electrodes which experienced high corrosion rates spent coasiderable

time in the peak potential range from =150 to -200 mV(SSSE) before passivating.
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At high sulfide -concentrations, more polysulfide was required to passivate the
electrode within .a given period. In combinations of high OH-.and HS- (120 g/L-
NaOH +-40 g/L NayS, 100 g/L NaOH + 40 g/L NajS), corrosion rates were high even "

after 8 weeks due to the difficulty of passivation.

Polysulfides stimulate passivation by their oxidizing nature. The

redox potential for the half-cell:
Sy412” + HY + 2 e- %5 $,27 + HST . o (3)
is located at a noble potential. For example, for:
'532-f3.u++4e— 25 3 Hs- ‘ - (4)

the reversible potential at 90 C in 100 g/L NaOH + 30 g/L NapS-is 136 mV(SSSE).
This reaction and similar reactions for other polysulfides form a mixed poten-
tial. On an inert electrode, it has been shownl? that these polysulfides also
form a mixed potential with thiosulfate in solution and that this mixed poten-
tial of polysulfides and thiosulfaté is loéated at a potential slightly below
the mixed potential for the polysulfides alone. At higher temperature, this
potential moves closer to the thiosulfate equilibrium. The mixed potential of
polysulfides and thiosulfate in sulfide solution has been described in more
detail elsewhere.l2 At the mixed potential, polysulfides are reduced. The
reduction of polysulfides comes to électrochemical equilibrium with oxidation of
iron ‘at the corrosion potential, Eqqyrsy in the solution. Apparently sufficient
current to maintain the passive -oxide .film on steel can be supplied by sz'
reduction. If large quantities of polysulfide are available, their reduction
can provide current to passivate the surface immediately, as was observed in
high polysulfide solutioms. Tﬁus the polysulfide reduction supplies current

just as an anodic protection system would.
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The change of E.,.p with time of exposure is not related to changes in
the solution composition due to oxidation of the polysulfide; solutions were
changed frequently to ensure that polysulfide concentrations were maintained.
Passivation may take longer in some cases because some transformation of the
film must occur to-make it protective. New films may contain significant
sulfide, making them nonprotective. Some period may be required go convert this
film to a protective one by replacing the sulfide with protéctiveloxide; This
is supported by the observation that the film is more adhereant after a long

exposure than newly formed film.

The corrosion potentials of electrodes prior to polarization were
observed to attain values distributed around -250, -100, 60 and 130 mV(SSSE),
(Fig. 7). The lowest value ¢oincides with reduction of hydrogen. At this mixed
rest potential (-250), the anodic.dissolution of the steel is balanced by the

hydrogen evolution reaction:l4
2 Hy)O + 2 e~ 3 Hy + 2 OH- (5)

as illustrated schematically in Fig. 15. The mixed potential is in the active
region of steel. The theoretical potential for hydrogen evolution may be calcu-

lated using the Nernst equation: .
E = Eo - (2.303RT/2F) 1og(aH'2) - (2.303 RT/F)pH (6)

The pH 1is approximately 12.9 in these solutions at 90 C.1§ The potential for
hydrogen evolution at 90 C is calculated to be =929 mV(SHE) or -279 mV(SSSE)
which is in fairly good agreement considering that hydrogen activity was -unknown

and errors due. to liquid junction potential were uneglected.
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Figure 15. Schematic diagram illustrating the reactions which may control

the corrosion potential,
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The E.ypr at —-100 mV(SSSE) corresponds closely with the active-passive

peak. This corrosion potential also coincides with the half-cell:
$2032~ + 8 H + 8 e~ £3 2 HS- + 3 Hy0 (7)

The reversible potential of this reaction is calculated ‘to be -699 mV(SHE) at 90
C or -55 mV(SSSE) in 100 g/L NaOH + 30 g/L NajS solution with an impurity level
of 0.001 g/L NajS903. The mixed potential with steel would be expected at a
lower potential as was observed (-100) because the thiosulfate would be reduced
as the iron oxidizes. Thus the corrosion potential in this range results from-a
balance of oxidation reactions of the steel and the reductioéon of thiosulfate as
illugtrated in Fig. 15. Electrodes which attained a rest. potential- in this
region experienced a high‘corrosion rate because this also corresponded to the

active—passive peak of the steel.

The highest values of E oy (60, 130) were close to the polysulfidé
equilibrium, [Eq. (3)]. The highest potential, 130 mV, is close to the rever-
sible potential for reaction 4. The lower potential, 60 mV, may result from
mixed potential of reaction 4 with reaction 7. in tﬁis case, iron oxidation.is
apparently balanced by reduction of polysulfide as shown in Fig. 15. At high
concentrations of polysulfide, the corrosion potential attained noble values,

close to the polysulfide equilibrium, as wogld be expected.

The poiarization curves for steel were significantly affected by addi-
tions of polysulfide. As illustrated in Fig. 8, the current density of the
. peaks was decreased in polysulfide solutions. The applied current of a polari-
zation curve is thé difference between spontaneous oxidation and reduction
currents. A decrease in current may result from a decrease in the oxidation

current or an increase in the reduction current. The -curreat for the oxidation
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of steel (due to film formation or dissolution) may have the same value as in
polysulfide-free .solution but when summed with the reduction current for the
polysulfide which is of opposite sign, the total current is decreased. Thus the

critical current for passivation is decreased by reduciion of polysulfide.

The anodic peaks have been discussed by Crowe, 12 4nd can be identified
with reasonable confidence. The peak at -150 mV(SSSE) was close to the poten—
tial for formation of Fe3O, and some of the currenc‘may result from dissolution
to Fe(OH)3~. The peak at -40 mV(SSSE) corresponded with FeS; formation from

FeS. The peak at 70 mV(SSSE) was ‘consistent with the formation of Fey03 or

. FeOOH, which forms a protective passive surface film. These reactions may be

seen by reference to an E—pH diagram for the Fe—S—Hzo system at 100 C, 12 Fig.
16. This diagram illustrates the stability regions of species satisfactorily at
90 C. 1In these solutions, at 100 C the pH is approximately 13.18 At this pH,

indicated by the vertical arrows, iroun is stable as a number of forms depending

~on the potential. As the potential increases the species stable at that poten-

tial forms: fifst,'solnble'Fe(OH)3', then oxide Fe304, and finally Fey03 which
is a passive layer. Note that the FeSy region is nearby and may extend to
higher pH in the potential range of the peak if the activities of the species
are different than assumed in constructing the diagram. lhe FeS) may pfevent

the formation of .the protective passive film.

The anodic Tafel slope of 64 mV indicated that the rate determining
step for oxidation involves the passage of a doubly charged species away from
the surface; This may be for oxidation of the steel or the sulfides in solu-
tion. The cathodic reaction may be limited by a step involving a singly charged

species as evidenced by the larger Tafel slope (128 mV)°
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Figure 16. E-pH diagram for the Fe-S-Hy0 system at 100 c.12

The polarization behavior of gold results from the oxidation and reduc-
tion reactions of the constituents of the solution only because the gold itself
is inert and does not participate. The cathodic polarization curv; had two sec-
tions indicating that at least two reduction reactions were takiné place when
the electrode was polarized. . The lower section was consistent with H+ reductionl?
and was confirmed by visual observation. The Tafel slope was 38 oV which was

fairly consistent with a mechanism for hydrogen evolution described by 0'Brien

and Seto.l9 The upper section of the cathodic polarization curve is consistent
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with reduction of S,2~ to HS- as described by Yeske.l4 There may also be some
reductibn of 82032' at lower poténtials. The large cathodic Tafel slope in this
range was suggestive of concentration polarization. The .linear portions ob-
served in this range would result from the various sulfide species present in
the solution which could be oxidized. This was supported by the observation of

an increase in current with increasing S concentration seen in Fig. 9.

The anodic Tafel slope on gold (~78) was close to 75, indicating that
a doubly charged species was moving through the double layer, which would be

consistent with oxidation of HS- to sz‘;lz Thus the high currents at these

' potentiais are principally due to oxidation of sulfide to form polysulfide. The

caﬁhbdic Tafeivslope was higher (125 mv) indicating that movement of single

charged species (perhaps HS-) was involved in the rate determining step.

Polysulfides exert a strong influence on the corrosion potential as
observed by others.lofzo Low concentrations of polysulfides accelerate
corrosion by shifting the corrosion potential into the active-passive region and
high concentrations cause spontaneous passivation. The pfésent sfudy has shown
tﬁat pagsi;afion eventually occurs even wiﬁh low concehtrations. Ahlers?! found
that low coﬁcentrationg of polysulfide inéreased the corrosion rate in batéh
cooks. The surface would:bé exposed to the air between cooks an& the passive
layer would be damaged. Tgus, the transient effect would be repeated in each
cook cyéie resulting in a much Higher corrosion rate thaﬁ &ould be expected for
a éénfinuoué e%posufe. folysulfide may also be:very impo;tant when upsets occuf
freﬁuently or whéré the surface péssive film is repeatedly damaged; Freqﬁent
damage to the film would:occur due to high floﬁ‘rate or mech;nicai abrasion.

The transient effect of sz‘ on corrosion rate is of importance to the problem
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of stress corrosion, too. In polysulfide solutions of low conceﬁtfation, dis-
solution rates may be very high at the tips of stress corrosion cracks where
deformation repeatedly breaks the passive film. Competing repassivation pro-
cesses may be slow, as indicated by .the long period for passivation to occur in
weight loss tests. ‘The effect of polysulfide on long-term exposure is to passi-

vate the electrode, thereby decreasing corrosion rate.

THIOSULFATE

Thiosulfate increased the corrosion rate significantly throughout the
period of the exposure in proportion to the amount of thiosulfate in solution.
The isocorrosion surface, 15 mpy, illustrated the large number of solution com-
positions in which the corrosion rate exceeds 15 mpy. This effect was again
increased by higher HS— concentrations probably due to increased dissolution
currents at the active/passive peak as were observed by Wensley.lo More corro-

sion would occur while the electrode was in the peak potential range.

The redox potential for the equilibrium 7 (HS—/SZO3?') has a value of
-699 mV(SHE) or -45 mV(SSSE) in 100 g/L NaOH + 30 g/L NapS + 5 g/L NajyS,03 which
is very close to the active-passive peak potential of -50 mV(SSSE). The corro-
sion potential of the steel would rest in this potential range dug to the
thiosulfate equilibrium and increased corrosion would take place. The active-
passive peak 1s consistent with formation of FeSz-l2 At higher potentials,
passivation with an oxide film prevents dissolution. Thus thiosulfate stimula-
tes corrosion by increasing the active/passive peak heights and by placing the
corrosion potential into the active/passive range. Thiosulfate must delay tﬁe }
point of onset of passivation and thus stimulate larger active/passive peaks.
Figures 10 and 11 illusfr;te that high corrosion rates were experienced for

almost all solutions containing thiosulfate.
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In low concentration of thiosulfate (2.5-5.0 g/L) or sulfide (10 g/L)
corrosion rate decreased with time because the electrode became passive as can
be seen in Fig. 12 for 2.5 g/L NdS903.' - It is possible that some of the

thiosulfate is converted to polysulfide via the equilibrium:
$70327 + HS- %5 S52~ + 5042 + H+ (8)

The polysulfide thus formed may assist the electrode to passivate during a suf-
ficient period of exposure. The passivation is presumably easier in low sulfide
solution due to the smaller size of the active—passive transition in these solu-

tions as described previously.

- The polarization behavior on steel was almost the same as in poly-
sulfide solution. Peaks were probably identified with the same reactions. The
pedk at 165 mV(SSSE) could not be identified due to the large nnumber of reac-
tions which may occur in this range. No conclusions could be drawn from the
Tafel slopes observed on steel; presumably 'a number of‘reactions are occurring

to cause the scatter in values.

Polarization behavior on gold was similar to that in polysulfide solu-
tions, too. Nothing conclusive could be stated about the Tafel slopes. The

high anodic Tafel slope was consistent with diffusion control.

Thiosulfate does not increase corrosion rate by generating low concen-
trations of polysulfide. If this were true, then very high concentrations of

thiosulfate would generate a large amount of polysulfide and passivation should

occur after a period of exposure. This was not observed.

The results obtéined here are significant because they indicate that

the corrosion rate will be high where thiosulfate is formed by oxidation of
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sulfide, for example at the liquid-vapor line in pipes and tanks or where it is
present as the result of poor reduction in the recovery boiler. Furthermore,

thiosulfate impairs passivation and a high corrosion rate is maintained.

IMPLICATIONS FOR PULP MILL OPERATIONS

The results of the studies of liquor composition effects on corrosion

rates in kraft white liquor have some practical implications for operationms.

These mostly concern the process chemistry.

The oxidized sulfide species have a considerable influence on corrosion
rate. Therefore high reduction efficiency in recovery boilers is important to
minimize concentrations of polysulfide and thiosulfate. Also, air should be
excluded from the process to prevent formation of thiosulfate. The effect of
air oxidation is especially noticeable in the wet/dry zone of tanks where corro-
sion rate underneath moisture films is high. Splashing should be minimized in

the process to reduce the amount of contact with air.

Polysulfide, in sufficient quantities, may reduce corrosion rates. This
confirms that polysulfide pulping may be beneficial in reducing corrosion. The
addition of smaller amounts of emulsified sulfur make-up in the recausticiziag
area may place the polysulfide concentration at a low level, and a high tran-
sient corrosion rate will be experienced following the addition. This effect
could extend for significant distances from the addition point, as the liquor is
diluted. To avoid this problem, emulsified sulfur should be added in the black

liquor area prior to reduction in the recovery boiler.
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CONCLUSIONS

1) Low concentrations of polysulfide increase corrosion rates only ini-
tially, but assist passivation, thus decreasing corrosion rate in the long run.
Their effect would be most pronounced when the steel surface is continuously -

exposed by abrasion, deformation or changing solution level.

2) Thiosulfate increases the corrosion rate throughout the exposure
except at very low NajS and NaOH concentrations. Rest potential is controlled
at the potential of the half cell reaction between HS- and 52032' which is close

to the potential of the active-passive transition peak.

3) Time of exposure has an influence on the corrosion rate. A protec-
tive passive layer is formed after a period of exposure which depends on the

polysulfide and thiosulfate concentrations.
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APPENDIX I

EVALUATION OF EXPERIMENTAL PROCEDURES

The purpose of these studiés was to determine possible sources of error
in white liquor studies.'The effects on weight loss of 1) removal of corrosion
produﬁts'by blasting vefsus abrasion methods, 2) initial surface condition, 3)
liquor volume, 4) material of test container and 5) removal of corrosion products
were studied. Surfaces were examined after blasting and éhemical cleaning to
determine 1f cleaning introduced impurities.: A procedure for removal of corro-

sion products was adopted, as described below.

Electrodes were blasted with spherical silica glass beads at 20-30 psi
in a Cyclo-blaster to remove the corrosion products. The rate of material loss
from a bare specimen averaged about 100 mg/min of blast time. The rate of loss
was somewhat higher if the initial surface was blasted rather than abraded.
Abrasion of an electrode to remove a mark made by a felt marker pen resulted in

roughly twice the weight loss from removal of the mark by blasting.

Initial surface condition influenceq subsequent rate of weight loss, as
illustrated in Fig. AI-l1. Rate of weight loss inVIOQ g/L NaOH + 33 g/L NajS
solution was higher fo? more coarsely abraded specimens. The blast-cleaned spe-
cimen lost weight at approximately the same rate as the specimen abraded to 120

grit.

A 120 grit finiéh has been establi;hedﬂas the standard finisﬁ forAthe
threaded, cylindrical type specimens. This finish is easily obtaiﬁed by
abrading the surface to 120 grit with silicon carbide paper while rotating the
specimen via an electric motor. Periodie cooling with water will prevent

metallurgical changes to the surface due to heat. After abrasion, the specimens
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should be rinsed thoroughly with water and acetone. Air blasting will assist
drying. Tissues or tweezers should be used to handle the specimens after this
point to keep the samples clean. The specimens should be left for one hour to
come to equilibrium with the room temperature and humidity level. Prior to
weighing with the aﬁalytical balance, the specimens may be placed in snap cap

vials and labeled.

Figure AI-2 shows that the volume of liquor in the test container had a

significant effect on corrosion rate. This effect suggests that some corrosive

reactant is depleted or corrosion products are accumulated, slowing the corro-

. sion rate.

The material of construction of the test container (stainless steel or
Teflon) may affect the corrosion rate, but the effect was not determined conclu-

sively.

Corrosion products were removed with a paper towel or by blasting, but

subsequent corrosion rate was essentially the same as for untouched specimens.

Analysis of surface composition by EDS/SEM showed no significant con-
centration of unusual or heavy elements. Some of the Si detected may have been
due to deposition of glass (from the blasting beads) on the surface, and some

due to background.

Cleaning in Clarke's solution (10 g Sbp03 + 25 g SnCly + 500 mL HC1(sp.
gr. 1.19)) generally resulted in surface staining. Surface analysis by EDS
detected no Sn, and Sb and Cl were 0.5 and 1 % above background level, respec-
tively. These low levels probably do not affect the corrosion rate signifi-

cantly.
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PROCEDURE FOR REMOVAL OF CORROSION PRODUCTS FROM
CARBON STEEL WEIGHT LOSS SPECIMENS

Careful removal of corrosion. products is critical in obtaining
accurate, reproducible weight loss data. The following cleaning and handling

techniques will aid in minimizing errors.

Corrosion products may be removed by blasting with a Cyclo-blast dry
honer using glass beads. It is desirable that the specimens are hand-held and
individually blasted at the lowest blast velocity that effectively removes the

corrosion products from the surface. Careful attention is required to ensure

. that surfaces are not blasted any more than is necessary to remove visible de-

posits. Following blasting, the specimens are flushed with air. They are then

rinsed in water and the threaded hole is rinsed and cleaned with a pipe cleaner.

The hole is then blasted with air to remove any water and pipe cleaner fibers.

The entire specimen is then rinsed with acetone, air blasted dry and allowed to

sit for one hour before weighing.

Alternatively, corrosion deposits may be removed by a chemical cleaning
method: Clarke's solution is prepared as noted above. The addition of an alde-
hyde such as formaldehyde, acetaldehyde, benzaldehyde, or glyoxal may prevent
the evolution of toxic hydrogen sulfide gas from sulfide corrosion products. As
a further précadtion, prebaration of the cleaning soiution and the cleaning pro-
cedure should always be performed in a fume hood. The specimens may be sup-
ported by a perforated Teflon jar 1lid in the bottom of a beaker of cleaning
solution at room temperature. The solution is vigorously stirred by means of a
magnetic stir bar located underneath the perforated Teflon 1lid. The specimens
are placed .in.the solution for about 15 minutes, then removed with tongs, rinsed

in distilled water and lightly brushed with an acid resistant brush. Specimens-
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are then placed back into solution for an additional 10 minutes. " Finally, the
electrodes are rinsed in water, cleaned with a pipe cleaner, rinsed in acetone, '

air blasted dry and left to sit until weighing.

Determination of Variances in Weight Loss of Metal Electrodes
. Dueto the Initial Surface Condition
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Figure AI-l. Determination of variances in weight loss of metal electrodes due
to the initial surface condition.
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Determination of Variances in Weight Loss

. 550} of Metal Electrodes Due to the Ligquor Volume
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Figure AI-2. Determination of variances in weight lo$s of metal electrodes due
to the liquor volume. :
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APPENDIX II

CORROSION POTENTIAL DURING WEIGHT LOSS TESTS

SOLUTLONS CONTAINING SULFUR ADDITIONS
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Figure AII-1. Corrosion potential in 60 g/L NaOH + 10 g/L NapS.
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Figure AII-2. Corrosion potential in 60 g/L NaOH + 10 g/L NajS + 0.5 g/L S.
Similar behavior was observed in the solutions of the following
compositions: .

NaOH, g/L NasS, g/L S, g/L
60 20 1.5
60 20 1
60 30 1.5
60 K 30 2
60 40 1.5
60 ‘ 40 2
80 30 2
100 40 5
120 10 2
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Figure AII-3.

Corrosion potential in 60 g/L NaOH + 10 g/L NajyS + 1 g/L S.
Similar behavior was observed in solutions of the following
compositions:

NaOH, g/L NasS, g/L S, g/L- -
60 10 1.5
60 10 2
60 10 5
60 10 10
60 20 2
80 10 1.5
80 10 2
80 10° 5
80 10 10

100 10 1.5
100 10 5
100 10 10
100 20 5
100 20 10
120 10 5
120 10 10
120 20 10
120 30 5
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Figure AII-4. Corrosion potential in 60 g/L NaOH + 20 g/L NajS.
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Figure AII-5. Corrosion potential in 60 g/L NaOH + 20 g/L NayS + 0.5 g/L S.
Similar behavior was observed in solutions of the following

compositions:

NaOH, g/L NasS, g/L S, g/L
60 30 1
60 40 1
80 30 1
80 _ 40 1.5
80 40 2

100 10 0.5
120 10 0.5
120 20 1
120 20 1.5
120 20 2
120 30 1.5
120 30 2
120 40 1.5
120 40 2
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Figure AII-6. Corrosion potential in 60 g/L .NaOH + 20 g/L Naps + 5 g/L S.
Similar behavior was observed in solutions of the following

compositions:

NaOH, g/L
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Figure AII-7. Corrosion potential in 60 .g/L NaOH + 30 g/L NapS. Similar
behavior was observed in solutions of the following com-
positions:

NaOH, g/L NazS, g/L .8, g/L

60 : 40
100 40 0.5
120 30 0.5
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Figure ALI-8., Corrosion potential in 60 g/L NaOH + 30 g/L NazS + 0.5 g/L S.
Similar behavior was observed in solutions of the following com—

positions:
~ NaOH, g/L NajsS, g/L S, g/L
60 40 ' 0.5
100 40 1.5
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Figure AII-9. Corrosion potential in 80 g/L NaOH + 10 g/L NapS + 1 g/L S.
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Figure AII-10. Corrosion potential in 80 g/L NaOH + 10 g/L Nag$S + 0.5 g/L S.
' Similar behavior was observed in solutions of the following

compositions:

NaOH, g/L
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Figure AII-11.

Corrosion potential in 80 g/L NaOH + 10 g/L Na,S + 1 g/L S.

Similar behavior was observed in solution containing 100 g/L NaOH

+ 10 g/L Na,S.
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Figure AII-12. Corrosion potential in 80 g/L NaOH + 20 g/L NapS. Similar
s behavior was observed in solutions of the following com-
positions:

NaOH, .g/L NajsS, g/L
80 30
100 40
120 ) 20 -0
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Figure AII-13. Corrosion potential in 80 g/L NaOH + 20 g/L NapS + 1 g/L S.
Similar behavior was observed in solution containing 80 g/L
NaOH + 20 g/L NapS + 1.5 g/L S.
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Figure AII-l4. Corrosion potential in 80 g/L NaOH. + 20 g/L NazS + 5 g/L S.
Similar behavior was observed in solutions of the following
compositions: -

NaOH, g/L NasS, g/L S, g/L
80 20 10
80 30 - 5
80 .30 .10

100 ' 40 10
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Figure AII-16. Corrosion potential in 80 g/L NaOH + 30 g/L NajS + l.5 g/L S.
Similar behavior was observed in solutions of the following
compositions: o

3

. . NaOH, g/L  .Nap$, g/L .. S, -g/L
80 40 1
100 20 1.5
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AI1-17. Corrosion potential in 80 g/L NaOH + 40 g/L NasS + 0.5 g/L S.

Similar behavior was observed in 120 g/L"NaOH + 40 g/L NajS +
0.5 g/L solution.
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Figure AII-18. Corrosion‘ potential in 100 g/L NaOH + ‘10 g/L NapS + 2 g/L S.
Similar behavior, was observed in solutions of the following

compositions
NaOH, g/L Nass, g/L S, g/L
100 20 0.5
100 20 1
120 .. .- . :20. . 0.5 -
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Figure AII-19. Corrosion potential in 100 g/L NaOH + 40 g/L NayS + 2 g/L S.
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' Figure AII-20. Corrosion potential in 120 g/L NaOH + 10 g/L NajS.
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Figure AII-21. Corrosion potential in 120 g/L NaOH + 20 g/L NayS + 5 g/L S.
Similar behavior was observed in 120 g/L NaOH + 30 g/L Nay$
+ 10 g/L-S. . " e .
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Figure AI1-22. Corrosion potential in 120 g/L NaOH + 40 g/L Nays + 5 g/L S.
' Similar behavior was observed in 120 g/L NaOH + 40 g/L NayS +
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Figure AI1-23., Corrosion potential in 60 g/L NaOH + 10 g/L NaZS‘+ 2.5 g/L
NaS903. Similar behavior was observed in 80 g/L NaOH +

10 g/L Nayg,

%
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Figure AII-24. Corrosion potential in 60 g/L NaOH + 10 g/L NagS + 5 g/L
. NaS203. Similar behavior was observed in solutions of
the following compositions: :
' ‘NaOH, g/L NasS, g/L Na358903, g/L
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Figure AII-25.
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Corrosion potential in 60 g/L NaOH + 10 g/L NagS + 50 g/L
Na28203. Similar behavior was observed in solutions of

the following compositions:
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80
80
100
100
120
120

NapS, g/L - NayS903, g/L

10 25
10 50
10 25
10 50
10 25
10 50




f
‘ .

Project 3556

POTENTIAL,V (SSSE)

-77-" Report Three'
150 1 | 1 1 1 | 1 1 1 | 1 | 1
100 4 -
50 4 -
1 Lt DL R 2 weeks
0- ~— « —— 4 weoeks |
L — - — 6 weeks B
-50 4
8 weeks B
-1004 :.
- .’J:MN_,\ o
h—— N
150 — > |
2004 o
-250] -
-300..7 L
-350 v Y - T T T T T T T T T
0 200 - 400 600 800 1000 1200 1400

Figure AII-26. Corrosion potential in 60 g/L NaOH + 20 g/L NayS + 2.5 g/L

NajpS203.

EXPOSURE TIME, HOURS

Similar behavior was observgd in solutions of

the following compositions:

NaOH, g/L NaS, g/L NayS703, g/L
60 20 5
60 20 10
60 20 25
60 20 50
60 30 2.5
60 30 5
60 30 10
60 30 50
60 40 25
60 40 50
80 20 10
80 20 25
80 20 50
80 30 25
80 40 25

- 80 40 50
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Figure AII-28. Corrosion potential in 60 g/L NaOH + 40 g/L NapS + 2.5 g/L

NapS903. . Similar behavior was observed in solutions of the
following compositions:
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Figure AII-29. Corrosion potential in 80 g/L NaOH + 10 g/L NapS + 2.5 g/L
NapS903. Similar behavior was observed in solutions of the
following compositions:

NaOH, g/L NasS, g/L NayS903, g/L
80 10 5
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80 40 5
100 10 2.5
100 10 5
100 20 5
100 10 10




Project 3556

158
100
A 50
(9]
L9
@
g )
4 -5
-
W
— ~-180
(V]
1 0]
= -150
& -209
'—-
5
- -250
o
Q.
-390
-350

Figure AII-

NapS$903. ..

Similar behavior was observed in solutions of the
following compositions: :

-81-. Report Three
" -
. 4
- .
| 1
! ]
| '
" -
4/.\‘\ ..... -{
| P eaeer e,
X j?"f 4
! 3
et -
i ¢ i
. oy j -
L e ——————  TVO WEEKS -
L FOUR WEEKS -
S SIX WEEKS .
S L EIGHT WEEKS' 4
L_,_.__L_-__L_ . i J 1 " . L. - . - L *I y A
e 28 - 400 608 .- 888 1009 1200 1480
o - HOURS
30. Corrosion potential in 80 g/L NaOH + 20 g/L NapS + 2.5 g/L

* NaOH, g/L NasS, g/L NapS703, g/L
80 20 5
100 10 2.5
100 30 5
100 40 10




Project 3556

-82~

Report Three

]Sﬂ » + T L8 v v L) L LA v 1] Ll
188 - o
--'.'—'.9""/\\' temrentTnT -
A 50 | .
o
(WD)
@ - .
) 2|
3 .
U': ~
>‘ "Sg - -4
-]
llﬂ .
I’U‘_'] -188 . -J .
. -
= -150 | N
- | ]
[ R
& J .\—' | )
(7] . s .
5 r"‘“‘~a—~_.-./ ———— e TWO WEEKS -
i i —-— .~ FOUR WEEKS .
N % SIX WEEKS i
- e, EIGHT WEEKS -
-35¢ . . . : . : : . . .
4} 200 40 608 808 1980 1200 1400
HOURS

Figure AII-31.

Corrosion potential in 80 g/L NaOH + 30 g/L NapS + 2.5 g/L

NapS5203.
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Figure AII-32. Corrosion potential in 80 g/L NaOH +.30 g/L-Nazs + 10 g/L

NagS203s Similar behavior was observed in solutions of the
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SOLUTIONS WITH SULFUR ADDITIONS

Table AIII-l.

NaOH Nay$
60 10
60 20
60 30
60 40
80 10

-86-

APPENDIX III

DATA FROM POLARIZATION CURVES

Data from polarization curves.

B¢

266
114

95
106
110
114
114

311
110
108
114
120

© 140

gold.
Anodic Cathodic
S EcorrR A ECorr
0 112 108
" 0.5 116 118
1 116 118
1.5 114 114
2 114 114
5 100 100
10 96 98
0 104 108
0.5 116 104 118
1 118 97 118
1.5 114 90 116
2 118 86 120
5 116 69 114
10 112 81 112
0 94 102
0.5 104 114 104
1 102 93 -100
1.5 96 102
2 94 110 92
5 86 66 84
10 134 66 134
0 100 62
0.5 109 106 108
1 110 100 110
1.5 96 104
2 102 106 104
5 106 66 106
10 92 66 80
0 96 114 104
0.5 122 88 124
1 120 88 118
1.5 122 81 122
2 122 75 122
5 124 124
10 128 126

133

112
98

106
124
95

91
91
110
104
130
104

150
102

95
112
112

95
106

A.

Report .Three

Solutions
with sulfur additions; polarization curves on

B¢

B¢
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l Table AIII-1 (Continued). Data from polarization curves. A.
Solutions with sulfur additions;
' polarization curves on gold.
Anodic Cathodic
‘NaOH Nazs S - ECORR BA ECORR : Bc BC BC .
' 80 20 O 90 118 96 193 . 36
0.5 92 102 94 124
1 . %0 . 106 . 92 104
' 1.5 128 75 - 122 140
2 130 . 74 130 126
5 134 66 134 114
' 10 . 100 . 53 100 102
80 30 .0 82 135 9 250 34
L, 0.5 118 106 114 89
. 1 112 81 114 131 .
1.5 122 60 122 145 124
2 120 56 122 126 78
' 5 132 73 130 135 88
10 124 73 120 131 85
- 80 40 0 86 122 84 225 36
. ' " 0.5 102 107 98 ' 88
1 110 71 114 208 41
1.5 116 70 118 135 89
' 2 126 71 124 142
| 5 118 57 120 . 124 78
| 10 132 73 130 135 91
' 100 10 0 126 - 107 . 128 39
0.5 112 -_— 114 34 .
1 122 55 124 153
' ‘1.5 132 —_— 132 167
2 124 57 126 164
5 136 53 134 161
' 10 138 114 138 33
-4 N 3
100 20 0 118 122 122
0.5 122 66 122 278 47
. 1 126 69 126 217 ..
1.5 124 78 124 134
2 126 . 66 - 126 165
. 5 126 60 _ 126 135
10 128 56 128 174
100 30 .0 112 60/118 106 33
' ' " 0.5 112 75/114 114 44
1 124 69 122 167
1.5 122 71 122 190 114
' 2 126 64 124 149
5 130 58 130 149
10 134 56 136 149
. 100 40 0 88 * 85 110 39
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Table AIII-2.

NaOH Naj$
60 10
60 20
60 30
60 40
80 10
80 20

S

oOWVNNE-E—~ OO OWUVN = OO O VN = m=~0OO OWUVNMFE=M~OO
L ] _! L[] .
w wn wn w

OV~ ~OC
L ]
wn

Anodic
ECcorr

-254
-82
116
114
112
100

96

-244
-90
-90
-90
-84
116
112

=242
-116
-104
-158
-126
86
136

-238
-100
-98
-146
-108
58
86

-248
-80
120
122
122
124
130

-246

-124

-290
124 .
132
134
100

w0

A
45

150

-88-

Polarization curves of steel.

Cathodic
Ecorr

=242
=74
116
114
114
102
116

-282
-90
-86
-82
-84
114
112

-192
-98
-74

-142

-128

84
136

=242
-104
-100
-144
-110

42

84

-246
-84
120
120
122
124
130

-248
~124
-120
122
128
132
98

108
120

Report Three -

Anodic Peaks

-137

~140

-136

~133

-99

-143

-137

~-169

B

=27
=50

-89
-29
=30

=21

~42.

-48
=25
=53

-48

=57

-37
-48

-34
-67

C D

89

40
130
129

NN —=ON

98
116
106

112

17
119
103

65

-9 73
99
11 90

198

137

165

167

139

344
346

311
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Table AIII-2 (Continued). Polarization curves of steel.

Anodic Cathodic - Anodic Peaks
NaOH Nas$S S ECORR BA ECORR‘ ] 'BC A B. -C . D E F
80 30 0 =248 69 -182 . 131 -140 o 4 70
0.5 -102 - -104 - =20
-1 28 - 0 -
1.5 58 - 60 -
2 60 - 66 - :
5 52 - 52« -- : 143
10 48 - 46 -
80 40 0 - =224 66 =220 127 .
0.5 . -124 - =-124 - 0
1 -166 - 98 -166 - - =34 334
1.5 -152 - ~150 .- -93 -51 103 348
2 -158 - -164 = -- -116 67 :
5 -116 - -150 - 72
10 42 - 42 -
100 10 .0 =260 . - ~260 - -142 =41 76 222
0.5 -142 - -144 - -86 _ 213
1 -144 - -156 - -125 28 79
1.5 84 - -130 -
2 60 - 52 -
5 52 - 50 -
10 142 - 142 .-
100 20 -0 -256 . 43 -258 114 -137 =43 69
0.5 -104 - - -104 — =50 101
1 =94 - -92 - ~57 105
1.5 -90 — -92 170 -61 109
2 -84 . 49 -86 205 -54 24 132 277
5 132 80 136 -
10 136 112 136 104
100 30 -0 =254 78 -254 94 -137 =42 191
0.5 =204 . 19 =202 - -145 =41 50 260
1 -108 - -108 - -97 =44 123
1.5 122 - 158 104 L e
2 ~100 .- . =98 - -69 -6 100
5 -90 - -80 - =54 106 180 325
10 134 - 136 . -
100 40 0 -252 66 =254 95 -37
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Table AIII-3. Polarization curves on gold.

o Anodic Cathodic
NaOH NaZS N828203 ECORR BA ECORR BC BC
60 10 - 0 128 36 118 40
‘ 2.5 128 57 127 : 45
5 128 132 370 50
10 116 112 161 52
| 25 138 - 120 167 60
| 50 120 49 126 190 66
} 60 20 0 130 58 138 40
| 2.5 118 55 122 393 42
| 5 132 50 130 505 - 45
10 118 52 112 48
25 114 53 112 190 47
50 114 50 116 163 58
60 30 0 118 61 116 40
2.5 126 56 122 41
5 112 56 116 44
10 120 - 55 118 52
25 114 58 110 173 50
50 110 53 110 161 60
60 40 0 108 55 112 - 36
2.5 116 57 112 44
5 118 60 122 45
10 110 - 57 112 208 49
25 114 61 120 235 - 58
50 114 58 114 170 69
80 10" 0 138 136 37
2.5 140 48 136 - 45
5 126 45 134 310 48
10 142 57 140 255 52
25 130" 58 132 - 255 60
50 136 41 126 201 78
80 20 0 136 53 126 41
' 2.5 122 56 120 417 43
5 128 83 132 319 49
10 114 75 124 250 -56
25 122 54 114 56
50 112 ' 118 ‘ 67
80 30 2.5 152 57 124 352 4l
5 146 63 126 417 49
10 128 60 108 505 44
25 136 56 120 290 64
50 104 61 118 183 61
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Table AIII-3 (Continued).

'NaOH Nap$  NapS903

80

100

100

100

100

120

120

40

10

20

30

40

10

.20

2.5

5
10
25

50

2.5

5
10
25

-50

2.5

10
25 .

© 50

2.5

10

25
. 50

2.5

10

25
50

2.5

10

- 25

50

2.5

-91- .
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Polarization ;,curves on gold. -

Anodic -
ECORR

106

112

110
102
100

182
142
130
114
114

138
126
112
110
102

106
110
114
104
114

102

92
102
110
102

120
I16

i

By

78
74
69
66
66

57

47
48

56 -

63
60
45
57
55

61
66
69
66

64 .

75

72 -

67
69
69

66

.60

60
55

52

63

Cathodic
ECorr

118
- 110
110
110
108

136
126
138
128
130

122
116
118
124
118

118
116
114
118
120

114
106
114
116
108

142
136

B
335

278
212

- 170

161

393
250

235

201

319

230

. 239

216
193

- 335

250
235

- 201
180

255
235
240
255
156

472

393
319

.+ 208

173

300

47
45
57
56
73

42
48
44
57
60

45
28
52
56,
70

41
53
57
69
55

47
44
52 -
63
70.

42
44
48
57
66

45
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Table AIII-4.

Anodic

NaOH NagS NapS203 Ecorr

60

60

60

60

80

80

80

10

20

30

40

10

20

30

0

2.5

5
10
25
50

0

2.5

5
10
25
50

2.5

10
25
50

2.5
10

25
50

-260
-250
=216
-102
-92
-90

=240
=232
=222
-174
-110
-114

-238
-232
~230
-122
-104
-128

=242
-224
-170
-140
-132
-122

-246
-234
-102
-206
-100
-104

=240
=224
~-204
-128
-118
-112

-210
-186
-190
-126
-116

-92--

Cathodic
Ecorr

-262
=252
=214
-98
-90
~88

=250
-230
-224
-108
-112
-120

-238
=234
-228
-138
-128
-120

=244
-228
-202
-114
-128
-120

=246
=232
-100
=212

-98
-110

~242
-232
=202
-194
-118
-110

-216
-204
=192
-128
-114

Polarization curves of steel.

88
167
161

93
170

72

83
98

205
120

170
176

335
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Anodic Peaks
BA B C D E
-150 =44 82 175
-151 =42 77
-154 ~44 62 179 261
-49 107 174
-54 97 143 282
-53 111 169 247
-152 ~45 72 182
-149 =50 72 180
-151 =47 67 175
-139 -46 118
-51
-53
-144 =42
-146 =41 74
-146 =44 79
=47
-58 97
-56
-36
-37
-38
=41
-39
-42
-152 =49 159
-154 -54 55 155
-53 166 244
=154 =50 55 165 244
-52 170 247
-63 94 173 242
-149 =51 63
-151 -53 65 168
-149 -51 55 261
-59 257
-59 255
-59 259
-39
=145 -39 269
-165 -39 58 266
-56 263
-52 96 269 -

e mm———————
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Table AIII-4 (Continued). Polarization curves of steel.

Anodic Cathodic Anodic Peaks
NaOH Na$S Nap5903 ECORR BA ECORR BC BA B C D E
80 40 2.5 ~204 48 =216 335 =50
5 ~200 49 -196 112 236
10 ~166 - -182 98 =146 271
25 ~132 -~ -132 78 -111 =41 269
50 ~126 28 -132 94 -59 113 270
100 10 2.5 ~234 49 =234 - -160 =59 45 145
5 ~214 52 =208 34 -157 =57 48 159 246
10 -218 53 =216 230 -159 -56 40 155 251
25 -206 50 -204 190 -157 =54 43 159 241
50 ~100 19 -106 118 -65
100 20 2.5 -218 53 -218 - =147 =47 49 257
5 -226 55 -224 - ~150 =53 48 259
10 -212 50 =210 255 -146 =49 46 190 255
25 -186 - ~186 78 =47 35 254
50 -118 - -~116 104 -60 264
100 30 2.5 =232 54 -234 180 -146 =45 45 192
5 -202 49 =202 167 -143 =43 258
10 -194 - -194 - -146 -43 91 259
25 -128 - -136 - =47 91 263
50 -124 - =120 44 -102 =52 100 265
100 40 2.5 =206 55 =208 - -40
5 =204 54 =204 142 =42 263
10 -180 86 -180 - =41 261
25 -169 88 -166 116 =59 85 251
50 -138 36 -140 110 -50 83
120 10 2.5 =246 42 ~244 278 ~-162 -59 31
5 =232 - =230 - -162 -59 33 143
10 41 205
25 - -
50 - --
120 20 2.5 47 -
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PROJECT SUMMARY" FORM

DATE: September 11,'1535

PROJECT NO. 3309 - Fundamentals of Corroéion Control in Paper'MiITs

IPC GOAL: Increase-the useful 1ife of equipment by proper selection of
materials of construction and by identifying suitable process conditions

OBJECTIVE: Improve the life of paper machine suction rolls by corrosion and
corrosion fatigue studies to establish failure mechanisms and to identify .
characteristics of improved materials.

CURRENT FISCAL BUDGET: $150,000

SUMMARY OF RESULTS SINCE LAST REPORT: (February, 1985 - August, 1985)

Measurements of fatigue crack growth rates have begun in an effort to determine
if either the near-threshold or rapid growth regimes controls the service per-
formance of suction roll alloys. Crack growth tests have been conducted on two
commercial suction roll alloys which differ greatly in their resistance to crack
growth in service. Tests have been performed using different simulated paper
machine white waters. Two stress levels have been examined in an attempt to
characterize the effects of residual stresses (in the suction roll) on corro-
sion fatigue resistance.

In a simulated white water containing 1000 ppm Cl-, Alloy 75 — a suction roll
alloy with a good service record — exhibited a lower crack growth rate and a
lower threshold stress than Alloy 63 — an alloy with an inferior service
record. Thus, the crack growth rate continues to be a candidate indicator of
relative resistance to corrosion-assisted cracking in the field.

Crack growth rates and threshold stress intensity values are not strongly
affected by the composition of the simulated white waters examined thus far.
The crack growth behavior in air and in white waters containing parts per
million levels of chlorides, sulfates, and thiosulfates are nearly identical.

High mean stress levels increased the crack growth rate but did not affect
threshold stress levels for crack propagation in Alloy 75 exposed to simulated
white waters.

Efforts to compare different methods of S-N curve generation are continuing.
Rotating bending and alternating bending methods are now available for corrosion
fatigue testing of suction roll alloys.
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SUMMARY OF RESULTS SINCE LAST REPORT: (Contd.)

Slow strain rate tests to examine stress corrosion resistance of suction roll-
alloys (as a predictor of service performance) have been initiated.

Testing to assess pitting corrosion resistance as a predictor of service per-
formance has begun anew. '

Five suction roll alloys have now been procured in quantities sufficient for
mechanical testing, including three with relatively good service histories
— Beloit/Sandusky Alloy 75, Valmet/Kubota Alloy 378, and Avesta 3RE60 — and
two with numerous instances of cracking in service — Beloit/Sandusky Alloy -
63 and Valmet/Kubota Alloy 171.
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INTRODUCTION

Corrosion-assisted cracking of suction press rolls continues to be a
costly problem in paper mills. Garner (1) has documented the large number of
suction rolls that have failed in recent years. The mode of failure appears to
be one of corrosion fatigue crack propagation from hole to hole in a circum-
ferential direction. Fatigue stresses arise from the fotation of the roll under
nip loading and other loading conditions. Residual stresses present in the
rolls as a result of maunufacturing have also been implicated as contribdfiﬁg to

the driving force for crack propagation.

A combination of events has contributed to the large number.of suction
roll failures resulting from corrosion-assisted initiation and growth of cracks.
Paper machines are running faster, resulting in more fatigue cycles applied to a
roll in a given time period. Faster running speeds have also led to higher nip
pressures and multiple nip configurations, both of which tend to increase the
magnitude of the cyclic stresses applied to suction rolls. Average paper
machine widths are also increasing, and the greater distance between bearing
points also increases the stress in the roll. Changes to polymeric fabrics —
with the correponding need for extensive cleaning — and removal of zinc cations
from hydrosulfite bleaches may also have had a detrimental effect on suction
roll performance. Finally, increased closure of paper machines has led to more
aggréssive paper machine white waters in contact with the rolls. These events
have led to a dramatic increase in suction roll failures in the preceding

decade, although recent failures have declined to some extent.

While there may be other avenues for improving the lifetime of suction
rolls in service, the most attractive remedy appears to be the development of

roll alloys with improved resistance to corrosion-assisted cracking. Recent
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development of suction roll alloys with a two phase metallurgical structure and
low residual stresses has resulted in a marked improvement in the integrity of
suction rolls. However, the higher cost of .these new materials is an impediment

to their widespread utilization.

Development of ﬁew generations of suction'roll alloys with imprdved
resistance to cofrosion-assisfeq cracking is a high priority for the paper
industry, but the path toward improved performance is not straightforward. ft‘
is clear that.the martensitic stainless steels have Higher resistance to
corrosion-assisted cracking than the bronze, and the recently de&eloped dué]-
phase steels have still higher corrosion fatigue resistance. However, these
improved alloys were identified by a lengthy trial and error process that has
not been guided by a fundamantal understanding of the reasons for roll failure.

One.reason for the uncertainty is the failure of. the common laboratory tests to

predict the performance of suction roll alloys in service.

LABORATORY TESTS OF SUCTION ROLL PERFORMANCE

Several different tests are used to screen potential suction roll
alloys, in order to identify those that may offer improvements over current
generations of alloys. These tests generally determine mechanical strength,
corrosion resistance, and resistance to corrosion-assisted fatigue failure.
Fatigue failure resistance may be examined by tests to characterize both crack
initiation and crack growth under corrosive conditions. A detailed treatment of
suction roll.testing was presented in a recent progress report issued on this

1

project (2).

Mechanical properties are usually determined by simple tensile tests

to determine strength and ductility parameters such as yield strength, tensile

st
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strength, elongation, and reduction in afea. Tests may also be conducted to
examine the toughness of the candidate alloy through impact testing or fracture
mechanics testing. These mechanical properties are important because they
affect the size of the roll for a desired loading configuration. Determination

of the mechanical properties is reasonably straightforward.

Corrosion resistance is a another important parameter examined in con-
sidering a candidate suction roll alloy. An important reason for replacement of
bronze suction rolls was the susceptibility of bronze to excessive corrosidn of
the hole surface at the outside diameter of the shell, as shown in Fig. 1.
Corrosion resistance of suction roll alloys is usually examined by exposure
tests, with samples of candidate alloys being exposed to simulated or actual
paper machine white waters. Under these conditions, bronze alloys experience a
high level of uniform attack, while stainless steels are more likely to
experience a localized form of attack called pitting, as shown in Fig. 2.

Tests to rank pitting resistance usually involve exbosure to a white water,
followed by visual examination to characterize the number, depth, and morphology
of pits appearing on the specimen surface. The e?ectrochemical potential may

also be monitored as an indicator of the onset of pitting. Potentials will fall
or will oscillate during pitting, whereas pit-resistant alloys will produce a
slowly rising potential, as shown in Fig. 3. Resistance to pitting is important
because fatigue cracks often initiate at pﬁts as a result of thg stress concentra-

tion and the agressive electrolytes that develop at pit sites.

A common method for eva]dating corrosion fatigue resistance is genera-
tion of the S-N curve for the candidate alloy exposed to real or simulated white
waters. In this test, a smooth or notched specimen is subjected to an alternating

stress, S, in order to intitiate a fatigue crack that will eventually cause
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Figure 1.
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An example of loss of the ligament between adjacent holes in a
bronze suction roll during service.
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An example of pitting of a stainless steel suction roll alloy

during exposure to a simulated paper machine white water.

Project 3309
Figure 2.
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Figure 3. Variation in electrochemical potentials developed at the wetted sur-
faces of suction roll specimens exposed to a simulated white water.
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failure of the specimen in a number of cycles of stress, N. As the magnitude of
the alternating stress decreases, the number of cycles that must be applied to
cause failure increases, as shown schematically in Fig. 4. The alternating
stress that results in failure at some specified number of cycles (usually 107,
108,'or 109 cycles to_fai]ure) is called the endurancg limit at "x" cycles for

the material. Cyclic stresses may be imposed in a variety of ways, such as

rotating bending, alternating bending, and axial fatigue, as described in ref. 2.

A high endurance limit at long lifetimes is thought to be a desiréble charac-
teristic in suction roll alloys since it implies that the suction roll fabri-
cated from the alloy will withstand a large number of rotations in service

without failure.

The S-N behavior of an alloy is affected by many variables associated
with the test, including the mean stress superimposed on the alternating stress
pattern, the environment used in the test, the frequency of the applied stréss,
the presence of multi-axial stress states, the surface finish at the site of
failure, and the metallurgical composition and structure of the alloy. In prac-
tice, the test conditions used to generate S-N curves in the laboratory must
differ from those experienced by actual suction rolls, in order to obtain
results in reasonable timeframes. Usually, the frequency of the alternating
stress is increased to impose many cycles in a reasonable period of time, but
accelerated failure may also be induced by.using notched specimens to raise the

local stress, by making the test environment more aggressive, etc.

Many investigators have shown that most of the cycles in a long-lived
fatigue test (>107 cycles) are expended in crack initiation. The changes that
take place on the surface of a fatigue specimen develop slowly when the alter-

nating stress is apbroximate]y equal to the endurance 1imit. On the other hand,
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Figure 4, Schematic S-N curve depicting resistance to fatigue crack initiation.
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once an initiated crack is visible on the surface of the fatigue specimen, rela-
tively few cycles are expended in propagating the crack through the gage of the
specimen to cause failure. Thus, the S-N curve is often considered a measure of

the resistance of a material to fatigue crack initiation.

Resistance to fatigue crack propagation is studied directly in another
type of fatigue test (3). In this test, the rate of growth of a crack is
measured optically during imposition of‘a fluctuating load on a fracture mechan-
ics type specimen. The rate of crack growth per cycle of applied stress is
usually plotted as a function of the applied stress intensity — a measure of
the driving force for crack growth. The stress intensity is a product of three
terms, each of which affects the rate of crack growth. The first term is the
nominal stress rénge (i.e., the difference between the maximum and minimum
app}ied stress). The second term fs the square root of the instantaneous crack
length, reflecting the fact that the driving force at a given applied stress is
greater if the specimeq contains a long, deep crack. The third term in the
stress intensity expression is a factor'associated with the exact geometry of
the test specimen. In practice, fatigue crack growth rate measurements are made on 1
only a few types of specimens for which the stress intensity formulas are well
known. The geometry of one such specimen — the compact tension specimen — is
shown in Fig. 5, together with the formula for calculating the stress intensity.
The stress intensity term is useful because it normalizes crack growth rate data
obtained under a variety of load conditions, crack lengths, and specimen

geometries.

The dependence of the crack growth rate on the applied cyclic stress
intensity is shown schematically in Fig. 6. Note that both axes are logarith-

mic. Three stages of growth are commonly observed but the crack growth rates
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Figure 5. The geometry of a compact tension specimen for crack growth rate

testing, together with the formula for calculating the cyclic stress
intensity.
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are so high in the third stage that it has little engineering significance.
Stage 1, which represents the transition from crack initiation to crack growth,
is marked by low growth rates, a strong dependence on the cyclic stress inten-
sity, and a threshold value of AK below which growth virtually ceases. Stage 1
cracks are often influenced strongly by the metallurgical composition of the
test material, with crack propagation along microstructural features commonly
observed. In contrast to Stage 1, Stage 2 growth is more rapid but is Tess
dependent on the stress intensity range. 'Stage 2 cracks usually propagate at
right angles to the direction of the applied load and normally follow paths that
are not affected by the metallurgical structure. Both Stages 1 and 2 are
affected by many of the variables that affect S-N curves. In particular, corro-
sive environments can lower the threshold stress and increase the crack growth

rate dramatically.

Accurate determination of the threshold stress intensity for crack
growth is a complicated matter because different thresholds are obtained
depending on the test method. If the threshold is determined by gradually
increasing the stress intensity range until crack initiation is detected, the
threshold stress intensity will not be reproducible. Moreover, the threshold
Istresses determined in this fashion will be higher — and therefore not conser-
vative — than those obtained by reducing the stress intensity range for a crack
that has already been initiated. The preferred method to determine the
threshold stress is the "load-shedding" approach, where the cyclic load is care-
fully removed in stages from a fracture mechanics specimen as the crack
progresses. The load must be shed carefully, in stages, with crack growth stages
following load shedding, to avoid the effects of compressive residual stresses

introduced at the crack tip during load shedding. If precautionary measures are
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not taken, these residual stresses can result in erroneously high values of

threshold stress intensity for crack propagation.

Obviously, the preferred characteristics for suction roll alloys would
be high threshold stress levels and low crack growth rates. However, there is
relatively little to be gained from low crack growth rates in the Stage 2
regime. At typical rates of rotation, a suction roll will accumulate 108 stress

cycles in one year. Even at growth rates as low as 10-8 inch/cycle — on the

.order of the lowest rates measurable — one inch of crack growth would be

experienced in a year of suction roll operation at this stress intensity.

Relatively little attention has been paid to the stress corrosion'
cracking resistance of suction roll alloys, since it is widely held that corro-
sion fatigue is the responsible failure mode. However, since there is some evi-
dence that tensile residual stresses degrade suction roll performance, it is

plausible that stress corrosion cracking resistance could be important.

A common laboratory test for stress corrosion cracking is the slow -
strain rate test (SSRT). In this test, a slow tensile test is performed with
the specimen immersed in the corrosive envirohment, to be compared with results of

a similar test conducted in an innocuous environment. If the corrosive environ-

ment promotes stress corrosion cracking, the test in the corrosive environment

will exhibit Tost ductility and secondary cracking relative to the test in the

inert environment.
LABORATORY PREDICTIONS OF SUCTION ROLL FIELD PERFORMANCE

Current roll alloys have been selected by roll suppliers who have
conducted laboratory tests of the strength, corrosion resistance and corrosion-

fatigue resistance of the alloys, followed by a trial period where prototype
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rolls are tested in service. Although there have been broad correlations
relating the results of laboratory tests with service perfdrmance of different’
classes of alloys, laboratory tests have not accurately identified those alloys
in a given class with greater potential as candidate suction roll alloys.
Consequently, greater reliance has been placed on the performance of prototype

rolls installed on actual paper machines.

This reliance on service performance of prototype rolls is discour-
aging for several reasons. First, the time required for identification of én
improved roll is unacceptably high, since a roll must prove itself for a number
of years before being ranked as an acceptable roll material. Feedback about the
performance of candidate rolls is thus delayed for a period of several years,
which in turn limits the number of candidate rolls that can be examined.

Second, identification of an acceptable roll by service performance records is
undesirable because little is gained in terms of understanding that would help
guide the developement of future generations of ro]l'a1loys with still better
performance. If a roll performs well in service, it is unclear whether the
improved performance is due to higher corrosion resistance, improved metallurgi-
cal structure, higher strength, or some other heretofore unknown factor.
Laboratory tests are required to ascertain the reasons for improved performance,
since laboratory test specimens can be dissected, examined and analyzed to
reveal the reasons for improved performancé. Successful rolls are never removed
for scrutiny, even if they are successful in prototype situations. The lack of
a good laboratory test that correlates with service performance of suction rolls
is thus a significant impediment to early identification of new generations of

suction rolls alloys with the properties needed for improved performance.
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There is some evidence that the corrosion resistance of a suction rolil
alloy does not correlate well with the performance of that alloy in the field.
For example, Beloit/Sandusky Alloy 63 has superior corrosion resistance compared
to Alloy 75, yet Alloy 63 was withdrawn from the market with a pbor service
record while AT]oy 75 has enjoyed widespread success as a sucfion'rOTT alloy

(Fig. 7).

Corrdsidn fatigue behavior in simulated white waters is likewise an
uncertain predfctor of the resistance of a suction roll alioy in the field. As
shown in Fig..8, the endurance limit for Alloy 75 is lower than that of Alloy
63, even though the Alloy 75 is a far better suction roll material Based on per-

formance (4).

Similarly, fatigue crack growth rate'tésts in thetlaboratory have

failed to predict the performance of -suction rolls in the field. There is very

limited data on crack growth rates of suction roll alloys, and virtually no good -

data on the important near-threshold regime of crack growth. The crack growth
data show that there is little inf]uence.of_environments.on crack propagation

rates, in contrast to expected behavior for rol]s.

It is apparent that the laboratory data gathered on candidate suction
roll alloys — while providing some insight into overall performance — does not
discriminate between improved and inferior'alloys as détermined by performance
in the field.. As a result, laboratory testing offers little guidance regarding
the desired attributes of an improved suction roll materials. A fundamental
improvement must be made jn developihg d.relevant laboratory test if insight is

to be gained into the desirablé characteristics of suction roll alloys.
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Figure 7.

Examples of pitting corrosion resistance of Alloys 75 and 63 in simu-
lated paper machine white waters. Alloy 75 has a superior service
record.
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 STRESS

10
CYCLES

S-N curves for seven suction roll alloys in white water
(pH 3.5, chloride 20-400 ppm, sulfate 250-1000 ppm)
from rotating beam tests at 1500-1750 rpm

Figure 8. -Although Alloy 75 1is superior to Alloy 63 in service, the results of
this S-N curve generated in the laboratory would indicate otherwise.
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SHORT-TERM OBJECTIVES

Since the current laboratory tests offer little guidance concerning
improved suction roll materials, the principal effort in this project has been
focused on identifying a laboratory test that correlates with service perfor-
mance of suction rolls. A variety of tests are being performed on alloys with

.either superior or inferior records in service in an attempt to identify a

suitable laboratory test that reflects this service performance. Corrosion,

stress corrosion, and corrosion fatigue tests are being conducted in this search.

for an improved laboratory test.

A related short-term objective is the normalization of different
methods of generating S-N curves by different suction roll vendors. Alfhough
S-N curves are not perfect indicators of suction roll performance, they are used
by suction roll vendors in marketing different alloys. Since different vendors
use differént methods to generate S-N curves, pulp and paper companies cannot
readily evaluate conflicting claims about relative fatigue resistance.
Consequently, the different test methods used by different suppliers will be
used to generate S-N curves on a representative alloy to normalize the different

methods of S-N curve generation.
PROGRESS

Near-Threshold Fatigue Crack Growth Testing

Near-threshold fatigue crack growth tests have been conducted on two
suction roll alloys in the search for a laboratory test that correlates well
with service experience. The two alloys investigated thus far include Alloy 75
and Alloy 63, -both dual phase stainless steels, differing in their service his-

tories as suction rolls in actual paper machines. Alloy 75 has an unblemished
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record as a suction roll material with more than 100 installations without a

significant failure, while Alloy 63 was withdrawn from the market after a short

time because of a large proportion of cracked rolls.

Near-threshold crack growth tests are being conducted using compact
tension fracture mechanics specimens as shown in Fig. 5, with careful load
shedding techniques employed to determine the actual threshold stress intensity
range for crack growth. In general, the procedures for crack growth rate
measurements recommended in ASTM Standard E647 are being followed in this test
program. In the typical test, a stable crack growth rate is established at a
selected stress iptensity range, followed by a small reduction in the stress
intensity range. The R-ratio — the ratio of the maximum stress intensity
imposed on a specimen in a load cycle to the minumum stress intensity in a cycle
— is maintained constant during the load shedding procedure. Growth rate
measurements are then suspended until the crack has grown beyond the zone of
compressive residual stress introduced at the crack tip by the Toad reduction.
Crack growth rates are measured by following the progress of the crack through a
traveling microscope fitted with a filar eyepiece. Crack length measurements‘
are made on both sides of the test specimen to insure propagation of a crack
with a uniform crack length. Data are discarded if the crack iength exceeds the

recommendations of the ASTM Standard.

"Al11 testing has been conducted using the MTS electrohydraulic testing
machine, as modified for fatigue testing in corrosive envi;onments. The test
stand is shown in Fig. 9. The specimens were loaded into the grips and load
frame and then lowered into the test solution by lowering the enfire upper
crosshead assembly. Tests were conducted at a frequency of 25 Hz (i.e., 25

cycles per second). No compressive loads were imposed on specimens during
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Figure 9. The MTS electrohydraulic testing machine equipped with modified test
frame and environmental chamber for fatigue testing in simulated
paper machine white waters.
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testing, and R ratios were all greater than zero, since compressive loading of
the compact tension specimen is experimentally difficult and there is consid-
erable evidence that excursions into the compressive loading regime have vir-

tually no effect on crack growth characteristics.

A test procedure had to be developed to accommodate the suspension of
testing when there was no one present to monitor crack length visually. Allow-
ing the cracks to progress unattended was considered to be én unnecessary con-
sumption of expensive test specimens, since the crack would often cause spéimen
failure without data production under such conditions. However, suspension of
the test and removal of the load during suspension led to artifacts in the crack
growth rate data, apparently as a result of the introduction of compressive
residual stresses at the crack tip during the unloading/reloading process.
Nonpropagating cracks were a common occurrence after such a suspension in
testing. Eventually, it was learned that tests could be suspended without

introducing artifacts in the growth rate data if the peak load being imposed on

. the specimen during cyclic loading was also maintained during suspension of the

fatigue test. This procedure was adopted to accommodate those periods when the

laboratory was not staffed and crack lengths could not be monitored.

Crack growth rate tests have been conducted under controlled chemical
and electrochemical conditions. Tests have been conducted in a variety of simu-
lated white waters containing parts per million levels of chlorides, sulfates,
and thiosulfates, as shown in Table 1. During fatigue testing, the specimen is
electrically isolated from the titanium load frame by use of insulated pins con-
sisting of a titanium alloy coated with a plasma sprayed iayer of chromium oxide,
ground to the desired diameter. Contact between the grips and the side of the

specimén is’préJented by the use'of mica ﬁaéhers, as shown in Fig. 10. The"
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Figure 10. Cut-away view of the gripping arrangements used in near-threshold
fat1gue testing.
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electrochemical potential of the test specimen is monitored using a calomel
electrode immersed in the test bath. The potential is monitored using a digital
voltmeter attached to the reference electrode and the test specimen. The simu-
lated white water is maintained at 50°C by means of electrical hedters and a
recirculation apparatus that also provided filtering necessary to prevent accu-

mulation of corrosion products in the white water.

Table 1. Test environments.

Environment Chloride, Sulfate, Thiosulfate, oH

ppm ppm ppm
A 1000 0 0 4.7
B 100 1000 0 3.6
C 1000 1000 0 3.5
D 200 500 50 4.1

Results of near-threshold measurements of fatigue crack growth rates
are shown in Fig, 11-14. The reproducibility of the data is displayed in Fig.
11, which shows the results of two separate tests of Alloy 63 under identfca]

onditions — R = 0.1, 50°C, 1000 ppm chloride and a pH in the range 4.7 to 4.9.
The agreement between data from separate tests in the Stage 2 regime is evident.
The effect of environment on the rate of fatigue crack growth in the near-
threshold, Stage 1 and Stage 2 regimes is shown in Fig. 12, with crack growth
rate data obtained in test in air included as a benchmark. There is little evi-
dence of a significant environmental effect on crack growth rates in the near-
threshold and Stage 1 regimes in any of the four simulated white waters tested
thus far. The crack growth ratés measured in the Stage 2 regime afe higher than
observed in air, but there appears to be little difference between growth rates
in the different simulated white waters. The threshold stress intensity range
for corrosion fatigue crack growth in Alloy 63 is 10 ksi(in)1/2 in all of the
simulated white waters and in laboratory air. The transition frdm'Stége 1 to
Stage 2 growth occurs at a stress intensity of approximately 15 ksi(in)1/2 and a

growth rate of approximately 2 x 10-7 in/cycle.




tests on Alloy 63 in Environment A.

Project 3309 -30- Status Report
]E—BS E_ T T B T T 1 7T T T T T T T
L . 4
W 1E-86 | .
- - 3
o C ]
> [ .
o " e
\. = (; b ~4
Z - .
= I Doy’ |
W o33
TO1E-87 | ° 3
v F L 3
T s N
5 . 0*3 ]
= - oe .
o . ° .
w;
a 1E-88 4
& E 3
() r 3
1E_ﬁg A Il ) . L L 'l N A L - - - . 1 1 1
] 2 3 4 5678918 2 3 4 56789109
STRESS INTENSITY RANGE (KSI VIN.)
Figure 11. A comparison of fat1gue crack growth rates measured in two separate




Project 3309

1E-B5
w 1E-B6
|
OJ
>—
J
~
z
t
T 1E-87
oz
I
[
x
[am]
o
(%]
S
T 1E~-PA8
oJ
1£-0A9

Figure 12.

-31- Status Report
i ]
o o s
b~ . o -
-
g ° 3
o ]
N e
- B
| J
2
[ ]
L .J
- e Air -
oA
- =B =
o ac 3
s 4D ]
- -
- 1
" 4
1 2 3 4 5 678918 2 3 4 5 6789199
STRESS INTENSITY RANGE (KSI VIN.)

Comparison of the effects of test environment on fatigue crack
growth in-Alloy 63.- R = 0.1,.T = 50°C.




Project 3309 -32- Status Report

1E-B5

1 1 i1

T UTOUTnT

T
1

1E~-P6

A1 1 11112

T rrreer

1
g.
)
Bo
o G5
a
N

1E-87 °

CRACK GROWTH RATE (IN./CYCLE)

& ° 3

C Ué%g © N

i o & ]

I 8 ]

® Ab63

1E-88 2 . ug DA7S E

C o ]

5 -
1E-09 . i 1 | 1 T W Y . L 1 i S 1

1 2 3 4 5678918 2 3 4 5 6789109

STRESS INTENSITY RANGE (KSI VIN.)

Figure 13. A comparison of the fatigue crack growth characteristics exhibited
by Alloys 75 and 63 in a simulated white water containing 1000 ppm
chloride.
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Figure 14. Crack growth rate data for Alloy 75 in a simulated paper machine
white water showing the effects of mean stress on growth rate.
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Crack growth rate data for Alloy 75 is less extensive, since this
alloy was made available later in the testing program. The crack érowth beha-
vior in the 1000 ppm chloride environment is shown in Fig. 13, compared with the
performance of Alloy 63 in the same simulated white water. It is apparent from
this figure that the threshold stress for crack growth is lower for Alloy 75
than for Alloy 63, in contrast to expectations from the service history of these
two alloys. However, the growth rate for Alloy 75 is about an order of magni-
tude lower than that exhibited in Stages 1 and 2 by Alloy 63 in this white
water, in apparent agreement with their service histories. Based on this pre-
liminary evfdence, it appears that the threshold stress intensity range for
corrosion fatigue crack growth does not qualify as a predictor of service per-
formance, but crack growth rates in Stages 1 and 2 may indeed correlate with
field experience. More testing is certainly required to reinforce this prelimi-

nary conclusion.

Tests have been conducted to examine the effects of a tensile mean
streés on the crack growth characteristics of Alloy 75. Similar tests on Alloy
63 are scheduled in the next reporting beriod. The data shown in Fig. 14 for
Alloy 75 indicate that the threshold stress intensity range is little affected
by the imposition of a high mean stress during fatigue, but the crack growth

rate in the Stage 2 regime is increased dramatically by mean stress. At the'

same stresé intensity range, the crack growth rate is higher by nearly a factor of

10 when the mean stress is high (R ratio = 0.5), compared to the growth rate
when mean stresses are low (R ratio = 0.1). This finding suggests that residual
tensile stresses retained in suction rolls because of their fabrication could be
influential in promoting failure by fatigue crack growth, as has been suggested
in the literature. Whether mean stress sensitivity is a good pred1ctor of

suction roll performance will be determined upon further testing.
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Limited fractography has been performed on the fracture surfaces of
specimens tested in this program. A typical scanning electron fractograph is-
shown in Fig. 15, together with an optical metallographic picture of the typical
Alloy 63 microstructure. As is clearly evident from compérison of the two pic-
tures, the fractographic features are quite different for craﬁk passage through
the two microstructures. Fatigue cracks péssing through the more ductile auste-
nite phase results in ductile striation formation while crack passage through

the ferrite phase results in "brittle" striation formation.

Near-threshold fatigue testing has just begun and much remains to be
done. However, differences have been observed thus far which might be signifi-
cant in the search for a laboratory test that correlates with.the service life-
time of suction roll alloys. Continued testing ié planned in the next reporting

period.
STRESS CORROSION CRACKING TESTING

Although the primary mode of failure of suction rolls is thought to be
corrosion fatigue, the apparent effect of tensile residual stress raises the
possibility that stress corrosion cracking may be an important mode of failure
itself, either independently or in conjunction with corrosion fatigue processes.
To examine suction roll alloys for possible effects of stress. corrosion crack-'

ing, slow strain rate tests are being perfbrmed on Alloys 75 and 63 exposed to

“simulated paper machine white waters. Strain rates of 5 x 10-7 in./in./s are

being employed, and any changes in electrochemical‘potentiq1 are being monitored
during the test. The first SSRT test has been completed with Alloy 63 in simu-
lated paper machine white water A of Table 1, without detection of any evidence
of stress corrosion cracking. Large elongations, high reduction in areas at

fracturé, and the absence of secondary éracking all indicate that SCC was not
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A typical scanning electron fractograph showing features on the
fracture surface of an Alloy 63 specimen used in the fatigue crack
growth studies.
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occurring during the first SSRT test. Additional SSRT testing is scheduled on

both Alloy 63 and 75. ;
CORROSION TESTING

-The corrosion testing program initiated by Bowers (2) is being pursued
to its originally scheduled conclusion. - Corrosion tests are being conducted to
determine if the corrosion resistance of suction roll alloys plays a pivotal role in
the resistance to corrosion-assisted cracking of these alloys. These tests con-
sist of coupon exposure to various simulated paper machine white waters while
the electrochemical potential of the electrode is monitored to detect the onset
of pitting and/or crevice corrosion. The presence of pitting or crevice corro-

sion is confirmed in visual inspections following the exposures.

Pittipg corrosion tests have been completed in Environment #4 listed
in Tabie 1, using‘various suction roll alloy materials. fhis test is a duplica-
tion and extension of ﬂests»reported in ref. 2 in a white water environment
identified preViously és wNI.. This test was conducted first to insure con-
tinuity of testing methods during a change in research personnel, and to include
a]]oyé not considered in the previous study. Some difficulties were encountered
in the computer-aided datavacquisition of potential-vs.-time data, so complete
plots of potential decay behavior are not available from this test. However,
corrosion resistance was determined based on the visual examination and weight

loss measurements following exposure.

The extent of localized corrosion due to an exposure test in White
Water Environment #4 is summarized for several different alloys in Table 2.

Although the corrosion was decidedly nonunifrom, the weight loss results are
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normalized for exposed area and exposure time effects by presenting the data as -

an average weight loss over the exposed area. The corrosion resistance is
divided into three categories. The 12 Cr alloys — CAl5 and 1300 — exhibited
the least resistance to corrosion in this simulated white water, as indicated by
a high weight loss measurement. Intermediate corrosion resistance was exhibited
by Alloy 75, 304L stainless steel, CF3M, 2505, and 1804 materials. This alloy
group includes alloys with austenitic and austenitic/ferritic metal]uréical
structures. The highest corrosion resistance was found in Alloy 63, VK-A378, KA
171, 316L stain]ess steel, and 1811 forged alloy. It is interesting to note
that the corrosion resistance of Alloy 63 is better than that of many of the
austenitic/ferritic alloys, even though its service record as a suction roll is
definitely inferior to these alloys. Thus, the corrosion behavior in this
dilute white water environment does not correlate with suction roll service per-
forménce. Additional corrosion testing will be conducted to determine if the
corrosion behavior in other environments is more representative, and to charac-

terize the corrosion behavior in terms of fundamental understanding.

Table 2. Comparison of weight losses due to pitting of suction roll alloys.

Corrosion Corrosion
Alloy Rate, mpy Alloy Rate, mpy
A75 3.4 CF3M 1.0
CAl5 12.1 1811 0.1
KAl171 0.04 1804 0.5
2505 0.7 304L 3.0
KA171 0.08 VKA 378 0.06
A63 0.0 1300 . 14.3

CORROSION FATIGUE LIFETIME TESTING

Corrosion fatigue testing to determine fatigue lifetimes and S-N beha-
vior is being'examined as a posﬁib]e laboratory test to correlate with service

performance records, even though the published data is not encouraging in this




Project 3309 -39- Status Report

regard. A wider range of test conditions will be studied in the search for S-N
behavior that predicts suction roll lifetimes. Testing is also being conducted
to compare S-N data generated with the different test methods in current use, in

. order to normalize endurance limits for these different test methods.

Efforts to develop a suitable corrosion test chamber for rotating
bending (i.e., R. R. Moore) fatigue testing have continued. Difficulties have
been encountered in isolating the corrosive environment from contact with the
Tubricant in the bearing spindle assemblies at the ends of the fatigue specimen.
Two different seal designs have been tested without success. A third desjgn
utilizing a throw plate and capture labyrinth without a mechanfca]lseal is being

evaluated. This design is shown in Fig. 16.

Two additional R. R. Moore tesfing machines have been ordered for use
in this program, bringing the total number of test stands fo three. Test
stands, bearing supports, cycle counters, and related equipment have been
designed and combined with purchased bearing spindle assemblies to constitute

functional rotating bending testing machines.

An alternating bending fatigue machine has been obtained on loan for
use in the effort to compare S-N data generated on different types of fatigue
testing machines. This machine — called a Tatnall Krause machine — utilizes a
plate specimen loaded in cantilever flexure by means of a motor driven crank
arraﬁgement as Shown in Fig. 17. A hole is present in the plate to force the
failure to take place at the stress concentration, rather fhan at the gripped
edge. Corrosive solutions are maintained in contact with the hole by means of a

wicking arrangement shown in Fig. 17.

Shakedown testing to develop test procedures has been conducted usfng

plate specimens fabricated from 316L stainless steel — the wrought equivalent
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Figure 16.

R. R. Moore rotating bending fatigue machine fitted with a recent
version of a corrosion test chamber.

—




Project 3309

Figure 17.
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Tatnall Krause alternating bending fatigue machine fitted with a
wick arrangement for delivery of corrosive solutions to a stress
concentrating hole in the test plate.
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of the CF3M suction roll alloy. The S-N curve for this alloy exposed to Envi-
ronment #1 is shown in Fig. 18. The shape and reproducibility of the S-N data-
are acceptable, but a recurrent problem with failure at the grip rather than at
the intended stress concentrator has been encountered. The current remedy

involves isolation of the griped zone from contact with the corrosive solution

by means of a caulking compound.
MATERIALS ACQUISITION

Additional suction roll materials have been acquired for use in this
interesting program, thereby eliminating a previous obstacle to successful
completion of the work. Valmet-Kubota Alloys 171 and 378 have been acquired
through TVW, Inc. and 3RE60 have been obtained through Avesta. The 171 alloy
has experienced repeated instances of cracking in the field, while the 3RE60 and
378 alloys have had a good service record. This acquisition complements the
Beloit/Sandusky Alloys 63 and 75 previously obtained. The materials obtained
represent two alloys with chronic cracking histories and three materials with
relatively good ser&ice performance records. All materials have been provided
in the heat treatment appropriate for actual suction roll alloys, although the
exact heatvtreatment condition remains proprietary. All materials are available
in sufficient quantity to meet the needs of this program for the foreseeable

future.
FUTURE WORK

The search for a meaningful laboratory test that will accurately pre-
dict the resistance of suction roll alloys to corrosion-assisted cracking ser-
vice has just begun. In the next reporting period, the testing effort will

continue to focus on near-threshold fatigue crack growth rate measurements, S-N
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curve generation using various test methods, corrosion testing in different
environments related to suction roll service, and slow strain rate testing to
assess stress corrosion cracking resistance. Mean stress effects will continue
to be addressed in fatigue testing, based on the importance of tensile residual
stresses in suction roll performance. Tests with potential as indicators of suc-
tion roll performance will be extended to include the VKA 171 and 378 alloys,
and the 3RE60 alloy, to determine the universality of the predictive method.
Corrosion testing and metallographic studies will continue in an effort to

obtain fundamental understanding of suction roll behavior.

SIGNIFICANCE TO THE INDUSTRY

A]thougﬁ the testing effort is in an embryonic stage, this program
promises considerable insight into the causes of suction roll cracking and the
development of new generations of alternative materials with increased
resistance to corrosion-assisted cracking. Progres§ made in this area will help
to reduce the costs of papermaking by removing a chronic source of failure in

papermaking machinery.
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PROJECT SUMMARY FORM

DATE: September 11, 1985

PROJECT NO.: 3384 - Refining of Chemical Pulps for Improved Properties
PROJECT LEADER:

IPC GOAL:

Develop ways to measure and control manufacturing processes.

OBJECTIVE: .

To identify or develop ways of measuring and controlling refining inten-
sity, so that the operation can be carried out at the appropriate level of
severity without detrimental fiber shortening and fines generation, as a function
of fiber type (hardwood vs. softwood, e.g.) pulp end-use requirements, and refiner
design and operation. Increased understanding of the factors which influence the
stresses encountered by an individual fiber, and the fiber response, would assist:
us in maintaining stresses below levels which lead to undesirable fiber damage.
Such knowledge may impact refiner design and operation, as well as our ability to
utilize cheaper but more sensitive pulps, such as hardwoods.

CURRENT FISCAL BUDGET: $115,000

SUMMARY OF RESULTS SINCE LAST REPORT: (April, 1985 - September, 1985)

In previous reports, a model relating stress on a single fiber to fiber
properties, refiner design and refiner operating parameters was developed.
Normal pressure on a refiner bar segment, Py, is a key factor in this model. A
Valley beater has been instrumentd to permit measurements of Py on a small
segment as a basis for determining the distribution of Py values experienced by
a single fiber. Once proven, this measurement system will be transferred to a
newly acquired 16" double-disk refiner, a gift from Beloit-Jones. To ease the
instrumentation problem, it will also be operable as a single disk refiner.

Since the last meeting, a number of improvements have been made to the
measurement and data acquisition system. Average pressure and pressure level
distributions are now being measured for various fiber and operating conditions as
a basis for verifying the model. The new double disk refiner is being installed.
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INTRODUCTION

The refining of chemical pulp 1s a process involving mechanical action
which renders the f1bers more suitable for papermak1ng._ It is carr1ed out in
machines of various designs. Typically, the fiber is abraded between bar- f1tted
surfaces which have a re]at1ve motion and are mechan1ca11y loaded aga1nst each
other in the presence of water. At the consistencies normally used (2-6%),
fibers receive impacts between the bars apparently while in the form of assem-
blages or flocs (1), which are nonuniform in time and space distribution in the

machine,

Because of this nonun1form1ty and because of the heterogeneous nature
of the fibers themselves, a broad spectrum of structural changes occurs in the
pulp as a result of the refining action. As summari zed by Ebeling (1), these
effects include (1) the creatien of new surfaces, such as by external and inter-
nal fibrillation, (2) the ereatjon of new particles, such as fines of various
types, or fiber fragments by cutfing, ana (3) structural damage and modifica-
tion, such as that which weakens the cell wall to allow it to collapse upon
drying. Certain of these effects are very desirable and necessary to the devel-
opment of good fiber bonding and sheet characteristics. Other effects, however,
are detrimental to pulp properties, especially in certain paper grades.

Examples of the latter are fiber cutting which diminishes strength properties
such as tear, and the generation of excessive amounts of fines which inhibit

paper machine drainage but may not contribute much to sheet strength.

Unfortunately, our present knowledge and technology do not allow us
predictive control of the type of fiber modification which will be brought about

by refining. That is, we would like to be able to specify and control the
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refining conditions (parameters like refiner speed, load, force levels, etc.)
which would give optimum pulp properties, as a function of several consider-
ations. One 6f these considerations, of course, is the set of papermaking and
end-use properties desired. For example, if'drainage rate (fines contént?) is
critical, or if tear strength (fiber length?) is very important, how do we
change‘the fefining to meet the requirements? Presently we caa neither very
well describe nor bring about the chahges that ought to be made in refiner

design or operation to meet such specifications.

Another of these considerations is fiber type. Southern pine, spruce,
and hardwoods all require different refining treatment, but we are unable to

quantify it or even establish with cértainty which fiber propeﬁties make them

different. The pulp history (recycled vs. virgin, e.g.) and pulping process are

other variables which affect refining response. How do we control refining to
get the desired pulp properties from kraft vs. sulfite vs. high-yield stocks?
Or alternatively, could we, by proper refining control, utilize a lower cost

fiber source?

When refining is carried out with more severe impacts, fiber cutting
and fines generation tend to increase. Unfortunately, the available descrip-
tions of refining severity account for only a few of the factors known to pro-
mote.these (usually) undesirable fiber changes. In considering the control of
fiber response to the type or intensity of refining, it seems necessary to first
consider the stress encountered by an individual fiber. Knowledge of the fac-
tors which affect individual fiber stresses is needed to maintain those stresses
at levels which produce desirable fiber modifications but below 1évels which

lead to undesirable fiber ddmage.
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The following section gives some background relative to factors and'
expressions which have been used to quantify refining severity, and some theore-

tical considerations pertaining to stresses on individual fibers.
BACKGROUND- AND THEOQRY

In conventional disc refiners, the frequency at which fibers receive
impacts by bar crossings may be up to 30 kHz. The refining may be quantified by
two independent functions: |
1. 'The amount of refining (the number of impacts per fiber) determines the

extent of ffbér modification. It is typically expressed as specific energy:

: P
Enet = q_(f’ ‘ (1)

where P is net power consumed (exclusive of "no-load"),
q is volumetric flow rate, and

C is stock consistency.

2; The type or intensity of the impacts determines the character of the
refining action on the fibers., That is, it affects the relative amounts of
external fibrillation, internal delamination, fiber cutting, fines genera-
tion, etc. Refining severity has been quantitatively expressed in terms of

specific edge load (2, 3):

_ P - |
SEL = QZrZSL’ 4 (2)

where @ is the relative rotational speed of the discs, -
L. and Zg are the numbers of bars on the two discs, and

L is the average -bar length.
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THE UTILITY OF SPECIFIC EDGE LOAD

Presumably, the difference between gentle and severe refining relates
to the plastic vs. elastic nature of the deformations. As a viscoelastic
material, the pulp may respond to gentle impacts by absorbing much energy
elastically, with little bond breakage per impact. This would maximize the
"desirable" refining outcomes - internal delamination, external fibrillation,
etc. - albeit with high elastic energy absorption. Very severe impacts, on the
other hénd, may tend to shatter the fiber, eliciting much cutting and fines fbr-
mation. Indeed, the fact that various pulps respond differently to different
levels of severity, or SEL, has long been recognized. Levlin (4) reported that
pine kraft requires much less energy to attain a given tensile strength when
refined at high SEL, with some loss in tear strength. Birch kraft, on the other
hand, exhibited different effects at high SEL: higher energy and much lower
tear at a given tensile. A similar comparison with spruce sulfite (5) revealed
only small effects on energy efficiency over the same SEL range, however.
Nevertheless, a substantial deficiency in tear-tensile relationships did result
from the more severe refining., Canon and beFoe (6) have substantiated signifi-
cant advantages in very low intensity refining (SEL below 1 Ws/m) with bleached
hardwood pulps. They confirm both the energy savings and property improvement
trends noted previously with Scandinavian birch at low SEL. Since such energy
and property advantages can be obtained by oberating at an optimum SEL level for
a given furnish, some have advocated the use of variable speed drives to control
SEL independently of specific energy (7). Given the fact that fiber charac-
teristics so greatly affect the pulp response to different levels of refining
severity, there is a clear need for greater understanding of the factors which

affect severity - their mechanism of action, their measurement and control.
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Such knowledge is essential to obtain maximum benefit from such sensitive pulps

as hardwoods, for example.
LIMITATIONS OF SEL

The specific edge load concept has proved very useful, both in
clarifying the effects of certain design parameters of bar-filled refiners, and
in providing guidelines for refiner control. However, it is not a comprehensive
theory for characterizing refining and predicting the results. For instance,.
experience has shown that all the following parameters not considered in SEL,
can influence refining intensity: bar angle, bar material, bar sharpness,
groove depth, and consistency. The SEL concept has also been criticized for
putting so much emphasis on the impact phenomenon of bar crossings: several
refiner designs operate efficiently without edge-load type impacts. Included
among these are basalt tackle refiners, and the Vargo refiner (8). In addition
to these shortcohings, of course, is the lack of consideration of fiber charac-
teristics. Specific edge load theory offers no explanation for the different

responses of longer fibers or hardwood/softwood differences.

Several workers have attempted to develop more comprehensive refining
severity models, notably by deriving expressions for energy per impact. Among
the more recent of these is that of Leider and Nissan (9), who expressed energy

per impact in the form-

energy . kg .
(Enet kg ) (M Tiber) (3)
(impacts/fiber) *

E =

They derived an expression for the denominator which could be written:

3
TTDm Q ——
2(;3—:—W§) L-a % d,
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where D = mean diameter of refining zone,

Wp = bar width,

Wg = groove width,

% = average fiber length, and

d = average fiber diameter.

Substituting this and Eq. 1 into Eq. 3 yields an "energy per impact" expression:

Wh + Wq 3
£ - _PM b 9", (@)
2CLggd = 7 Op :

This says that refining is more severe with coarser and denser fibers (M/zd),

and at lower éonsistencies, if everything else remains the same.
STRESS ON A SINGLE FIBER

Even if we assume that such additions to the SEL concept as those of
Leider and Nissan do correctly model other effects, much is still lacking. The
influences of many of the parameters which affect refining intensity have not
been described. Moreover, the mechanism of fiber shortening, or of low-energy
fines generation by shattering impacts, are not directly addressed in any of the
previous models. Hence, the ability to predict the prevalence of those pheno-
mena depends on empirical correlations, with conclusions not applicable in a
very general sense. It is needful to express refining severity in terms of the
stress experienced by individual fibers. Then, depending on the pulp's visco-
elastic properties, this would directly relate to the strain - the fiber
response. Controlling fiber stress levels in a refiner implies the ability to
control fiber shortening, and the amount (and perhaps type) of fines generated

from it vs. internal and external fibrillation, etc.

—




Project 3384 -53- Status Report

A knowledge of factors which affect average fiber stress, and the
maximum stress levels encountered, are both necessary. During ifs course
through a refiner, a fiber endures many impacts with a distribution of stress
levels. The probability of its suffering undesirable damage depends not only on
the average stress level over the whole refiner, but also on.the frequency of
encountering impacts with stress above a critical level. An objective of this
effort would be to gain the capability of measuring and controlling stress
levels within the desirable window - to maintain stress distributions with an
average level high enough to economically effect useful fiber modification,
while minimizing the frequency of damaging levels. This could lead to improved
refining control strategies tailored to the raw material (hardwood vs. softwood,
etc.) and the end-use requirements. In addition, there may be implications con-
cerning the level of refiner precision, tram, and other operating conditions

needed to maintain narrow stress distributions for sensitive pulps.

NORMAL STRESS

The work of Goncharov (10), in measuring the pressure on individual
bars during refining, has provided evidence that the work of réfining occurs
only on the leading portion of the bar width, up to a distance less than or
equal to the average fiber length g. He reported normal pressures near the bar
leading edge as high as 3500 kPa (ca. 500 psi). This was more than an order of
magnitude higher than the measured thrust divided by bar contact area. Trailing
portions of the bar generally experienced pressures of 10-15% of the maximum
normal pressure Py. The pressure profile during the bar crossing was almost a
step function: it was maintained at a nearly constant Py value from distance 0 :
to about 2.5-3.0 mm across the bar, then quickly dropped to a much lower value

across the rest of the bar width.
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The occurrence of stapled fibrages covering the leading portion of
refiner bars had been reported by Banks (11). Using high-speed cinematography
in a transparent disc refiner, he observed stapled fibers to cover 50-70% of the
land area, on the stator bars only. A later study by Fox et al. (12) also
showed stapling to occur on only one disc, but in this case mainly on the rotor

side.

Referring to Fig. 1, let us assume a stapled fibrage on only one disc,
of length . Then the thrust T between the plates is totally supported by the
sum of active loaded area at all bar crossings: parallelograms of long side‘b
and height h, If the opposing plates are of identical pattern, with bar width

wp and bar angle (from the radius) e, then
Wh .
5 ° cos(90° - 28) = 2 sin 9 cos 8. (5)

Since h =7 cos @, then the active area per bar crossing:

ACTIVE BAR CROSSING AREA

Rotor Bars

Stator Bars u__—/’/

Figure 1. Conceptual depiction of active thrust-bearing
areas-parallelograms wherein stapled fibrages
are abraded between opposing bars.
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_ wph
"2 sin @

bh (6)

Given groove width Wg» then (wp + wg) wDp cos ¢/Z. -Since (wp + wg)/y =

cos(90° - 26) =2 sin @ cos @, then y = nDy/2Z sin 8. Therefore, the number of

bar crossings per stator bar is

_ 27L sin o (7)

L _2. sin®
y D

If Py is the average normal pressure or stress experienced by fibers stapled in
an active bar crossing, then the total thrust T is equal to the product of: '3N,

the active area per bar crossing, the number of bar crossings per stator bar,

and the number of stator bars. From Eq. 6 and 7 above, then,

— T T
b - (8)

This can be expressed-in terms of power P rather than thrust by employing an

overall friction coefficient u: 2P/Dpe = uT. Substituting:

= 2P
P = — 9
N quR,QZzL (9)

Bar sharpness (plate wear) and material probably influence the value of y.

We might assume that the stapled fibers are squeezed together in that
leading-edge work zone, such that there is a.continuum of pressure being

experienced by the fibers in the stapled mat. Then the normal pressure on a

fiber increment dg equals Py, the compressive stress on the fiber. Hence, the

normal force being experienced by a fiber increment of width ws and length dg is




Project 3384 -56- Status Report

FIBER STRESS IN OTHER DIRECTIONS

The work of Hartman (13) has demonstrated that compressive stresses
applied to fiber mats can produce desirable internal delaminations, and impart
fiber flexibility, when applied at fairly uniform levels of about 500 psi. This
compares well with the compressive stress levels recorded in refiners by
Goncharov (10), as mentioned above. However, Hartman's compressive forces pro-

duced very little fines or external fibrillation. When applied at levels of.

about 1500 psi (10,000 kPa), excessive fiber damage and cutting resulted.

These and other observations lead us to put forth the following postu-
lates concerning "undesirable" refining outcomes:

- Fiber cutting can directly result from excessive normal or compressive
stresses, perhaps at a level near 10,000 kPa for softwoods.

- The majority of fiber shortening, however, is a result of failure of the
fiber in tension, within the stapled mat in the compression zore.

- The generation of excessive and choppy fines at low energy levels arises
from high shear stress levels in the stapled mat.

Corollaries to these postulates may be stated in connection with "desirable"
refining outcomes: reasonable levels of compressive stress promote kneading and
internal delaminating, and reasonable levels of shear stress promote external
fibrillation. In order to minimize the negative results, however, we must more

closely examine shear and tensile stresses on the fiber level.
SHEAR STRESS

éonsidering our fiber increment of length dg and width ws, the force
in the tahgentia] direction is
‘dFSf = ufdFNF = ufPpwede, (11)
where ¢ is the local interfiber friction coefficient (perhaps different from

the overall coefficient u). Then the shear stress is
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dF sf .
f % rdg - Mf PN (12)

Substituting Eq. 9:

— _ 2n(uf/u)P
e
whealcl

Equatioﬁ 13 states that pulps with shorter average fiber length (hardwoods,
e.g.?) experience higher average shear stress at a given level of power or
thrust. It also contains the specific edge load terms (Eq. 2), predicting
effects identica] to classical theory. If the postulates above are correct,
then the primary effect of this higher shear stress would be seen in fines and

debris production, rapid freeness drop, etc.

FIBER TENSILE STRESS

If the compressed thickness of our fiber segment is tg, then the ten-

sile stress in the segment is

_ dFsf _ uf Py d2

dof

Assuming that neither puf nor tg change much with the amount of compression, then
we can substitute Eq. 9 and integrate:

— _ 2n(uf/u)Pes

of B ————

— (15)
wpeaZllts

If this expression is a reasonably valid representation of the average
tensile stress experience by a fiber f in refining, then it should relate fo the
shortening rate of that fiber, such as described by Corte and Agg (14). They
reported the shortening rate to be a linear function of fiber length in a

refiner - longer fibers are more likely to be cut than shorter fibers. Equation
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15 is consistent with this, indicating that fibers longer than the average
(2¢/2), and slender fibers (gf/tf), will experience higher tensile stress.
Hence, long softwood fibers would be more likely to be cut when refined at high
severity along with large amounts of hardwood, than if they were refined sepa-
rately under identical conditions of power, etc. In addition, the expression
indicates a tendency toward less fiber cutting of more slippery fibers (pH
effects on ufs €.9.). Equation 15 is also in agreement with classical SEL |
theory, predicting more cutting at higher power levels, lower disc speed, and
with fewer bars at the same bar width wf. However, the expression indicates
that narrower bars would produce more cutting if the groove width were increased
to maintain the same number of bars per disc Z. Implicit in fhis are the
assumptions that wp is greater than the width of stapled fibrage, and any
changes in flow caused by different groove dimensions do not influence severity

at a given power.

In light of the above, it appears that a greater fundamental under-
standing of fiber damage in refining, and its control, could be had by testing
certain aspects of this model. The following discussion delineates specific
objectives of the work, and the experimental approach and apparatus employed to

accomplish those ends.
EXPERIMENTAL
OBJECTIVES

Specific objectives of the experimental program include:
1. Developing the capability of measuring Py in a refining machine. The values
obtained could be compared with the work of Goncharov (10) and Hartman (13).

2. Testing Eq. 9 with respect to factors which affect the magnitude of Py.
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3. Establishing the variation or distribution of Py, and factors which affect
its distribution. This would be useful in testinglthe theory of Ebeling
(1), who suggests that fibrages are stapled very nonuniformly along bar
edges, as flocs. It would also involve testing the theory that the effect
which consistency exerts on refining is due to changes in flocculation be-
havior and, therefore, to Py distribution.

4. Correlating the average and the distribution of Py with property development
and especially the rates of cutting and fines generation. 

5. Testing Eq. 13 and 15 with respect to the influence of fiber parameters

(such as af, tf, ﬁf, and ) on the rates of cutting and fines generation.

APPARATUS

In. considering alternative ways of measuring Py in refining machines,
it was decided to develop the‘instFumentétion first for a Valley beater. It was
felt that the geometry and the less severe environment in the beater refining
zone would make the tésk'easier, and»the smaller-scale work prior to instru-

menting a disc refiner should provide uséfu] data. Hence, a stainless steel

TAPPI Standard (T200-os 70) Valley beater was installed, and the rotbr shaft was
modified to accommodate a torque sensor (Fig. 2). Torque readings can be used |
to calculate overall friction coefficient yu, as well as SEL and specific energy
in beating. In addition, the end of the shaft was equipped with a magnetic

rotor and Hall cell effect switch for monitoring rpm.

The geometry of the rotor and stator bars in the beater is such that

two rotor bars are in contact with the bedplate at all times (Fig. 3). Given

this and other geometrical factors, it can be shown that the area of stapled

v
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Figure 2. Valley beater with rotor shaft modification
to accommodate torque sensor,
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; fiber which bears the load is 2[15.24-2(-2:23)J7 = 19.57. This assumes that

| sin 5
| the width of stapled fibrages is indeed equal to g(cm), and that it is less

than the stator bar width of 0.32 cm.

Following the reasoning presented previously, the load or thrust T =
19.5¢ Py. If A equals the torque on the 19.38 cm diameter beater roll, then T

= A/9.69 u, and the expressions for fiber stress are:

5. T A

T _ A 16
N" 19.57 18941 (16)
= . ufl . (uf/u)A (17)
f ™ 193¢ 189z
— _ ufler  (uf/ulnss (18)

of " l9.5gt;  189atg

With the standard 5500 g load on the lever arm and the 17.9:9.0 ratio, the load
T on the bedplate is 10939 g. For a pulp with average fiber length ¢ = 0.2 cm,
Eq. 16 would predict a Py value of 41 psi; this is in contrast to values near

500 psi reported for larger refiners (10). For a fiber in such a slurry with

2f = 3 mm,
te =4 um;
uf = 0015,

then the tensile stress gf would be 4500 psi.. If we use long, relatively low
strength sulfite pulp, a typical fiber strength level may be 5-6 times that.

Hence, if this analysis is correct, Py would have to hit a value of 5-6 times PN

in order to break the 3 mm long fiber in tension.

T
|
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Clearly, if the beater is to be used to study fiber cutting, its
severity of action should be increased. Preliminary experiments indicate that
an effective way to accomplish this is to increase the load, up to 4.5 times the

standard.

The task of measuring Py on a scale which would correspond to fiber
stresses was approached by replacing a 1/8-inch square bedplate bar segment with
an instrumented post (Fig. 4). The top of the post experiences small deflec-
tions as the rotor bars pass during beating. Those deflections were detected by
strain gages attached to the beam which forms an integral part of the post
assembly (Fig. 5). Those strain gages were then connected to givé signals pro-
portional to normal and tangential deflections, as indicated in Fig. 5.

Although the normal signal was the only one from which Py was calculated, the
tangential was of interest to check friction coefficient and was necessary for

normal/tangential signal crosstalk corrections.

R e T

Figure 4. Bar segment and beam prior to strain gage attachment.
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Figure 5. Placement of strain gages on post/beam assembly (top), and
their connection into Wheatstone bridge circuits for normal
(1eft) and tangential (right) deflections.

After the strain gages were attached to the beam and connected into
the bridge circuits on the beam, the gages and connections were sealed with
watefproof sealant, and the assembly was fitted into a specially made brass
bedplate holder (Fig. 6). The centra] bar df a seven-bar bedplate assembly was
cut in two and shortenéd prior ﬁq heat treating to provide an opening for the
“instrumented post. The bedplate bars were then heat treated, assembled with the
oak fillings and riveted together, and placed in the brass holder over the post .
(Fig. 7). Thé.areé.aéohng thé”bogﬁ was.pbtted wi;h;a pq]ymeric?materia], and
the bar assembly was 6o£féd iﬁtG:éhé holder'ﬁith é:sfee] pukty.(Devcon). After

installing the assembly in the beater, about 1 mm or less of bar surface was
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-65-
Beater bar assembly in place around instrumented post,

prior to potting.

Strain gages attached to beam,'installed in bedplate holder.

i
Figure 7.

Project 3384
Figure 6.
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ground off with pulp-abrasive slurry, bringing the tops of the beater bars flush
with the top of the post. At the point when a carbon paper impression revea]ed'
a uniform rotor bar contact across the entire bedplate, including the top of the
post, then the a;semb]y was removed and statically calibrated. By applying
known forces to the post in the normal and tangential directions, calibration
curves for bridge output voltages, including crosstalk, were determined. In the
process of working out problems with strain gage and connection failures,
potting techniques, signal noisé, and other difficulties, severaﬁ of these
assemblies were put together. The later models featured a design whereby the
instrumented post could be inserted into the bedplate holder from the bottom,
without removing and repotting the bar assembly. Also, earlier designs incor-
porated potting in a space between the post and the wood spacers; later designs
eliminated that space, and the resultant extraneous effects caused by potting in

that location.

During operation, the normal and tangential signals are processed
through amplifiers and fed to a data acquisition system. A triggering mechanism
on the beatef‘shaft_initiates one data collection sweep per revolution. The
normal and tangenffal'vo]tage outputs as functions of time can pe viewed on an
oscilloscope screen and dumped to an Apple computer for manipulafion. Software
was written to accomplish the data transfer .to the Apple and td‘convert the
voltage values to fof&e per the calibration (inc]udfng cpossta]k),'then the nor-
mal force was converted to Py by_dividing by the calculated time-dependent bar
segment crossing area. The computer program is also capabie of determining the
maximum level of Py at each impact and ca]cu]ating'averages and standard

deviations of Py over several data sweeps.

|
|
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The number of impacts which can be monitored in this way during
beating is limited by data transfer time and disc storage capacity. In order to
determine a more representative distribution of Py, the normal voltage signal
VN can be monitored by a series of three electronic event counters. The event
counters can be adjusted to increment when the normal voltage signal exceeds a
preset value; this affords a distribution of Vy: x impacts/min excéed 1.0
volts, y impacts/min exceed 1.2 volts, etc. The distribution of Py can then be

closely inferred from this.

RESULTS AND DISCUSSION

EFFECTS OF LOAD AND ADDITIVES ON BEATING RESPONSE

In order to study fiber cutting and other severity-related phenomena,
it is essential to use a long-fibered pulp which is sensitive to cutting. A
western softwood bleached sulfite pulp was chosen. In addition, the beater must
beyopérated in such a way as to effect a certain degree of cutting. Hence, a
series of experiments was carried out with this pulp to establish base-line data
and to determine the effects of load and certain additives on pulp property

development.

Table 1 lists beating parameter data obtained at four levels of load, -
beating in tap water. The apparent coefficient of frjction of the pulp rapidly
<decreasés initially but eventually levels off as the pulp deveiops a slimy
character. The values of initial coefficient of friction compare with the

values of 0.06-0.14 reported by Steenberg (15) for dissolving pulp in a Valley
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Table 1.

Load, g on
lever arm

5500
(standard) .

8250
(1.5 x std.)

16500
(3.0 x std.)

24750
(4.5 x std.)

-68-

Beating parameters as function of

bedplate load?,

. Total Net Specific
Beating Power, hpP Energy Ep
Time, . No-load Gross Net Cumula-
min Po P Pn Sample tive

5 0.22 0.33 0.11 0.99 0.99
10 0.21 0.30 0.09 0.82 1.81
15 0.20 0.28 0.08 0.73 2.54
20 0.19 0.26 0.07 0.80 3.34
30 0.18 0.25 0.07 1.56 4.89

3 0.21 0.38 0.17 0.88 0.88

8 0.20 0.33 0.13 1.20 2.08
13 0.19 0.31 0.12 1.17 3.25

. 18 0.18 0.30 0.12 1.22 4.47
23 0.18 0.30 0.12 1.32 5.79

3 0.22 0.52 0.30 1.61 1.61

6 0.21 0.45 0.24 1.37 2.98

9 0.20 0.42 0.22 1.29 4,27
12 0.19 0.41 0.22 1.36 5.63
15 0.19 0.42 0.23 1.52 7.15

2 0.22 0.70 0.48 1.69 1.69

4 0.22 0.56 0.34 1.25 2.94

6 0.21 0.51 0.30 1.19 -4.13

9 0.21 0.50 0.29 1.83 5.96
12 0.19 0.50 0.31 2.04 8.00

dAverage of duplicate runs at each load.
bThe rotor speed q was 500 + 7 rpm.
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beater, with higher levels observed at lower loads and higher consistencies.

The changing frictional character of the pulp produced corresponding changes in -

both the no-load and the net power consumption, as well as the specific edge

load. These values were high initially but dropped rapidly, then leveled off,

Figures 8-10 illustrate the effects of load on the energy efficiency

of pulp property development. To achieve a'given level of freeness, density, or

tensile strength, less net energy is required under gentler refining conditions.




Project 3384 -69- Status Report
)
\\\ '
QE
ON SN
600 0 X
ko o
. OZDA o
E T 1x
o standard O, 3.0x
8 Toad 0 4.5x
400 | e 7 5~
&)
™ /\
()
200 +
0 ' 2 4 6 - 8
En, HPD/ODT
Figure 8. Freeness vs. net specific energy.
E
A
O []
0.7 3 A o _4.5x
(8
L 1.5x (O ]
(=2}
/N ()
> ' O 3.0x
+
;u_w 1x /0 ]
@ standard (A :
©
o 0.6]  10ad NGO B
@
[¢3)
2 0
© .
=
2 , /A‘g/ll
[ ¥~
0.5 0 Il ZL — A 4 ' 6‘ — 4 " 81
, En’ HPD/0DT
Figure 9. ODensity vs. net specific energy.




Project 3384 -70- Status Report
) /\
60
1 < O
O,
T 50 A 0. -
1 .
= 1.5% L2 4 4.5x
é‘ o 3.0x
8= /A - ]
= 401 1x standard O
@ Toad ~—
g - ]
~ 30t
5 %
! /,_ |
201 4
0o 2 ' 2 T T 8
En’ HPD/0DT

Figure 10. Tensile strength vs. net specific energy.

This is similar to the behavior of hardwood pulps, but is the opposite of that
observed with softwood kraft (4, 6). Apparently the softwood sulfite pulp used
in the present study possesses a sensitivity to refining severity which is

totally different from softwood kraft pulps.

Figures 11-15 illustrate the pulp property relationships observed at
the various loads. As functions of density, the levels of freeness, tear
strength, and scattering coefficient are essentially unaffected by load, while
the tensile strength at a given density is inferior at higher loads. The bene-
fits of gentler refining on tear-tensile and tear-density are readily apparent.
In addition, the initial rates of fiber cutting and fines generation are very

sensitive to beating severity (Fig. 16).

l



Project 3384 -71- Status Report
3
7 N
, —_—
{-
12 ’A\
o ’ 1.0x standard
o [ —~ load
£
Z10 ¢
">
Q
©
=
- g1
[
o
Q
'_
6}
4 + - -t + + + + + —t
20 40 60 . 80
' Tensile index, Nm/g
Figure 11. Tear vs. tensile strength.
-+
600 +
’E -
L
(%]
)
4004 :
® - 1.0x standard load
A\ - 1.5x
() - 3.0x
L D - 4.5X %
200 ' ¢ $ - +
0.5 0.6 ' 0.7
Handsheet density, g/cc -
Figure 12. Freeness vs. density.
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Figure 13. Tear strength vs. density.
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Figure 14. Scattering coefficient vs. density.
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Figure 15. Tensile strength vs. density.
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Figure 16. Fiber classification vs. density.
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A later series of experiments was carried out with certain additives
in deionized water, using a different bedplate. Listed in Table 2 are beating
parameters calculated from torque readings recorded during those runs. Figures
17-21 compare the energy and pulp property relationships of deionized water runs
with alum- and alkali-containing runs. Beating at pH 10 required somewhat less
energy to reach a given level of freeness or density, while beating in the pre-
sence of 10 mg/g alum required much less energy. Pulp property relationships,
however, were identical with the three series. The magnitude of specific enérgy

levels recorded in these runs was much higher than in the previous set.

Table 2. Beating parameters obtained with additives in deionized waterd,

Total App.
Beating Coeff. of Sp. Edge Net Cum.
Time, Net Friction, Load, Sp. Energy,
Water Medium min HP u Ws/m HPD/0DT
Deionized? 0 0.13 0.15 0.32 0
1.8 0.12 0.14 - 0.30 0.4
6.5 0.10 0.13 0.26 1.3
11.6 0.10 0.12 0.27 2.3
21.5 0.10 0.12 0.27 4.3
31.5 0.09 0.12 0.24 6.3
41.7 0.09 0.12 0.25 8.6
10 mg/g 0 0.11 0.14 0.28 0
A15(S04)3+18H20 2.7 0.09 0.12 0.24 0.4
7.9 0.07 0.09 0.20 1.2
11.9 0.07 0.09 0.20 1.8
22.1 0.08 0.10 0.20 3.4
42.6 0.09 0.11 0.23 7.5
62.6 0.09 0.11 0.23 11.8
NaOH to initial 0 0.14 0.17 0.35 0
pH = 10 2.3 0.10 0.12 0.27 0.5
6.8 0.07 0.09 0.20 1.2
22.0 0.07 0.08 0.18 3.4
42.4 0.11 0.14 0.30 7.6
61.8 0.12 0.15 0.31 13.0

dAbsolute levels may be in error due to torque sensor malfunction - see text.
bAverage of duplicate runs. '
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Figure 19. Tear vs. tensile strength,
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Figure 20. Freeness vs. density.
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Figure 21. Tensile strength vs. density.

Although different bedplates were used in the two cases, the discrepancy is
believed to be chiefly attributable to a malfunction in the torque sensor.
Hence, the values in Table 2 are believed to be correct in their relationship to
each other, but their absolute level may be in error. Similarly, the x-axes of

Fig. 17 and 18 may be in error as well.

As expected, the coefficient of friction with initial pH 10 was lower
than in the case with deionized water until after ca. 40 minutes beating time.
The reason for the rise in friction thereafter is unclear, but it may have been
related to a decreasing pH (not recorded) or other alkali-related fiber modifi-

cation. The Tower friction coefficient and rate of power consumption with alum
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was a bit surprising. Other workers (16) reported substantial increases in
friction coefficient and.refining power consumption in the presence of alum at
pH 4-5. Further substantiating work is needed to verify the opposite effecf, as

observed here at low alum concentrations (pH ca. 6.5).
NORMAL FORCE AND Py CURVES

Figure 22 depicts a typical trace of the vo]tage output from the nor-
mél and tangential bridges. Three rotor bar crossings are recorded here. Tﬁe
highest peak in each impact, which starts as the leading edge of the rotor bar
first reaches the post, represents the méximum force and pressure level of that
bar crossing. This maximum typically occurs at ca. 0.8 mm from the leading edge
of the post, as indicated in Fig. 23. A second force peak is often observed at
a distance of 2.5-3.2 mm from the leading edge. However, because of the larger
bar area at this point, the Py level is much lower than in the 0.8 mm vicinity.

Occasionally, sizable force readings are recorded as a rotor bar hits the next

Figure 22. Oscilloscope trace of normal (top) and
' tangential (bottom) voltage outputs.
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BAR POSITIONS

Normal Force

mm

Normal Pressure

Figure 23. Typical relative levels of normal force F, and normal pressure P,,-as
functions of rotor bar position during a gar crossing. Py equals Fy
divided by the time-dependent bar crossing area. Bedplate bars are
3.2 mm wide, wood fillings 2.4 mm, rotor bars 4.8 mm.
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bedplate baf following the instrumental post. This is exemplified by the seconq
impact shown in Fig. 22, and illustrated by the peaks at 6.4 mm in Fig. 23.

This is evidently due to normal force transmitted through the wood filling
following the post, and is not a force experienced by fibers during the impact
over the post. Since the maximum Py level in each impact is consistently seen
to be at the first peak, the computer program searches for the Fy maximum jn the
range of 0.50 to 1.25 mm from the leading edge, and computes Py from that data
point. In addition, the event counters used to count levels of VNlabove a sét
point, operate through a trigger and an electronic gating mechanism so that they

only monitor the first 300 us (1.52 mm) of each bar crossing.
VARIABILITY OF NORMAL FORCE AND PRESSURE

Listed in Table 3 are values of Py calculated by the Apple program

operating on data obtained from the data acquisition system.' At varicus times

during a standard beating, 27 consecutive bar impacts were monitored (out of 32
in a complete rotor revolution). The variability from one impact to the next,
and from minute to minute, is tremendous. It appears as though Py may follow a
Poisson distribution, with standard deviation equal to (or exceeding) the mean.
Although it is difficult to dec]are it statistically significant, there does
appear to be a consistent broad peak of Py values in the middle portion of
beating. Somewhat lower levels are typica]iy observed in early beating, and

lower levels yet after the freeness drops below about 300 ml CSF.

These observations are also confirmed by the counter data, as seen in
Table 4. To obtain this data, the group of three counters was set to count the
number of impacts which exceeded levels of 0.2, 0.8, and 1.6 V, for a one-minute

period, then reset to levels of 0.4, 1.2, and 2.0 V for a second one-minute
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Table 3. Values of Py for 27 consecutive impacts, monitored
at various times of beating softwood sulfite pulp
at standard load and consistency in deionized waterd,

Beating Time,

min 5 15 20 45 60 75
0 1944 0 465 117 0

29 266 779 0 210 37

75 109 0 919 131 0

117 0 85 6 424 141

234 182 0 35 787 0

350 185 0 124 141 498

0 258 109 943 0 311

102 715 59 85 0 0

90 1012 137 0 242 124

153 1287 960 779 0 92

59 39 0 141 691 .0

177 2867 38 449 196 244

0 604 0 241 525 0

0 0 742 2629 148 29

0 0 490 194 224 0

75 0 1217 1679 154 0

0 273 39 2860 442 0

1600 664 195 778 0 0

0 621 0 85 309 323

237 6284 742 135 447 . 165

0 47 2051 3768 234 0

0 54 0 366 93 390

0 0 844 599 213 92

1949 1036 0 1072 100 0

0 454 - 724 298 116 107

177 670 0 604 29 233

1018 0 2771 109 0 154

Mean 261 725 444 719 221 109
Std. Dev. 500 1297 686 956 210 140

Pulp Freeness,
ml CSF 700 626 525 405 340 220

a0nly 3.0 0D g freeness samples were removed during beating.
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Table 4. Distribution of normal voltage output, as number of impacts per minute in
various voltage ranges, as function of time of beating at standard load
and consistency?. '

Beating , Wtd. Av.. Calc'd.
Time, Voltage Range, V Voltage, Av. Py,
min 0-0.2 0.2-0.4 0.4-0.8 0.8-1.2 1.2-1.6 1.6-2.0 >2.0 vb psic
0-10 8955 4741 1928 288 78 2 8 0.24 111
0-15 8693 4875 2095 243 87 2 5 0.25 116
5-20 8332 4811 2451 215 185 0 11 0.27 125
10-25 7501 5410 2607 259 212 6 5 0.28 130
15-30 7585 4997 2804 388 204 17 5 0.29 135
20-35 8257 4773 2361 496 90 23 0 0.27 125
25-40 9950 3593 1930 408 107 12 0 0.24 111
30-45 8896 5022 1504 449 127 2 0 0.25 116
35-50 5472 8204 1622 443 250 9 0 0.30 139
40-55 1290 11583 2409 501 199 18 0 0.37 172
45-60 1522 10900 2957 450 154 17 0 0.37 172
50-65 3401 9159 2983 419 26 12 0 0.33 153
55-75 7659 5848 2050 441 0 3 0 0.26 121
60-75 8512 6089 1120 279 0 0 0 0.23 107
70-75 11109 4270 597 24 0 0 0 0.17 79
Av. 7122 6285 2114 354 115 8 2 0.27 125

dCalculated as moving averages of three data points spaced 5 min aparf.
bCalculated using the mid-point of each range, and 2.2 V for the last column.
CAssuming peak occurs at 0.8 mm from beginning of impact.

period. This procedure was repeated every five minutes during an entire beater
run, during which only 3-gram freenes§ samples were removed (every 15 minutes).
The lowest voltage range (0-0.2 V) was calculated as the differénce between the
16,000 total impacts per minute and the 0.2 V counter reading, with the others
determined by successive differences. Due to random variability between conditions
in the first and second one-minute counting periods, moving averages of three con-
secutive data sets (each 5 minutes apart) were calculated. This procedure affords
a well-defined distribution of force levels, as well as an estimation of the
average Py (assuming the location of the Py maximum is at 0.8 mm from start of
impact). The data in Tables 3 and 4 were taken during the same beater run. In

early beating, and especially after extensive beating, one observes a trend toward
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fewer very heavy impacts and lower average intensity. However, the levels of Py -

calculated from couﬁter data are significantly lower than those from the data
acquisition system (Table 3). Of the two sources, the data calculated from the
counters may be more representative. The counters monitor 32,000 impacts over a
5-minute period, while the other monitors only 27. In addition, the occasional
readings in Table 3, which are in the thousands, are quesfionable, probably
caused by an erroneously low assumption of area in calculating psi; the counter

calculations all assume the Py maximum occurs at the same bar crossing area.'
SUMMARY AND CONCLUSIONS

A mathematical model has been formulated to describe fiber stresses
during refining., It takes into consideration refiner bar angle and size and
fiber length, thickness, and friction characteristics, as well as classical spe-

cific edge load parameters.

The response of softwood sulfite pulp to severe beating conditions was
similar to that of hardwood pulps: low-intensity refining affords significant

property improvement, plus savings in net specific energy.

Compared with Va]léy beating in deionized water, beating of sulfite
pulp in 10 mg/g alum solution resulted in a modest decrease in apparent coef-
ficient of friction, but a sizable reductioh in specific energy requirements.
Beating at pH 10 gave a variable friction coefficient, with a small reduction in
specific energy requirement. Pulp properties were unaffected by these two addi-
tives. The interpretation of this in terms of the model equations is yet to be

established.
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Means have been devised for successfully measuring the local normal
pressure Py in a Valley beater, a key parameter in the model equation.
Measurements made to date indicate best-estimate values to be in the 100-200 psi
range for TAPPI standard beating of the softwood sulfite pulp, with occasional
values of several hundred or over 1000 psi. The variation of Py from impact to
impact, and from minute to minute, is tremendous; Py appears to follow a .
Poisson-like distribution, with standard deviation of the same magnitude as the
mean. It is not uncommon for an "impact" of 0 psi to be followed by one of
several hundred psi. This provides support for Ebeling's theory regarding

refining of flocs (1).

With this pulp, the maximum level of Py during an impact occurs when
the leading edge of the rotor bar is ca. 0.8 mm from the stator bar leading
edge. In contrast to Goncharov's results with conical refiners (10), this early

maximum is not sustained very Tong during the bar crossing. Rather, it forms a

rather sharp peak, later followed by a smaller peak or peaks before the two bars

part.
FUTURE WORK

The near-term plans with the Valley beater involve continuing the
collection of Py, u, SEL, and specific energy data under various beating con-
ditions with the softwood sulfite pulp, and correlation with pulp property data,
and fiber length information by Kajaani analysis. Comparisons are to be made
between:

- standard load and consistehcy
- 3x standard load

- 0.8 and 3.0% consistency
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- pPH 10
- alum addition (10 and 200 mg/g)

- addition of karaya gum or CMC to study y effects

A recent preliminary run with hardwood pulp showed a different Py

curve shape, with perhaps a quicker rise to the first peak (less than 0.8 mm),

and a more prolonged duration at the elevated level. Hence, the first trials to

obtain hardwood pulp data are planned soon, to confirm and explain these obser-

vations,

Longer-term plans for the Valley beater include running mixtures of

dyed rayon fibers and softwood pulp, to test the postulated dependence of fiber

cutting on 2¢, tf, uf, and .

Beyond this, the Py-monitoring scheme is to be applied to a soon-to-be

installed 16-inch Beloit-Jones refiner.

2.

4.
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DATE: September 11, 1985

PROJECT NO.: 3480/3584 - Process Fundamentals of Wet Pressing

PROJECT LEADER: C. H. Sprague

IPC GOAL: Fundamentally increase the potential capacity of processes.

OBJECTIVE:

1. To increase press effectiveness through improvements to the water

‘receiving system.

2. To determine the technical and economic feasibility of displacement
pressing in achieving high dryness and/or property control.

3. To provide a fundamental model to describe the amount of water
removal and the degree of web consolidation in a wet pressing process.

CURRENT FISCAL BUDGET: $140,000

SUMMARY OF RESULTS SINCE LAST REPORT: (April, 1985 - September, 1985)

1. This work has concentrated primarily on porous plates as potential
replacements for felts in wet pressing. This work, initiated in response to the
superior performance obtained with porous plates in the UMO study, has now been
discontinued. When tested under common conditions, porous plates proved inferior
to felts under all circumstances and for a fairly broad range of porous plate types.

2. Earlier work has already established the technical feasibility of
displacement pressing. A third generation pressing head, designed to provide the
data on which to base an engineering and economic evaluation, is now undergoing
testing. Included are provisions for measuring air flow to determine air supply
system requirements. Preliminary data suggest the air horsepower requirement may
be reasonable.

3. Despite the contributions of the UMO work, the industry still does
not have a wet pressing model to predict water removal and densification from fun-
damental sheet and felt conditions, and pressing conditions. The UMO model
requires a nip efficiency factor which can only be obtained by running the furnish
on a pilot or real press, which begs the point of having a model. The poorly
understood part of the process occurs in the expansion and exiting zones of the
nip, both ignored in the UMO work. With the development of thickness measuring
equipment for whole sheets or any part, and the availability of full-nip simula-
tors, we are now in a position to tackle the expansion part of the nip. This work
is underway and has already produced some exciting results with regard to what
controls nip efficiency and, therefore, water removal in a press.
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WET PRESSING

Attached is an interim report on wet pressing submitted to the DOE in
mid-summer. The report to DOE covers work on displacement pressing, pressing
with porous plates as water receivers and some recently initiated work to
describe the expansion section of a press nip. This supplemental report briefly
describes the recent progress on the first and last of the above subjectﬁ.

For background and continuity, the DOE report should be read first.
DISPLACEMENT PRESSING

TEST HEAD DESIGN
The DOE report presents information on laboratory tests with first and-
second generation displacement pressing heads. A third generation system has
been designed and is now undergoing testing.. The new head, shown schematically
in Fig. 1, has a number of important features missing in earlier design, including:
1. An onboard air storage tank, short-coupled directly
through a high-speed solenoid valve to the test chamber,
to supply displacement air. 'This system avoids the long
delay and slow rise of displacement air pressure common‘
to the previous system. Oscilloscope traces of typicalf
applied mechanical and air pressure pulses, showh in
Fig. 2, illustrate this point. Compare tﬁis figure witﬁ
Fig.'17 in the attached report. The air pressure rise

time is“about 5 ms.
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Figure 2. Load and air pressure traces.

Status Report




Project 3480 . -92- Status Report

2. A closed chamber below the sheet, equipped with-
a pressure transducer to measure the pressure rise
caused by air flow through the sheet. This measure-
ment and an appropriate assumption about the thermo-
dynamics of the filling process can be used fo calculate
the superficial air velocity through the sheet and the
displacement power consumption. Figure 3 shows typical
load and lower chamber pressure pulses. Back pressure
»on the sheet is kept low by using a large receiver

volume.

AR
: mma

) *\%\i:%\\ § §

Figure 3. Load and receiving chamber pressure pulses.
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3. Improved sealing of the test chamber to preclude
leakage or bypass paths.
4. An improved air distributor for faster air pressure
rises.
The resulting head and several of its details are i]]ustrafed in Figs. 4-7.

Tests conducted to date show that the head functions as intended. -

NEW RESULTS

An_initia] and limited set of tests, designed to exp]ore'the effects of
applied mechanical pressure, dispiacement pressure (air flow rate) and the load
spreader/water receiver configuration has been conducted. A1l tests were
carried out with a pressure NRT of about 50 ms and a displacement NRT of about
40 ms. A once-dried northern softwood bleached kraft furnish with a freeness of
about 680 mL was used in 50 gr/m2 handsheets. All sheets were pressed to ingoing
solids levels near 50%. These tests were carried out for mechanical pressures

(Pp) of 500 and 800 psi and displacement pressures (Pq) of 40 and 80 psi.

These data are now being analyzed and results will be available for the

meeting.

|
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Figure 4. DP head installed in electrohydraulic press.

L e il
Figure 5. Close up view of head in a slightly open position.
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Figure 6. Upper and Tower halves of head.
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Figure 7. Lower chamber with various layers
of load spreaders and water receivers.
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WET PRESSING MODEL

In a recently completed studyl, the University of Maine'at Orono deve-
loped a model to predict the water removal in a wet press. This model was suc-
cessful in describing the behavior of a laboratory compression tester, but

seriously over predicted water removal in a real press, although the trends were

- correct. A nip efficiency factor was defined to correct the model data to agree

with real press data. Nip efficiencies can be estimated by running a given fur-.
nish on a real or pilot preés and in the lab compression tester and comparing

the results. Nip efficiency is a fairly strong function of furnish and pressing
conditions. Given a nip efficiency, the model can be used to explore small
perturbations in furnish, design and operating parameters. Large perturbations

require a new efficiency to be determined. The limitations of this approach are

self-evident.

To understand why a correction factor is required, it is helpful to
examine the compression testing details and the UMO approach to modeling. The
tester is described fully in the attached report and in Ceckler and Thompson,
Ref. 1 of the attached report. Some of the salient details are repeated below:

1. The press uses a vented porous plate as the water receiver.

A stainless steel plate with an average pore size of 40
was selected to correspond to the pore sizes in typical
pressing felts.

2. Proximity detectors were used to measure the separation
bétween the pressing platen and the incompressible porous
plate. This separation corresponds to instantaneous sheet
thickness which was used to determine the compression

behavior of the sheet. By assuming that the sheet was
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always saturafed, instantaneous water removal was also

obtained from sheet thickness. Total water removal in

a given pressing simulation was taken to correspond to

the minimum sheet thickness attained.

3. Saturation of the sheet and porous plate was assured by

initially flooding the nip. A desired initial moisture

ratio‘was established by presetting the sheet to the cor-

responding thickness for a saturated sheet.
Ceckler and Thompson originally suggested the smoothness and pressure uniformity
supplied by the porous plates as the cause of the higher water removal in the
lab compression tester. The data in the attached report tend to refute this,
however, showing that felts yield more water removal than porous plates in every

case tested.

It is more likely that the compression testér showed better water remo-
val because the sheets were compressed from a presaturated state and because the
expansion part of the process, with its attendant reabsorption of water, was
ignored. Proper accounting of the deleterious effect of porous plates and of
these two testing artifacts should permit estimation of the nip efficiency fac-
tor used by the UMO to correct the laboratory data to agree with pilot press
data. More importantly, a mathematical description of the factors omitted in
the UMO model will make it unnecessary to use a nip efficiency factor, thus pro-
viding a much more complete description of the pressing process. These areas
are now being investigated by using a full-cycle press nip simulator with multi-
layer and instantaneous sheet thickness measurements, and modeling of the expan-

sion process.




Project 3480 -98- ~ Status Report

Full details 6n this modeling activity will be presented at the
meeting, but Fig. 8 is included to illustrate the point and a part of the
approach. In this figure, instantaneously recorded values of applied pressure
and density (sheet thickness) are plotted versus time. The begihning and ending
saturation points are indicated on the figure, the 1atter.based on the water

remaining in the sheet at the exit of the press.

For this relatively wet sheet saturation occurs quickly, but‘some time
is required to compress the sheet to remove the air. At the minimum thickness
point one would estimate a water removal value of about 180 gr/m2, whereas the
actual water removal was about 104 gr/m2. Nip efficiency, based on water remo-
val, would be assigned a value of about 57% for these data. More importantly, .
almost half the water initially removed returned to the sheet in the expansion

portion of the nip. Almost all of this occurred late in the nip.

The equipment used to generate the data in Fig. 8 can be used either in
a falling-weight press simulator or the electrohydraulic press to study a wide
range of pressing conditions. Multiple targets in the sheet allow the measure-
ment of mid region densities as well. Finally, these systems simulate a

complete nip rather than just the compression part of the event.
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SUMMARY

This is an interim report in a year-iong project to inveétigate two
subjects; the technical feasibility of displacement pressing and the factors
causing the differences.in water removal between a 1abora£ory compression testér
and a pilot press, both used in the recently completed wet ﬁressing study con-
ducted by the Department of Chemical Engineering at the University of Maine at
Orono (UMO). Because of the broad scope of the subject areas and the time and
budget constraints on this project, only limited investigations of these sub-

jects have been planned.

DISPLACEMENT PRESSING

Displacement pressing, a new concept for wet pressing, replaces or
supplements the normal hydraulic pressure gradient in a pressed sheet with an
externally imposed pressure gradient, generated by compressed air or steam.
This concept has been explored through two generations of laboratory pressing
heads in two pressing regfmes; moisture levels in the 50%‘range, typical of
third press or early dryer levels, and in the 25-45% range, typical of first or
second presses. At low moisture levels, hydraulic pressufes are difficult to
generate, thus limiting the maximum drynéss achievable in a conventional press.
In this regime, displacement pressing has been shown to be effective in
increasing dryness levels to at least 65%. For lightweight, relatively free
sheets, this has been achieved with normal compression pressures, displacement
air pressures of 50-100 psi and times in the 10-40 ms range. Heavier or lower

freeness sheets are more difficult to dewater.

For wetter sheets where hydraulic pressure gradients can be developed
readily, displacement pressing is used for bulk retention (control). Low

compression pressure, combined with an external air pressure gradient, are used
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to remove water from the sheet without significantly increasing density. 1In
this way, a dry, bulky sheet can be produced, something which canqot be achieved
in a conventional press. As an example, a 65 g/m2 sheet of bleached northern
softwood kraft at a freeness of 690 ml was displacement pressed at compression
levels of 100, 400, and 1600 psi and for an ingoing soiids range from 25-50%.
For an ingoing solids level of 35%, the outgoing solids Tevels were all near
48%, but-the density levels corresponding to the three compression pressures
were about 0.43, 0.47, and 0.51, respectively. These data, and others, have
shown>that displacement pressing canAbe used to decouple the normé] density-
dryness relationship obtained in conventional pressing so dry, bulky sheets can

be produced.

A simple model of the displacement pressing process, based on a two-zone
description, shows that liquid permeability and thickness of the sheet (basﬁs'
weight), and air pressure differential are the key variables. Thickness ahd
permeability are both;dependent on compression pressure in ways which opposfte]y
affect water removal. Hence, there may be a need to schedule pressure during
the diép]acément pressin§ event for optimum performance. This Can be readily
accomplished with the electrohydraulic pressing system in the IPC Pressing and

Drying Laboratory.

When used for achieving high dryness levels, displacement pressing will
offer improved paper machine productivity, better runnability through improved
wet web properties in the open draw, and substantially reduced drying energy.
Increasing the solids level into the dryer from 50 to 65% will reduce drying
energy by 1/3 to 1/2, a large improvement. Using a displacement press in the
first or second press poéition may afford a significant opportunity to achieve

both high dryness and high bU]k,‘a real advantage for a number of grades.




A third generation of displacement pressing heads for.the laboratory
ﬁress simulators is now under construction. This new system is designed to
avoid air leakage paths, to provide a more uniform compression of the sheet and
a more uniform air pressure gradient, and to provide a more controllable air
pressure with a much faster rise time. It is also equipped with transducers
for measuring air flow through the sheet for modeling and engineering calcula-
tions. Displacement pressing has already been shown to be effective. This
generation of equibment should allow determination of the technical feasibility

of the concept.

POROUS PLATES AND NIP EFFICIENCY
In their recently completed wet pressing study, the UMO showed that a
laboratory compression tester was much more effective in removing water than a

pilot press of conventional design. A number of experiments conducted in this

follow-up study have shown that the difference is not attributable to the use of

a porous plate as a water receiver in the compression tester. In fact, for
every condition investigated and for several porous plate designs, felts have

given better performance.

There is now mounting evidence that the compression tester showed
better water removal because the sheets were compressed from a presaturated
state and because the expansion part of the process, with its attendant reab-
sorption of water, was ignored. Proper accounting of the deleterious effect of
porous plates and of these two testing artifacts should permit estimation of the
nip efficiency factor used by the UMO to correct the laboratory data to agree
with pilot press data. More importantly, a mathematical discription of the fac-

tors omitted in the UMO model will make it unnecessary to use a nip efficiency

I
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factor, thus providing a much more complete description of the pressing process.
These areas are now being investigated by using a full-cycle press nip simulator
with multilayer and instantaneous sheet thickness measurements; and modeling of
fhe expansion process. While it is expected that considerable progress in this
area will be made, a full description is probably beyond the remaining time and
budget for this project. It should be noted that this aspect of the investiga-
tion was prompted by the findings regarding porous plates and was not a part of

the original proposal.
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INTRODUCTION

WATER REMOVAL ON THE PAPER MACHINE

Figure 1 shows a schematic illustration of the water distribution in a
typical papermaking process. Processing starts at the headbox with perhaps 200
parts of water for each part of fiber. Most of this water is removed before the
presses through such forces as gravity, vacuum, centrifugal, and wire tension.
In the presses, additional water is removed so the exiting web has about equal
parts of water and fiber. The last bit of water is removed in the dryer,
usua1ly by direct evaporation. Although the relative amount of water removed in
pressing and drying is small, it is profoundly important in terms of operating

costs and energy consumption, machine runnability, and paper properties. i

In wet pressing, the moist sheet, along with one or two felts, is passed
through a press nip td mechanically compress the combination. Figure 2 shows an
example of a two roll press with a single felt working against a vented roll.
Within the sheet, part of the water is carried in the network pores ("free"
water) and the remainder is carried in the fiber pores ("bound" water) For a
re]at1vely wet sheet (mo1sture ratio >2.0) much of the water is free and readily
access1b1e for remova] 'by this compression process For dryer sheets much of
the water is: bound mak1ng it more d1ff1cu1t to remove. As a cqnsequence, two or
three presses are neededvto increase the solids content from 20% on'so to the
40-50% range;"In dhying al]‘of the water is evaporated requiring'ahout 1.5

pounds of steam for each pound of water removed.
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Figure 1. Water distribution on paper machine.
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WET PRESSING

As the wet sheet passes into the nip, the pressing forces compress the
fiber structure, thus reducing the pore volume available to hold water. At some
level of combreséion, the pore volume and water volume become equal, creating a
condition known as saturation. Additional compression beyond the saturation
1e9e1 causes a hydraulic pressure gradient to form, forcing water to flow from
the sheet. Under these conditions, the total pressure applied by the roll is
borne partly by the fiber network and partly by the hydraulic pressure or, in

equation form,

Pt = Ph + Pg (1)
where Py = total applied pressure
Pnh = hydraulic pressure
Pg = structural pressure

(fiber network pressure)
As the sheet continues through the nip, the hydraulic pressure rises to a maxi-
mum, usually arouﬁd mid-nip, and then declines through zero as the sheet expands
on the exit side of the nip. Beyond this point, the hydraulic pressure gradient
reverses and some water may flow from the felt back to the expanding paper web.

Representative nip pressure profiles are shown in Fig. 2.

Flow Controlled Pressing

For sheets having high moisture, high basis weight, or low freeness,
the primary impediment to water removal is the flow resistance of the fiber
network. This regime is called "flow controlled". For flow controlled
pressing, the amount of water removed depends on the hydraulic pressure
available to force water from the sheet and the time available for flow. Under
these conditions, the hydraulic pressure depends directly on the total applied
pressure. Thus, in this regime, water removal depends almost totally on the

area under the pressure-time curve, called the "impulse" of the press.
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NRT
I =/° Pedt (2)
NRT = nip residence time
Time and pressure may be freely interchanged to achieve equivalent water removal
in the flow controlled region. This flow controlled behavior, typical of most
first presses in a multi-press system, is illustrated by the left portion of the
impulse diagram in Fig. 3. Water removal is independent of basis weight in this

region.

Compression Controlled Pressing

As the free water leaves the sheet, removal of the bound water starts
.to dominate the pressing process. Considerable compression is necessary to free
sufficient water from the fibers to saturate the sheet, even though the pore
volume of the highly compressed sheet is small. Only a modest amount of water
remains to be removed. This regime, called compression controlled pressing, is
typical of third presses and is characterized by relatively dry sheets, low
basis weights and high freeness furnishes. Press impulse remains an important
driving force in the compression controlled regime, but here maximum pressure
has an important independent effect, as shown in the righthand part of Fig. 3.
Water removal is directly proportional to basis weight in the compression
controlled zone. The transition between these zones is not sharply defined and
certainly depends upon such situational factors as furnish, basis weight,
freeness, and certain press design factors. Nevertheless, the concepts are well

founded and very useful in understanding or describing pressing behavior.
NEW PRESSING CONCEPTS

Displacement Pressing for High Dryness

As a foregoing discussion suggests, one of the primary measures of

press effectiveness is the dryness of the sheet going to the dryers. All of the
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Figure 3. Pressing impulse diagram.

water not removed by the pfess must be evaporated in the dryer. About 36% of
the gross energy consumption in an integrated kraft mill occurs in the paper
mill with most of this going to paper drying. As a consequence, each percentage
point increase in solids content out of the presses reduces dryer energy con-
sumption by about 4.5%. Hence, there is a big energy cost incentive for

improving press exit dryness.

On many machines, the first (or only) open draw occurs between the
last press and the first dryer can. Many web breaks occur in this zone because
of the poor mechanical properties of the wet web. These breaks cause a signifi-
cant loss of productivity. Improved pressing usually increases the dryness of
the web and, correspondingly, the mechanical properties of the web in the open
draw, thus reducing the frequency of breaks. Hence, runnability, as well as

dryer energy cost, is well related to press exit dryness.




-10-

In first presses, and in some second presses, double felting, extended
or high impact nips, and increased loading are all examples of actions that are
effective in increasing water removal. Third presses are normally compression
controlled so that high pressures as well as long nips (time) are needed to
effect significant additional water removal. Both have been improved by recent
press developments, but the additional incremental improvements expected in
these technologies seem unlikely to produce substantial increases in dryness.
It is this combination of factors which lead to the concept of displacement as
another pressing dimension to be used in improving the performance of\Bresses,

especially third presses.

For relatively dry sheets (MRS1.0) it is still possible to press water

from the fibers, but difficult to create a hydraulic pressure gradient to drive

the water out of the sheet. In displacement pressing, the sheet is mechanically

compressed as usual, but the water removal force is supplied as an externally
imposed pressure gradient using compressed air, for example. With this
Approach, significant additional water can be removed, pushing sheet dryness
lTevels 10-15 percentage points above those normaly achieved. One of the prin-
cipal objectives of this project is to investigate the feasibility of the
displacement pressing concept in achieving high press exit dryness levels and

the benefits derived therefrom.

Displacement Pressing for Property Development

As a moist sheet passes through a pressing nip, it is first compressed
to some minimum thickness, beyond which it expands, but not to its original
thickness. If the sheet is dried promptly after pressing, much of the den-
sification that occurs during pressing is permanently captured in the sheet.
Because sheet density is at the root of many strength properties and some opti-

cal properties, densification in the presses has an important influence on paper
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properties. Generally, if strength is the end-use property of most concern,

more densification is desired in the wet presses.-

For most presses of current design, density is very nearly a linear
function of press exit dryness. Hence, any action taken to increase dryness
will correspondingly increase density. Displacement pressing may also lead to
much higher dryness levels but, because the water removal mechanism is different
from that in more conventional pressing, the degree of incremental increase in

density may be less. Some increase in density is expected, however.

For some paper grades, bulk is the property of interest and densifi-
cation in the wet presses is undesirable. Absorbent grades, boxboard, and
some printing papers, are all examples where part or all of the sheet should be
bulky to effect the desired end-use properties. Bulk and high dryness are
inconsistent in current pressing operations, but can be achieved by starting the -
displacement pressing process at solids levels of 25-35%. In this regime, low
mechanical pressures are used to avoid densifying the sheet. The water is
displaced with an external pressure source such as compressed air. A second
major objective of this project is to determine the feasibility of displacement
pressing as a means of decoupling the usual density-dryness relationship and
producing a sheet that is both bulky and dry, something that cannot be achieved

with current presses.

Pressing with Porous Plates

Under the sponsorship of the U. S. Department of Energy (DOE), the
Department of Chemfcal Engineering at the University of Maine at Orono recently
completed a major study of the wet pressing process. One major objective of
that work was to develop a model to predict the perfofmance of real presses,
given proper information about the furnish, the press design and the pressing

conditions. To develop this model, it was necessary for the UMO to obtain
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compressibility, permeability and capillary pressure data on the furnish in

question for conditions appropriate to the intended model use.

Moist web compression behavior is very time and moisture level depen-
dent. Hence, the compressibility data had to be collected within the same time
scale as occurs in a real press. To gather these data and also to simulate a
pressing process, a laboratory compression tester was constructed, as shown in
Fig. 4. An ample description of this tester is given in Ceckler and Thompson

(1). Several aspects of design and test procedure should be noted, however.

1. The press uses a vented porous plate as the water receiver.
A stainless steel plate with an average pore size of 40u
was selected to correspond to the pore sizes in typical

pressing felts.

2. Proximity detectors were used to measure the separation
between the pressing platen and the incompressible porous
plate. This separation corresponds to instantaneous sheet
thickness which was used to determine the compression
behavior of the sheet. By assuming that the sheet was
always saturated, instantaneous water removal was also
obtained from sheet thickness. Total water removal in
a given pressing simulation was taken to correspond tol

the minimum sheet thickness attained.

3. Saturation of the sheet and porous plate waé assured by
initially flooding the nip. A desired initial moisture
ratio was established by presetting the sheet to the cor-

responding thickness for a saturated sheet.
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Compressibility data, measured as described above, and permeability and '

capillary pressure data, measured initially in separate experiments, were used
to develop a model to describe water removal in a press nip. This model was
quite successful in describing water removal in the laboratory compression
tester as illustrated by the data in Fig. 5. Absolute agreement between the
water removal in the laboratory compression tester and a pilot press - Fig. 5 -
was quite poor, however, although the trends were very similar. In general, the
compression tester showed much higher water removal levels than the pilot press.
Examination of the data showed that one set could be shifted by a common factor
to coincide with the other set. This factor has been called a "nip efficiéncy"
factor, but is more appropriately a correction factor to adjust the model data
to aéree with the real (pilot) press data. A given correction factor applies
over only a very narrow range of furnish and pressing conditions, so a new one
must be determined for each new set of conditions. The correction factor may
vary over at least a 4 or 5 to 1 range; hence, the accuracy of the estimate of
pressing behavior obtained with the model is critically dependent on the

accuracy with which the correction factor is known.

Becausé the water removal determined in the lab press is always much
higher than in the pilot press, the correction factor is always less than 1.0,
sometimes substantially less, as in Fig., 5, for example. In the Phase I
report (11), it was speculated that the porous plates used in the compression
tester are more effective at water removal than are felts because they provide &
more uniform application of pressing pressure. Whatever the céuse, there were
not sufficient details in the initial report to assign a real cause to the dif-
ference. Furthermore, the differences were so large as to support the concept

of an advantage for porous plates. Interpretation of these results was con-
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Figure 5. Comparison between pilot and laboratory simulations for 300 CSF
bleached softwood kraft, 75 g/mZ.
founded by the differences in -the test equipment used for comparison; a lab
compression tester operating in a perpetually saturated state with thickness
determined water removal on the one hand, and a pilot press operating normally
with gravimetrically determined water removal on the other. A third objective
of this project is to clarify this issue by comparing the performance of porous
plates and felts under identical and realistic pressing conditions. This work
is also expected to contribute to understanding of‘the correct{on factor

necessary with the UMO model.
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DISPLACEMENT PRESSING

The data in Fig. 3 show that increases in press impulse yield only’
small increases in sheet dryness when the sheet is in the compression controlled
zone. The exact level of dryness at which the transition to compression control
occurs depends somewhat on basis weight, freeness, and so on. But the point is
clear; increasing impulse levels beyond those achievable with extended nip
presses will have little impact on water removal/dryness for dryness levels
above the 45-50% range. Pressing pressure has a small positive impact in this
zone, but structural design considerations will preclude significant advances
via this route. Based on all of these factors, it appears that major gains in

sheet dryness out of the press will require a different pressing mechanism.

At high dryness levels, practical pressing pressures squeeze some
water out of the fibers into the interfiber pores, but not enough to saturate
the sheet. For this unsaturated condition, there is no hydraulic pressufe gra-
dient .to drive the water from the sheet. In impulse drying, a similar state of
sheet compression and saturation is achieved (12). There, however, appreciable
1iquid water removal is induced by the bulk flow of the vapor generated at the
hot surface. In pressing at high dryness levels, the same mechanism can be
invoked by driving air or steam through the sheet from an external source. As
the gas stream flows through the compressed sheet, a portion of the available
water is removed by displacement or entrainment. This mechanism, illustrated in
Fig. 6., can be used to raise sheet dryness levels well above those achievable
with conventional or extended nip presses without using any thermal energy.

This concept is called "displacement pressing".

l
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FIRST GENERATION EXPLORATORY EXPERIMENTS '

A simple displacement press chamber (Fig. 7) was constructed for
obtaining preliminary data on the dryness levels attainable by displacement
pressing. In this simple chamber, the wet sheet is saﬁdwiched between two
drilled plates whiéh acf as load spreaders while allowing air and water to pass.
Various combinations of screens, felts, and porous plates are placed between the
sheet and the load spreaders. For the initia1~experiments; the chamber assembly
was placed in a stafic press to provide compression of the sheet. Compressed
air was then passed tﬁrbhgh the sheet for a‘predetermined‘period of time to

displace the water. A picture of the static press is shown in Fig. 8.
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Figure 7. Displacement press chamber.

Figure 8A. Press chamber,
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Figure 8B. Static press.

For each test, the wet sheet was pressed by conventional means to the
desired initial solids content, usually near 50%, and weighed. It was then
placed in the test chamber shown in Fig. 7, with the appropriate water receiver,
usually a dry felt, and supplemental load spreader, such as a screen. This
assembly was then placed in the static hydraulic press and loaded to a predeter-
mined and constant pressure. At a controlled time after compression of the
sheet, the air supply valve was opened and left open for a predetermined time.
A1l timing operations were controlled as closely as possible by manual means.
After pressing, the sheet was removed from the press and weighed to determine
water removal. Care was taken to keep the post-pressing contact time between
the sheet and felt constant and minimum, but still there was significant oppor-

tunity for rewet so the data presented later underestimate the true water removal.
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The purpose of these initial tests was to determine if attractive sheet
dryness levels could be reached with displacement pressing and to identify the
parameters important to further study. A high freeness bleached softwood kraft
furnish was selected and tested at two basis weights, 63 g/m2 and 125 g/mZ,
Representative test results are shown in Fig. 9 as sheet dryness versus the

displacement pressure Pq, for the two basis weights.

From the data in Fig. 9, one can make the following observations:
1. Sheet dryness levels of 60-65% are readily achievable,
despite the limitations of the apparatus used for these

tests.

2. Displacement pressure and displacement time are important
variables, but they appear to be somewhat interchangeable,

so the product of the two may be the key quantity.

3. The external compression pressure, Pt, is a less important
variable, especially for the lower basis weight. High
compression pressures tend to make more water avaiable
for removal but, at the same time, reduce sheet permeability.
These counteracting effects seem to balance in the lower
basis weight sheet and to favor water removal in the

heavier sheet.

4. Higher basis weight sheets are more difficult to dewater
by'displacement pressing. For Darcy's law flow, assumed
to apply here, both the permeability and the pressure
gradient decrease with increasing basis weight, giving

an inverse square law effect.




-21-

65|—
Basis Weight=125¢g/sqm
CSF=720
ool
*
- — - "A
o e — — x
- — ———
[72] — — -
[ P e o~ —————
-3 A . —— o
> ~ - -
14 7 ~ - - e e ——— o
[=] ‘a/// — - —
- 50 2, _ -
u | 4o
3 |-
/ A P =600, ty4=2s
45§ x P_=300, t4=2s
0 P =600, ty=0.5s
o P =300, t;,05s
/] ] } 1 } ) 1 }
0 40 80 120 160
Pg: psig
65 —=4
i Basis Weight = 63 g/sqm e -
CSF=720 =
”
-
cof -
* PR R
- P 4 _,-—-“"— ]
e 4 -
X - ——————
) - e — —
u / B
> 4
3 //
- 50&{'
u -
] A P_ =600, ty4=2s
Zh x P_=300, t4=2s
ask O P_=600, t4=0.55
o P =300, 14=05s
} L 1 1 -l 1 1 ]
0 40 80 120 160
Pd, psig
Figure 9. Sheet dryness resulting from displacement

pressing at various displacement pressures.




=22~

5. Although it is not evident from these data, other results
show that almost all of the water was removed by dis-
placement and only very little by pressing a]oqe. This
is consistent with the small effectiveness of impq]se

in dewatering high solids sheets.

Several additional tests were conducted, primarily to explore the
effect of press head configurétion on displacement pressing performance. These
data are shown in Table 1. From these data, one may make the following obser-
vations:

1. Replacing the felt with a screen substantially reduced

water removal (tests 1 & 2). The data do not provide a

valid comparison between use of a felt and porous plates
above and below the sheets, but it appears that felts are
better. These plates may introduce appreciable pressure

drop, thus reducing the gradient across the sheet.

2. Increasing displacement pressure is shown to have a large

positive effect by tests 2 and 3.

3. Displacement pressing should remove more water from a
wet sheet than from a dryer one. This is supported -

but certainly not proven - by the data from tests 4 and 5.

4. Applied pressure has only a minor effect as shown by tests

5 and 6.

5. Displacement time is an important variable, as shown by

tests 7 through 10.
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Table 1. Displacement pressing data for various press configurations.

Pt  Pq T Dj Do L1 L2 L3 Lg Lsg BW AMR

1. 530 160 2 48.7 56.6 DP SCR  SHT SCR -DP 125 0.287

2. 530 160 2 . 48.7 61.1 P SCR  SHT FLT DP 125  0.417
3. 530 20 2 48.7 56.1 DP SCR  SHT FLT DP 125 0.271
4. 530 40 10 50.3 64.1 DP SCR SHT FLT DP 125 0.428
5. 530 40 10 48.7 62.8 DP SCR SHT FLT DP 125 0.461
6. 300 40 10 48.7 62.5 DP SR SHT FLT DP 125 0.453
7. 530 50 1 46.0 52.3 SSS SHT SSS  =--- --- 125 0.262
530 50 5 46.0 55.4 SSS SHT SSS --- ---- 125 0.369
9. 530 50 10 46.0 59.8 SSS SHT SSS --- --- 125 0.502
10. 530 50 20 46.0 66.6 SSS SHT SSS --- --- 125 0.672
11. 530 0 5 46.0 48.0 SSS SHT S8 --- --- 125 0.091
12. 530 50 5 43.4 57.7 SSS SHT SSS === --- 60 0.571
13; 530 50 10 43.2 67.7 SSS SHT SSS  ---  --- 60 0.838
Pt = total applied pressure - psi DP = drilled plate
Pd = displacemeht air pressure - psig SCR = screen
T = displacement time - sec. SHT = sheet
Dj = 1ingoing dryness - % SSS = sintered stainless
steel plate - 40y
D = outgoing dryness - % pore size

L1-Ls = layers of pressing system - top-to-bottom FLT = felt
BW = basis weight - g/m2

AMR = change in moisture ratio through press




-24-

6. The pure pressing effect - i.e., without displacement -

is small as shown by tests 8 and 11.

7. Finally, basis weight has a large negative effect as

indicated by tests 8 and 12 and by tests 9 and 13.
These observations are consistent with, but expand upon, those made earlier.

While freeness has not been considered as a variable in these tests,
decreasing freeness would be expected to have a significant negative impact on

displacement pressing performance.

These results show favorable sheet dryness levels for displacement
pressing, even though the times involved were excessive for commercial machines.
With the simple, manually controlled equipment, it was not possible to effec-
tiQe]y test at shorter time intervals. There were several other deficiencies in
this first generation system, as well. These included poor distribution of the
compression load, extensive rewet because of the long post-pressing contact
time, compression of the web well before and after the displacement pulse,
severe radial leakage of air, thus reducing and disguising the true displacement
pressure, and manual control. Given these qualifications, the results were

regarded as sufficiently encouraging to warrant further work.

SIMPLIFIED ANALYSIS OF DISPLACEMENT PRESSING

In order to gain understanding of the primary effects of web and
operating parameters, a highly simplified analysis of displacement pressing has
beén performed. Because of the success of zonal models in describing high
intensity drying, a two-zone model has been adopted (see Fig. 10). In this
model, the water available for displacement by an air pressure gradient is con-

sidered to be disp]aced from the web as a unit (wet zone), leaving behind (in

l
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Figure 10. Two-zone model of displacement pressing.

the "dry" zone) that water which is unavailable for displacement. The analysis
was performed for the general case in which air flows through the entire web
removing water by viscous entrainment. However, the special case of a saturated
wet zone, with water removal by a "push-through" mechanism,lis readily handled

in the model by setting the air permeability of the wet zone to zero.

A brief outline of the analysis is as follows. As a result of mecha-
nical compression, the web has a thickness (§7), an effective density of water

available for displacement (EL), air permeabilities for the wet and "dry" zones
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(kaw,'kad), and a Tiquid permeability in the wet zone (k). The above quan-
tities, as well as the applied air pressure difference (Apao), are considered
constant. For simplicity, the compressibility of the air is neglected [i.e.,

the air density (pz) is treated as constant].

It is assumed that Darcy's law adequately describes both the air and
water flows. Although the wet zone thickness will decrease with time, a quasi-
steady-state analysis is employed. Thus, the air flow rates (ﬁa) through the

"dry" and wet zones must be equal at every instant, yielding:

. Pa kad Apad _ Pa kaw Apaw (3)
a My (5T - §) My S
where Wy = air viscosity
Bpay = air pressure drop across "dry" zone
Apa,, = air pressure drop across wet zone

Of course, the total pressure drop is fixed:
Apad + Apaw = Apao (4)
If capillary pressure effects are neglected, it is Apaw that drives the liquid
flow. Thus, the liquid flow rate (m_) is given by:
k Apa

LA (5)
L uLcS

where oL density of water

viscosity of water

-
—
It

Finally, the rate of change of the wet zone thickness (S8) can be
obtained from a mass balance on the wet zone:
- ds _
Lat - T M (6)
with 8(0) = 9y,

All of-these equations are based on unit area.-
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The above equations have been solved, yielding the fo]lowing

expression for the wet zone thickness as a fraction of the total thickness: -

8 I+V1-uiﬁﬁo<fil (6)

St 1-% =

where kK = ka /kay

T =t/tp
—_ n —_— 2 — 2
(1+k)y, m, & (1+k)y, o, & (1+k )y, 6
tp = "pressing time" = kL g' T - 5 kL :' LI X k T (7
PL KL PPy oL XL 8Py L
0 0 0
mt = pLO8T = mass of water available for displacement per unit area

0f course, for T > 1, no further water removal occurs, since § = 0. The rela-
tive water removal (cumulative) is easily derived from the above result as:

Mout = 1 - 8/87. (8)
Figure 11 shows the predicted behavior for the physically meaningful range,

o<k<1.

Mout

00 1 1. 1
0.0 0.5 1.0 1.5

t

Figure 11. Dimensionless cumulative water removal (ﬁbut)_gs a
function of dimensionless displacement time (t).
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Perhaps the most important result of the analysis is the expression
for "drying time" (tp) listed above. It, in conjunction with the expression for
m{, indicates that drying time is proportional to the square of the web
thickness (basis weight) and inversely proportional to applied air pressure and
web liquid permeability (a strong function of compression level, moisture ratio,

and freeness for a given pulp).

According to the model, there is no incentive to perform displacement
pressing for times longer than tp. The real challenges, then, are to minimize
n
tp, while maximizing m_ (the water available for displacement). This will

require understanding and use of optimal operating strategies.

EXPLORATORY EXPERIMENTS WITH A SECOND GENERATION PRESS

The initial ekp]oration of displacement pressing reported in an
earlier section involQed tests performed in a static press device. That is, the
sheets were precompressed for several seconds, after which displacement (air)
pressure was applied. Although the dryness levels attained (up to about 65%)
were very encouraging, the compression and displacement times (> 0.5 sec.) used

were long compared to residence times typical of commercial pressing equipment.

To Tearn whether these high dryness levels could be attained or
exceeded within a time period more typical of currently practical pressing
operations, a second generation of displacement pressing equipment was deve-
loped. A new test head, shown in Fig. 12, included a sheet/felt edge seal,
improved load distributors, a pressure transducer for measuring the actual
displacement pressure on the sheet, and an improved air supply/distribution

system.
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Figure 12. Displacement pressing head.

To permit short duration, dynamic testing, this test head was
installed in a falling-weight press nip simulator, shown schematically in
Fig. 13 and described more fully in ref. (13). In this device, peak pressure,
nip residence time, and impulse are set by seletting appropriate values for the
falling weight, the height from which the weight is dropped and the amount of
elastic material in the system. While short, hard nips proved easy to simulate,
great difficulty was encountered in going to nip residence times beyond a few
milliseconds, an area of particular interest for displacement pressing. For
this reason, testing of the displacement pressing concept was shifted to an

electrohydraulic press.

The electrohydraulic press uses a hydraulic cylinder, servovalve and

position and force transducers to form a closed loop, load and position control
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system. A special electronic control package was developed to allow simulation
of a single pressing event. Pressure-time pulses of a wide variety of shapes
and sizes may be commanded electrically to simulate various types of nips. This
device is extremely well suited to simulating any press configuration with a nip
residence time of 10 ms or more. Figure 14 shows the press servo with the

displacement pressing head installed.

Figure 14. Electrohydraulic displacement pressing system.
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Results

Initially, scoping experiments were performed to examine the effects
of certain operating variables on displacement pressing performance. For these
experiments, 63 g/m2 handsheets formed from 720 CSF bleached softwood kraft

(once-dried) pulp were utilized.

In one series, the peak mechanical pressure and nip residence time
(displacement time) were varied. The tests were performed using sheets at
43-45% initial dryness. The pressing configuration used comprised a bronze
wire/handsheet/felt sandwich pressed between the drilled plates of the two test
heads with the wire at the air supply side. A soft rubber gasket surrounded the
sandwich to minimize air leakage. A haversine-shaped mechanical pressure pulse
was applied and the air supply was triggered just prior to initiation of the
mechanical pulse. Example mechanical pressure and air pressure responses for

this operating mode are given in Fig. 15.

The results of this test series are presented in Fig. 16. It is seen
that nearly 50% of the water initially in the sheet (corresponding to final dry-
ness levels of 60% or more) was removed under the maximum time and pressure con-
ditions. For the range of conditions represented in Fig. 16, the peak air
pressures ranged from .40 to 80 psi, increasing with mechanical pressure and with
displacement time. Air pressure levels were very erratic, however, because of
poor sealing. Some of the factors contributing to the beneficial effect of
higher mechanical pressures may be: larger quantities of water squeezed from
the fibers and available for displacement, increased air pressure differential
écross the web due to its increased saturation (air flow resistance), and

decreased web thickness. The potentially impeding effect of increased liquid

|
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Figure 16.
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flow resistance at higher compression levels is apparently insufficient to over-
come these beneficial effects. These displacement pressing results are par-
ticularly encouraging because they indicate that significant dewatering occurs

in time approaching those for available pressing equipment (e.g., up to 50 ms).

Because the bronze wire/drilled plate combination yielded marked
(dimpled) sheets after pressing, other load spreader/air distributor materials
were tried. These included plastic wires and porous metal plates. The use of
porous plates tended to result in somewhat reduced water removal. The plastic
wire was stiffer than the bronze wire and reduced dimpling without significantly
changing water removal. Therefore, it was adopted for use in subsequent experi-

ments.

Although not studied thoroughly, several tests using "square," rather
than haversine, mechanical pulse shapes were performed. In some cases, the
displacement air application was delayed by 50 ms, as shown in Fig. 17, to
detérmine the effect of precompression. No appreciable differences in water
removal were observed with these pressing modes, as compared to the use of
haversine pulses with mechanical precompression, for similar displacement times.
These results support the notion that displacement time is a critical variable
rather than compression time, consistent with the results obtained in the static

press.

Increases in peak mechanical pressure (to 2000 psi), air supply
pressure (to 200 psi) and sheet initial dryness (to ~49-51%) were also explored.
The combined effect of these changes was an increase of several percentage
points in fipa] sheet dryness (up to the 64-65% range) within the same time
range as shown in Fig. 16. These higher air supply pressure and initial dryness

levels were then retained in subsequent tests.
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The next phase of experimentation involved comparing the displacement
pressing behavior of never-dried pulp (bleached northern softwood kraft), at two
freeness levels (690 and 300 CSF), with that of the previously discussed once-
dried pulp. One of the operating conditions used a "square" mechanical pulse,
with 50 ms precompression time and 130 ms displacement time, at a level of
1200 psi. For 63 g/m2 handsheets at about 49% initial dryness, the water remo-
val amounts for the 720 CSF once-dried, the 690 CSF never-dried, and the 300 CSF
never-dried pulp handsheets were 47%, 33%, and 20%, respectively. Rather simi-
lar results were found using other pulse shapes and somewhat shorter dis-

placement times. For all three sheet types, pressing without displacement air

yielded about 15% water removal.

The effects of displacement time and pulp freeness have been investi-
gated in one of the most definitive portions of the displacement pressing study
so far. Handsheet samples of 63 g/m2 basis weight, formed from never-dried, -
bleached northern softwood kraft pulp at freeness levels of 300 and 690 CSF and
having an initial dryness of about 50%, were employed. Mechanical pressure
pulses of "square" shape, at a level of about 1200 psi, were used. The com-
pressed air supply was "triggered" after 50 ms of sheet compression. Typical
mechanical and air pressure responses are shown in Fig. 17. The water removal
curves resulting from these tests are shown in Fig. 18 and 19. In the case of
the 690 CSF pulp, the displacement times needed to achieve significant dryness
increases were on the order of 25 ms and, thus, comparable to the response time
of the air supply system (i.e., about 40 ms). As a consequence, the maximum air
pressure applied to the sheet increased with displacement time (see Fig. 18).
Instantaneously applying a given air pressure would probably increase water

removal for short displacement times and flatten the curve for longer times.
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In the case of the 300 CSF pulp, the time required for significant water removal
was well beyond the response time of the éir system, so the peak air pressures
were about the same for all tests. Interestingly, the peak air pressure was
greatest for the low freeness pulp (180 psi vs. 120 psi), probably due to dif-

ferences in sheet flow resistance.

The data presented in Fig. 18 and 19 indicate that significant incre-
ments of water removal via displacement pressing are achievable at high ingoing
dryness levels. The amount of water available for displacement appears to be
somewhat greater for the high freeness case. Importantly, the majority of the
water femova] occurred in a time period (<35 ms) comparable to the residence
time in an extended nip press in the 690 CSF case. For the 300 CSF pulp, the

dewatering time was nearly an order of magnitude longer (~300 ms).
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The shapes of the displacement pressing curves in Fig. 18 and 19 are in
good agreement with that predicted by the simplified model presented earlier in
the report. Furthermore, the experimental dewatering times are in reasonable
quantitative agreement with those calculated (using estimated parameter values
where necessary) from the "pressing time" equation resulting from the simplified

analysis.

A few very preliminary experiments were conducted to test the effe;ts
of preheating the web and of blinding the back side of the felt to prevent air
flow-through. The results are too limited to permit definite conclusions, but
suggest that preheating will increase water removal and that b]indfng the nip
has little effect. If the latter observation holds up under more complete
testing, it may be significant in reducing air flow and, therefore, power con-

sumption for supplying the displacement air.

DISPLACEMENT PRESSING FOR BULK CONTROL

As stated previously, pressing usually increases final sheet density in
direct proportion to the increase in dryness. For some grades, higher densities
are undesirable. Examples include absorbent grades, boxboard and some printing
paper. For a]i grades, high dryness out of the press is desirable for good run-
nability, productivity and low drying energy costs. To achieve both low density
and high dryness, it is necessary to decouple the density-dryness relationship

common to conventional wet pressing.

Density is developed by compressing the sheet to remove water from the
fiber. This density is at least partially retained in the final product if the
water remaining in the sheet after pressing is removed before the sheet can
reswell. Because conventional pressing relies on strong compression of the

sheet for water removal, dryness and densjty are closely linked. In displace-
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ment pressing, however, the sheet can be compressed slightly to make water
available for removal. The water is then displaced (removed) by air flowing
into the sheet from an external pressure source. In this fashion, sheet dryness
can be increased without significantly densifying the sheet. The degree of bulk

retention depends on the moisture level at which displacement pressing is started.

Exploratory Experiment with High Bulk Displacement Pressing

Displacement pressing (DP) for high bulk uses the same equipment and
procedures previously described for pressing to high dryness levels. Here,
however, the DP process is started at a low solids content and much lower
compression levels are used. For this type of operation, a displacement press
would replace a conventional first or second press rather than a third or fourth

press, as in the high dryness case.

To evaluate this concept, a number of tests have been carried out using
63 g/m2 sheets made from a bleached northern softwood kraft furnish with a
Canadian standard freeness of 690 ml. These sheets were displacement pressed
with air and compression schedules 1ike those shown in Fig. 17, i.e., 60 ms of
precompression followed by 60 ms of displacement for a total time of 120 ms.
Compression levels of 100, 400 and 1500 psi and ingoing dryness levels of about
25, 35, and 50% were used. Displacement pressed sheets were dried on a hot
plate to determine final density. Outgoing dryness levels and density levels
are shown in Figs. 20 and 21, respectively. Figure 20 also shows outgoing dry-

ness levels without displacement, i.e., the conventional presssing component alone.
From the data in Fig. 20, one can make the following observations:

1. Displacement pressing is very effective in removing water,

especially for low ingoing dryness levels.
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2. Very little of the water is removed by pressing only. Hence,

most must be removed by displacement.

3. Outgoing dryness changes are about 1/3 of ingoing dryness
changes. This is equivalent to the rule-of-thumb applied

to conventional presses.

4. Water removal is quite insensitive to compression level,
especia11y for low ingoing dryness levels. It is quite
remarkable that the solids level can be increased from

25 to 48% in a press operating at a load of 100 psi.

From the data in Fig. 21, it is clear that displacement pressing at low
ingoing solids levels can be used to decouple the normal density-dryness rela-
tionships. At an outgoing dryness level of 50%, for example, the density ranges
from about 0.45 g/cm3 for pressing at 100 psi, to about 0.54 g/cm3 for pressing
at 1500 psi. For conventional pressing to 50% solids, the density would be

fixed, almost totally independent of the specific pressing configuration.

REVIEW OF POLISH WORK ON BLOWTHROUGH DEWATERING OF PAPER WEBS

Drainage or pressing of paper by passing (blowing) air through the wet
web is not a new concept. Several devices for this purpose are described in a
patent by Holden (1), filed for in March, 1963, and granted November 8, 1966.
His work and that of Brundrett and Baines (2) were extended by Kawka and co-

workers in Lodz, Poland. Several articles (3-10) have been published since.

Most of the work in Poland has been aimed at the use of the blow-
through principle to raise the solids content of the sheet from values in the

10-30% range up to 40-45%. Two representative devices due to Holden (1), used
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by Kawka, are shown in Fig. 22. An additional device, developed in Poland and
called an air press, is shown in Fig. 23. Several other similar devices have
been proposed or used (3-10). A1l have the following characteristics:

a. low mechanical compression forces on the wet fiber network

b. long exposure times (0.l-several seconds)

c. a porous fabric or structure backing the wet web

d. modest pressure differentials through the wet web (1-30 psi)

e. low load levels (50-100 pli) on the pressing components, where
they were used

f. 1low operating speeds (up to 300 m/min)

| g. unheated blowthrough air, in most cases.

Blowthrough dewatering has been applied primarily to lightweight
grades where bulk, absorbency, and porosity are important, such as tissue,
toweling, and bag papers. There is mention of application to heavyweight board

pulp dewatering (9), but no data are given.

Some typical results for a 70 g/m2 bag paper are presented in Figs.
24-26. These data were obtained by subjecting sheets with initial so]idé contents
of 18.8, 25.3, and 31.4% to one, two, or three passes through an air press (Fig.
23). Corresponding exposure times were 0.2, 0.4, and 0.6 seconds. Press loads

were about 50-100 pli.
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Figure 22. Two blowthrough configurations due to Holden (1).




Figure 24.
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Figure 24 shows final so]ids'values as a function of the blowthrough
air pressure differential. The following observations apply to these data:

a. This type of blowthrough water removal is most effective on wet sheets
(10-20% solids).

b. Increased dryness from additional passes - more blowthrbugh time -
seems mostly due to mechanical pressing and not to blowthrough.

c. For the web tested and the prevailing dewatering conditions, the maxf-
mum solids level is limited to about 42%.

d. More air pressure gives higher dryness levels, but the effect dimi-
nishes at a transition pressure (1.0-1.7 atm) which decreases with

increasing initial dryness.

Figure 26 shows elongation at failure and tear strength as functions of
blowthrough pressure. Both show significant improvement with mechanical press-

ing (pp = o) and even more dramatic improvement with increased blowthrough.

Other properties, not shown in these figures, were also altered.
Blowthrough dewatering tends to give much higher bulk (100% more), higher poro-

sity, and higher absorbency than conventionally consolidated papers.

Air pressing is thus effective in dewatering wet webs (<40% solids)
and in promoting bulk, absorbency, stretch, tear, and squareness. Tensile
strengths tend to be degraded slightly. The efficiency (cost) of such pressing
is hard to assess, but in one example cited (3), the direct aif power delivered
to the web was about 4 million Btu/ton which is substantial. The autﬁors sfate
that the primary advantage is in prdperty control and not in energy cost

reductions.
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In some of the papers, experiments involving high temperature air and
long exposures are cited. These constitute through drying experiments and are

not germane to the IPC projects.

The work outlined above has been cited because it is relevant and
complementary to the IPC work, and it supports the expectation that displacement
pressing of low solids sheets will result in high bulk levels. Most of the IPC
work, however, is aimed at quite different objectives and operating regimes.

For example, the displacement pressing process under study in this prqject has
been shown to have the potential to:

a. extend pressing solids levels from 50 up to 65% thus augmenting conven-
tional drainage and pressing elements andldisplacing dryers,

b. work over a range of mechanical pressures up to high levels to permit
improvement and control of properties, including strength or bulk, thus
making it attractive for use on several grades,

c. reduce drying energy levels substantially and reduce dryer size or
increase productivity, and

d. work over the short time intervals characteristic of modern, high-speed

machines.

A1l of these expectations fall well outside the range of the pre-
viously completed work and the capability of the various presses that have been
developed. None has the potential for extension to the displacement pressing

regime.
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PRESSING WITH POROUS PLATES

BACKGROUND

Figure 3 [replotted from Ceckler and Thompson (11)] Shows press exit
dryness levels (total water removed) as a function of press impulse for a typi-
cal furnish and basis weight sheet. For sheets with less than 45-50% dryness,
these and other data clearly show that press impulse is the dominant controlling
variable. In this regime, pressure and time are largely interchangeable with
the absolute level of pressure playing a small role. For higher dryness levels,
impulse loses its dominance and pressure and other variables become important.
These "zones are often referred to as "flow controlled" (impulse controlled) and
“"compression controlled" (pressure controlled), respectively. Current extended
nip technology provides impulse levels that nearly span the flow controlled

range and can lead to dryness levels around 50%.

In their DOE sponsored wet pressing study, Ceckler and Thompson
performed a number of experiments in the flow controlled regime fo éompare
laboratory and pilot press performance. The laboratory unit used porous metal
plates to receive the water whereas the pilot press used a felt. Under some
test conditions, the laboratory press removed almost twice as much water as the
pilot press for a given impulse level. Ceckler and Thompson attributed the
greater effectiveness of the laboratory press to the uniformity of pressure pro-
vided by the porous plate as opposed to great variability in the local pressure
delivered by the felt. As will be shown later, there is little evidence to sup-

port this hypothesis.

Ceckler and Thompson coined the term "nip efficiency" to describe the

correction necessary to make the laboratory compression data agree with the

.pilot press data. Nip efficiencies tend to vary widely depending on furnish,
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moisture level and pressing conditions, but are always well below 100%. Hence,
the nip efficiency data show porous plates (the UMO laboratory compression
tester) to be far superior to pilot press and, hence, real presses. Direct com-
parison of the UMO laboratory data with pilot press data is not appropriate
however, for two very important reasons. First, iaboratory tests were started
with the sheet saturated and precompressed to the thickness corresponding to the
desired initial moisture ratio. For sheets starting from a saturated state,
hydraulic pressure builds instantly and follows the applied compression
pressure. Water removal also begins instantly. For most real pressing
situations, the ingoing sheet is not saturated and, thus, carries some air with
it. The initial portion of the compression pulse is used to drive the air from
the sheet and reach a saturated state, at which point water removal begins:

This difference in initial sheet state allows the compression tester to remove
more water than the real press. A part of the nip efficiency correction term

can be attributed to this difference.

Secondly, in the UMO laboratory tests, water removal was calculated.
from the minimum thickness achieved by the sheet in the pressing cycle, by
assuming the sheet to be saturated at this point. This calculation does not
take into account the water that flows from the felt back into the sheet as the
sheet expands in the exiting part of the cycle. This amount of water can be-
quite large and is believed to account for much of the remainder of the correc-

tion factor relating the UMO press to real presses.

A1l of the work in this part of the project is motivated by the UMD

results and has three objectives:
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1. To compare porous plates and felts under common pressing
cycles to see if porous plates really effect more water
removal.

2. To determine which porous plate characteristics are important
to water removal.

3. To test the above hypothesis regarding the factors that

control the UMO nip efficiency term.

POROUS PLATE - FELT COMPARISONS

Because the emphasis of this pressing study is initially on determining
whether porous plates promote greater water removal than felts, a variety of
porous plates was obtained for use in the experiments. The plates used in the

work reported here are identified in Table 1.

Table 1. Porous plate characteristics.

Approx. pore

Designation Material size, U Surface
S810 Sintered bronze 10 Unground
S830 Sintered bronze 30 Unground
SB40 Sintered bronze 40 Unground
$s40a Sintered stain- 40 Ground

less steel
SS100 Sintered stain- 100 Ground
* less steel

a This is similar to the plate used in the UMO study.

A pressing pedestal (Fig. 27) was fabricated for use in the water remo-
val experiments. It is a vented nip configuration (drilled plate) and has pro-

vision for use with any of the porous plates. When a felt is employed, it is
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placed on top of a very coarse (250u pore size) porous plate installed in the

pedestal as a load spreader.

Many of the results reported here were obtained by usiﬁg a falling-
weight press simulator with this test head installed. Chang and Beck (13), have
shown that the falling-weight (Wahren-Zotterman) préss simulator provides a very
good simulation of a real press nip, including both the compression and expan-
sion parts of the cycle. This system is particularly well suited for modest

pressing pressures (~500 psi peak) and nip residence times up to 10 ms or so.

For high pressures and longer nip residence times, an electrohydraulic

press has been used with the same pressing heads or variants thereof. In both

presses, water removal was measured directly from initial and final weights.

Pressed sheets adhere to the chrome plated surface assuring instantaneous

separation of sheet and water receiver to avoid post-nip rewetting.

Results

Initial, exploratory experiments were performed using 60 g/m2
handsheets formed from (once-dried) bleached softwood kraft pulp at about 700

CSF. The initial moisture ratio of the samples was 3.0 for all the tests.

For the purpose of comparison of porous plate performance with felt
performance, it was considered appropriate to operate each water receiver at
that initial moisture rafio for whiéh water removal from the sheet is maximized.
Based on tests at an operating condition of 600 psi peak mechanical pressure and
6.0 ms nip residence time, it was found that all the porous plates performed
best when initially dry, while the felt performance was 6-7% better at 0.3
moisture ratio (the optimum value) than when dry. These "best" moisture con-

ditions were then used in subsequent experiments, except as noted.
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The water removal data from fhe tests just described and from tests at
a higher impulse level are presented in Fig. 28 for the felt and the three best
porous plates. For these test conditions, the felt promotes greater water
removal than that achieved with any of the porous plates for both pressing con-
ditions. The ranking of the three porous plates seems to be in agreement with
expectations. That is, the rather smooth, small-pored plate is best; the very
smooth, but larger-pored, plate is next; and the least-smooth plate is worst.

Two other, still coarser, plates yielded even poorer performance.

A few other felts were tested, at the same two operating conditions,
to ascertain the importance of felt type. These included: a felt similar to
the one used previously but unconditioned, a coarser felt, and a layered felt
with one coarse layer. While the original felt remained at the top of the per-
formance ranking, two of the other three had nearly as good performance, giving
about 10 g/m? less water removal. The layered felt performed approximately the
same as the best porous plate (SB10). The felt performance ranking was in
accordance with expectations, since the coarser felts performed more poorly than
the finer ones. The main conclusion from this test series is that, as a grdup,
felts give better water removal than porous plates, at least for the (small)

range of operating conditions studied.

To take the investigation a step closer to the conditions covered by
the UMO-study, sheets were prepared from (never-dried) bleached northern soft-
wood kraft (BNSWK) pulp at 300 CSF. This is similar to the pq]p used in many of
the tests performed in the original UMO study. For tests at the same basis
weight, initial moisture and impulse conditions used in the work discussed
above, the results were as given in Fig. 29. While the quantities of water

removal are about half those in Fig. 28, reflecting the greater difficulty of
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removing water~from low freeness pulps, the ordering is the same; the felt again
has superior performance. In some similar tests at a higher basis weight (75
g/mz), the S540 plate showed slightly better performance than the SB10 plate,

but still the felt was best.

With the availability of the electrohydraulic press system, it became
possible to duplicate an operating condition (225 psi average pressure, 20 ms
nip residence time) for which UMO water removal data were available over a range
of basis weights, for both the felt and the SS40 plate as water receivers.

Thus, a rather direct attempt at corroboration of the UMO data was possible.

The results of recent IPC tests'and the UMO data are compared in Fig. 30. With
the exception of the data at basis weights of 75 and 100 g/m2, which seem to be
out of line, the 1PC data follow the UMO (Beloit) pilot press data (based on
felt as the water receiver) fairly closely. For the conditions represented in
Fig. 30, the IPC measurements indicate that felt performance continues to exceed
porous plate performance at low basis weight, while the two water receivers

behave rather similarly at high basis weight.

To even more closely simulate conditibns used in many of the
UMO jaboratory tests, some tests similar to those just described, but with a
"square" combression pressure pulse rather than a haversine pulse, were performed
with the SS40 plate as water receiver. The water removal levels resultiﬁg from
these tests showed a similar trend with basis weight, but s]ight1y lower magni-

tudes, as compared to those shown in Fig. 30.

Finally, a series of tests over a range of impulse values was conducted

with each of seVera] water receiver configurations, each unvented. Sheets with
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Figure 30. Comparison of data from the MTS system
with results of the UMO study.

a basis weight of 245 g/mz, made from a bleached sulphate softwood pulp, were

used. A falling-weight press simulator, operating at nip residence times of 5-8

ms and pressures to about 1300 psi, was used for the tests. Results are Shown

in Fig. 31 for four sintered bronze plates with pore sizes of 10, 30, 40, and

90u, for a felt alone, for a porous stainless steel plate with a pore size of

about 40u, and for the stainless steel plate backed by the felt. Ingoing

moisture ratios were about 3.5.

These data show clearly that pressing with a felt removes more water

than with any of the porous plate configurations. As prevfsouly noted and as

expected, the smooth, smaller pore size plates do the best job, but none can

compete with the felt.
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Although more data are required to prove the point, the results pre-
sented above strongly suggest that porous plates are inferior to felts as
pressing water receivers. Furthermore, porous plates tend to plug, to con-
taminate and to seriously peen under pressing impact. Thus, their practical use
as replacements for felts in wet pressing seems highly unlikely. The data also
show that porous plates are not responsible for the exceptionally high water

removal levels attributed to the UMO press.
NIP EFFICIENCY

Failure of the UMO compression tester to produce results comparable to
a real press has given rise to the use of a nip efficiency correction factor.
Results presented in the previous section show that the differences between
porous plates and felt tend to reduce water removal, rather than increase it.
Hence, a basis for the correction factor must be sought elsewhere. While
seeking to identify the factors that determine this correction was not part of
the original scope of this project, it now appears as an important objective and

will be pursued within the time and budget constraints of the project.
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’

PROJECT NO.: 3479 - Higher Consistency Processing
PROJECT LEADER: T. E. Farrington

IPC GOAL:

Reduction of the complexity of screening, cleaning, and forming systems.

OBJECTIVE:

To identify or develop methods and principles for applying forces of
controlled magnitude to various particles in 2-6% consistency slurries, so as to
enable practical separation and forming processes to be carried out at these levels.

CURRENT FISCAL BUDGET: $130,000

SUMMARY OF RESULTS SINCE LAST REPORT: (April, 1985 - September, 1985)

Experiments with a single roll separator have continued with a new
stock delivery system. A lightly refined softwood kraft furnish has been
used to test the ability of the system to remove shives and fiber bundles.
Test data for consistencies up to 2% have now been obtained; based on the
results from these tests, a decision regarding testing at higher consisten-
cies will be made.

While the objettives of this project remain constant, the approach
is being carefully reviewed and some changes in direction or further activi-
ties are likely.
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INTRODUCTION

The tendency of fibere.tollock together in slurries and'form coherent ,
networks inhibits independent movement of fibero, shives, and contaminant par-
t1c1es in the unit operations of interest. The floccu]at1ng tendency of f1bers
has always been overcome by add1ng suff1c1ent water to minimize fiber- f1ber
interactions. Unfortunate]y, this approach leads to tremendous capital and
operating costs'for the transport and removal'of large amodnts of water. It has
long been a dream to be able to carry out these unit operations at higher con-
sistencies, thereby drastically reducing equipment and system sizes, pumping
costs, and the need for large water-removal equipment. ' There clearly seems to
be a need for developing and implementing new principles of handling higher: con-

sistency (HC) stock.

| Concepté which promise efficient HC fiber separation abound'in the
patent 1iterature. forlexample, usable feed consistencies claimed for screens
vary from the 2-5% ronge (1), up to 12% for an apparatus claimed to be'useful
for both screening and cleaning applications (2). These examp1es, like many
others, are based on the use of rapidly moving bumps, ribs, bars, dimples, ett.,
to induce a fluidizing turbulence to the stock in the vicinity of the screening
slots or holes. Drawbacks often encountered include a considerable dewatering
of rejects (so that the accepted stock may not be such high consistency after
all), and high energy requirements. Wahren (3) has noted that the power dissi-
pation per unit volume required for fluidization of fiber networks increases .
with consistency to the 5.3 power: from 0.06 ‘hp/gal at 1% consistency, to 20
hp/gal at 3%, to 11,000 hp/gal at 10%. Obviously then, to practically achieve
really good turbulent fluidization at HC levels would require restricting power

application to very small volumes.




Project 3479 -104-  Status Report

A different method proposed for separating the components of s]urrie;
for HC screening, cleaning, and fractionating involves the use of a spray ato-
mizer (4-6). This method combines the effects of surface tension and inertia,
as particles in suspension on an atomizing wheel suddenly change direction at
the wheel edge (6, 7). The optimum consistency range is s;ated as 3-6%. The
failure of this conceptlto attain wide commercialization i§ apparently related

to energy requirements, scale-up factors, and separation efficiencies.

In the area of HC forming, possibly the mostAsignificant work of
recent years is that of Grundstrom et al. (8, 9). Their development of a HC
(3-6%) former has been shown to be industrially feasible. However, in contrast
to conventionally-formed sheets, these HC-formed sheets have a felted structure,
due to considerable z-direction fiber orientation. This improves pressing and
drying rates, and imparts improved compressive strength and Scott bond values.
The feduction in MD and CD strength, however, is a serious drawback for most
grades.l Hence, the challenge of HC forming of sheets, with propefties like
those of conventionafly—fo;ﬁed paper, remains. Control of fiber orientation is

a major aspect of this challenge.

Our substantial knowledge of the behavior of HC fiber slurries and
network structures, as applied to the unit operations of interest here, was sum-
marized by Wahren (3). In the last ten years, and'especia11y the last five
years, little progress has been reported in developing new principles, or
applying established principles, to acquiring practical technology for HC pro-
cessing. Given the widely acknowledged need for such technology, perhaps we are

facing a dearth of good ideas.
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In light of these and other considerations, the present work is aimed
at developing knowledge and principles which may be useful in practical HC tech-
nology development, particularly in the processes of forming and contaminant
removal (screening and cleaning). Successful development of HC principles in

these areas would seem to have especially high potential payback.
APPROACH

A number of alternative approaches, or directions of study, were con-
sidered and judged aécording to odds for favorable result, potential benefit,
ease of study, and uniqueness and aptness as a potential IPC contribution.

Among several possible means for minimizing the influence of interfiber interac-
tions, one potentially effective and energy-efficient concept is most -
intriguihg. It involves physically separating fibers prior to the application
of forces which would effect fiber orientation and/or contaminant separation.
Potential practical means of getting some distance between particles in a well-

dispersed slurry include (1) spraying, and (2) spreading the slurry into a film

“thin enough that particles would tontact each other in relatively few places.

Fiber orienting and separating forces could then be applied to such a film, with

much less effect of network forces.

Accordingly, an apparatus embodying the thin film principle was
designed to study fiber orientation and particle separation in such films (Fig.
1). A well-dispersed slurry film is made to move down a stationary apron and
then contact a rapidly moving'roll surface. As illustrated in Fig. 2, the
acceleration and shear at that point are expected to cause substantial fiber
orientation in the film, thereby minimizing the number of interfiber contact

points. Due to centrifugal force, particles of certain characteristics would be
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SINGLE ROLL WITH AIR DOCTOR

Figure 1. Concept for applying film of slurry to a blade
and then to a moving roll.
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Figure 2. Means for employing shear and acceleration to fiber slurry
films, illustrating anticipated fiber orientation effect.
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thrown free of the film on the roll (Fig. 3), while particles with other charac-
teristics would remain in the film, so they could be removed from the roll and

collected.

In order to establish design and operating conditions whereby separa-
tions of interest might occur, the assumption was made that only two major for-
ces are exerted on the particle in the film: centrifugal and surface tension.
Hence, a balance of force/unit mass on a particle of length %, width w, and
thickness t, yields the expression in Fig. 4, where v is particle velocity, R
the rq]i radius, vy the surface tension, 6 the contact angle, and o the particle
density. If u is the particle coarseness, then the right-hand term becomes
cos 8/u. Using a roll of 24.6 cm diameter, the substitution of other appro-
priate numerical quantities yields the values in Table 1 for wood particles.
This predicts that a shive with a size near the 6-cut screen slot width would be
ejected when it attained a speed of about 2500 ;m/;. Given the coarsenesé of a
typical "acceptable" softwood fiber, hdwever,'one wou 1d predfct an order-of-
magnitude higher rejection Qelocity (25,000 cm/s for a fiber of 15 micron
thickness), or a éentrifuga] force per unit masslof 100 times that of the 6-cut
shive. Hence, it should be possib]euto rea1ize'vefy'efficient separation of

Table 1. Predicted size of ejected wood part1c1es
as a function of speed.

- Centrifugal
. force per.
Particle Velocity unit mass, . . /wt

cn/s  ft/min . N/g _cm in.
500 984 - 0.20 0.075 0.029
1500 2954 1.83 0.025 0.010
2500 4923 5.08 0.015 0.006
3500 6892 9.96 0.011 0.004

25000 49225 50.0 0.0015 0.0006
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Figure 3.

ITlustration of particle separation from
film on moving roll surface.
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such shives or large, dense dirt particles from pulp fibers.  However, this
approach would not necessarily be useful for good separation of different types
of pulp fiber from each other. At reasonably low levels of centrifugal force
and velocity, all normal single pulp fibers should be retained in the film sur-

face..

The dependence on contact angle also indicates an effectfve novel
method for removing "stickies" from pulp. The values in Table 1 were obtained
by assuming a contact angle of 30° for wood pulp fibers (;g)Q The contact
angles for watef—wetted surfétes of paraffin, polethylene, and §ther'typica1
polymeric components of stickies are usually well over. 70° and often over 90°
(11, 1gi.' Henéé, the surface tension force retaining such particles is much
less than that of the more wettable pulp fibers, so that even less dense sticky

particles should be easily ejected.

It should be pointed out that the basis for particle separation envi- .
sioned here is quite different from that established to be operating in the ato-
mizing spray fracfionator mentionéd above (4-7, 10). Both approaches’émploy
surface tension as the force restraining particle escape frqm the surface of a
film. The atohizer, however, emp1oys a combination of cenfrifuga] and inertial
forces to\eject particles from the film as it turns the sharp corner at the disc
shoulder (Fig. 5). With that geometry, no separation occurs unless the liquid
f?]m makes an abrupt turn and runs over a wettable lip of the proper length and
angle. Centrifugal force imparts momentum to the particles before reachinéutﬁe
lip, and it assists in detachment after the corner is turned. However, inertial
force resulting from the change in direction appears to be primarily responsible
for separation: if the corner is rounded rather than sharp, allowing a gradual

change in direction of film flow, then no separation occurs (7). The atomizer
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typically requires much higher levels of centrifugal force to impart that.momen-
tum than envisioned here. The geometry of the present concept would apply lower
levels of centrifugal force, but for periods of time sufficient to overcome sur-

face tension forces on rejectable particles.

Of course, the objective of this work~is not merely to develop a pféce
of equipment, but rather an understanding of HC fundamentals in such alsystem,
as relevant to both separation and forming. In order to do this, the following
steps were planned:

1. Build a laboratory model, and establish if separation occurs as predicted by
the theory, and establish conditions and limitations for practical separa-
tions to be carried out.

2. Conduct a phenomenological study, using photographic and other techniques,
to establish the effects of shear and acceleration of particles in a slurry
film on fiber orientation and flocculation/deflocculation, with an eye to
abplication of the principle. to the wet end of a HC former.

3. Identify and investigate bottlenecks to operating at higher consistencies,

including the nature of the feed dispersion.

The following section describes activity in the first area, and the

beginnings of effort in the second.

RESULTS AND DISCUSSION

APPARATUS AND ITS OPERATION

A chrome-plated 24.6 cm diameter roll, as illustrated in Fig. 1, is
cantilevered and connected via pulleys to a 10 HP variable speed drive. The
system is theoretically capable of attaining roll surface speedé of about 5000

cm/s (nearly 4000 rpm). For most of the work to date, the pulp slurry was
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applied to the stationary apron through a spray nozzle, arranged so that a uni-
form film was distributed to about a 4-inch width before contacting the moving‘
roll. Flow rates were typically in the range of 1-2 gallons/min. It is essen-
tial that the apron contact the roll in such a way as to disrupt the boundary
layer of air which follows the roll. Any air which passes between the apron

and the roll destabilizes and disrupts the film on the roll.

Depicted in Fig. 6 is the apparatus running water‘only. The white
apron can be seen near the top center of the photograph, receiving flow from the
nozzle (obscured by the upper beam), and distributing the water film to the
“moving roll. Virtually all the flow adheres to the roll, and is doctored off
into the last chamber, from which it is collected. The doctor blade is con-
nected to an oscillating mechanism (right center of photo), to prevent fiber
hang-up on the blade edge which would prevent complete removal of the film. The
collection chambers have recently been modified so that the separation of
"accepts" and "rejects" (the reject rate) can be infinitely variable, at nearly

any physical 10cation~b§fheen the-apron and the doctor blade.

Figures 7, 8, and 9 illustrate the opération of the apparatus when
running a 50:50 mixture of TMP and kraft pulps. Several features described
above can be better seen here. The coarsest shives. and fiber bundles are
collected in the left-most chambers, while clean fibers are doctored off into
the last chamber. The very coarsest materia], which is shown in chambers 2 and
3 in the photos, comes off the roll in a relatively dewatered state. It con-

sists of both kraft shives, and shives and chop from the TMP.
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Figure 6. Roll separator operating on water only.

Figure 7. Roll separator operating on 50:50 TMP/kraft pulp.
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Figure 8. Rejected material from 50:50 TMP/kraft pulp.

|

B -

Figure 9. Ovérhead view of roll separator showing nozzle,
apron, the pulp film, and reject chambers.
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EFFICIENCY OF SHIVE REMOVAL

Figure 10 shows the efficiency of removal of shives from the TMP-kraft
mixture, as a function of several parameters. Shive content is determined by

screening on a 6-cut (0.006-inch S]otted) flat screen. Removal efficiency is

the percentage of shives in the feed which are removed on the apparatus. The

speed effect is consistent with the theory outlined above: 6-cut shfves are
much more efficiently removed at speeds above 5000 fpm. There was a substantial
difference between 3000 and 5000 fpm, while going beyond, to 7000 fpm,
approached complete removal with little effect. on reject rate (loss of good
fiber). At the highest speed, efficient separation was seen even at low reject

rates.

The consistency effect at a given reject rate is greater at low speeds
than at higher speeds. For example, at 20% reject rate, doubling the consis-
tency dropped the efficiency from 80 to 65% at 3000 fpm (Fig. 10). At 7000 fpm,
however, that consistency change only dropped efficiency from 98 to about 96%.
At a given set of operating conditions, using the same reject chamber locations,
doubling the consistency tended to increase bbth the reject rate and the effi-
ciency. Apparently the higher consistency did not inhibit the escape of reject-
able material, but it increased the loss of good fiber along with shives. The
good fiber may havé Been taken 6ff with individual shives, or as flocculated

entities separate from shives. "
EFFICIENCY OF STICKIES REMOVAL

A quantity of kraft wrapping paper stock was slushed and defibered in

a large beater, and processed on the roll separator at 1.2% consistency. The

‘6-cut rejects content of the feed in this base-line experiment, ca. 0.05%, was
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Figure 10. Efficiency of removal of 6-cut shives from 50:50 TMP/kraft mixture,
as function of reject rate, roll speed, and consistency.

reduced to 0.01% in the accepts at 5000 fpm speed and 7% reject rate, and to

less than 0.002% at 7000 fpm and 14% reject rate. A quantity of "stickies" was

obtained in the form of adhesive applied to 15 x 24-inch sheets of paper.

Pieces of this material were applied to pieces of the kraft wrapping paper, then

processed in a Waring Blendor until completely dispersed. A quantity of the

dispersed stickies was then added to the feed tank containing the kraft wrapping

l
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paper stock. Separation results are given in Table 1. Although most of the
stickies were retained on a 6-cut screen, a 6.5-hour toluene extraction was used
as an additional analytical determination for stickies. The results indicate |
excellent separation of larger sticky particles (6-cut rejects), and good
separation of even the smaller ones, as shown by the extraction method.
Table 1. Rgllkseparation of stickies from kraft wrapping paper
stock.

Feed: 1.29% cons.; 0.59% 6-cut rejects; 0.66% to]bene extr.

Roll Speed, Reject. Rate, Percent Removal Efficiency
ft/min % b6-cut rejects Stickies by extn.
3000 5.6 82.9 73.9
11.6 97.1 . 78.3
5000 8.0 98.4 75.9
20.4 99.7 92.6
7000 16.0 98.7 86.0
25.6 98.5 92.0

PHOTOGRAPIC WORK

Attempts at high-speed, still photography were made, using 3000 ASA
film in a Nikon camera equipped with a Polaroid attachment and a strobe of 2 us
duration. A low magnification shot at the slurry film on the early portion of
the roll is shown in Fig. 11. The film on the apron is shown at the upper
right; the blurry image at the upper left is a reflection on the Plexiglas at
the edge of the roll. Two noteworthy aspects of the photograph are the ring-
type instabilities, which are evident iﬁmediate]y after the film hits the roll,

and the trajectory of escaping particles in the lower left.

Figure 12 shows a good dispersion of fibers at 1.5%:consistency on the

apron. The large black line is-a focusing mark. These bleached kraft fibers,
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which have been dyed with Chlorazol Black E, are easily seen against the white
plastic apron. Unfortunately, neither dyed nor undyed fibers have been suc-
cessfully photographed on the moving roll to date. The poor contrast with the
chromeu surface, and the presenee of ripples on the'film'surfaee, make the
visua]iiation of fibers very difficult. Future opt1ons to be con51dered 1nc1ude
app1y1ng a white coat1ng to the roll, or 1f necessary, ut1l121ng a transparent

roll or a w1ndow 1n the roll.

Flgure 12 was taken at approx1mate1y 3X magn1f1cat1on Because of the
short foca] length of the 1enses used, the proximity of the camera to the roll
made ]ens sp]atter1ng a continual problem. New lenses w111 enable us to obtain

the proper maghification at a 1-2 foot distance from the roll.

Attempts to take double erposure photographs of the fibers on the

-apron, as a means of determining fiber velocity, were unsuccessful. - Two strobe

units were fired through an electronic unit which allowed. controllable duration:
between flashes. Apparently the portions of the film unexposed in the first -
flash are exposed sufficiently in the second flash, so that no fibers are
visible in ‘the photo. It appears that velocity measurements will have to be
carried out with high-speed motion picture equipment rather than still pho-
tography. This will also allow more particles of interest to be captured on

ft]m_- the probability of seeing a shive in a éiven single shot is Tow.
CONCLUSIONS

By app1y1ng centr1fuga1 force to a slurry f11m, 1t is possvb]e to
obtain separat1on of partlcles of certa1n characteristics. That is, the roll

separator apparatus is indeed a 1aboratory system wherein separat1on can be
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carried out according to a new principle which holds promise for higher con-

sistency application.

TheAresu1ts obtained to date are consistent with the hypothesized
mechanism; at cbnsistehcies employed thus far, it appears that centrifugal and
surface tension forces are the only significant separating forces. The con-
ditions (speed, etc.) at which barticles of a given size are ejected are con-

sistent with a force balance which considers only those two forces.

In addition to providing a means for studying a new separation prin-
ciple, the laboratory system also permits the investigation of HC phenomena and

fundamentals in thin films, with possible application to forming processes.
FUTURE WORK

“Near-term plans include completion of an experimental matrix for
studying practical separation of shives from pulp slurries. Various flow and
reject rates are being studied in the surface speed range of 5000 to 9000
ft/min. Consistencies will be evaluated as high as practicable over 2%, with
some experimentation with simple flow dispersion techniques in the feed nozzle

area.

Pre]iminafy experimentation with the separation of colored nylon fila-
ment (cut fish line) from bleached kraft fiber indicated the possibility of
operating at speeds where the filament just begins to separate. Hence, experi-
mental work is under way to test the model equation for separation, using these
easily characterized fi]amenté. It is specifically designed to confirm or
refute the predicted dependence on particle coarseness and velocity and the

independence of fiber length.

|
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Planned photograph1c work a1ms to
- 1mprove part1c1e v1sua112at1on w1th whlte coatlng of the ro]] or other tech-

niques

- perfect the lens system to get reasonable focal length (distance from the:

spray), yet with adequate magnification -

- investigatghhigHQSpeeq,filming techniques for indications of fiber orientation
and'f}occu]ation[deﬁ}o;cu]ation behavior on the roll and quantification of
particle velocity in the'slurry film

If'is expected that the photographic visuéiization'will be a useful toéi'td
study the effectiveness of dispersion techniques at hfgh consistencies. The
application of photographic methods with this apparatus does indeed appear to
hold promise for providing insight into fundamental effects of shear and accel-
eration on HC slurry films. It is hoped that the basic knowledge gained will

have useful application to HC particle séparation and/or sheet forming.
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PROJECT SUMMARY FORM

DATE: September 11, 1985
PROJECT NO.: 3470 - Fundamentals of Drying
PROJECT LEADER: H. P. Lavery

IPC GOAL:

Reduction of the "necessary minimum" complexity (number and/or
sophistication) of process steps.

OBJECTIVE:

To develop an understanding and a data base sufficient to support
commercialization of advanced water removal systems, impulse drying in particular.

CURRENT FISCAL BUDGET: $150,000

SUMMARY OF RESULTS SINCE LAST REPORT: (April, 1985 - September, 1985)

Plans and procedures for conducting a broad technical performance
evaluation of impulse drying have been developed. An initial series of
screening experiments on 8 or 9 grades is nearly complete. Empirical rela-
tionships to describe water removal and densification as a function of
impulse drying conditions have been worked out for these grades. Strength,
surface and optical properties have also been measured. These data all show
the extremely high water removal rates and the significant degree of den-
sification afforded by impulse drying. Dramatic increases in smoothness and
decreases in porosity, permeability and liquid penetration have all been
shown. Finally, brightness and opacity are decreased slightly by impulse
drying.

Two major reports have been completed and a DOE grant for $1.5
million has been received.
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I'.© INTRODUCTION
The Papermaking Processes Group at The Institute of Paper Chemistry is
continuing 1ts 1nvestigation of high 1nten51ty drying processes as aiternatives
or adJuncts to conventional or can drying Most of the ear]y work was devoted

ot

to exp]oratory and fea51b111ty studies of three drying processes drying at
51gnif1cant1y higher pressure and temperature than normai]y used drying under
therma]]y 1nduced vacuum conditions and impulse drying The resu]ts of these
early 1nvestigations are fully documented in Progress Report One for Proaect
3470, which is being published and w111 be distributed short]y In Report
One, it is concluded that 1mpuise drying ho]ds the greatest potentia] for a
Significant contribution to the pu]p and paper 1ndustry Accordingiy, all.
project act1v1t1es are now focused primarily on 1mpuise drying w1th very

modest continuing attention to therma] -vacuum drying This report w111 docu-

ment all of the recent progress with 1mpulse drying

IMPULSE DRYiNG | ) |
A precise and fully satisfactory definition of-impuise dryinoAis ;et.to
be devised. Two concepts are important, however. First, in impuise'dryinb; the
moist paper or board web is subjected to pressures and temperatures-much above
those normally used, but for very short éxposure times. Longer exposure ‘times
are virtually impossible to generate in practical equipment and could lead-to
damage of the web ‘from overdrying. Second, thé transport and:densification
mechanisms at work -in impulse drying are very different from those in conven-.”

tional drying.” A1l of these issues ‘are discussed fully in Report One. S

The nature and intensity of the transport processes lead to several

advantages for impulse drying, including:
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1. Drying rates 2 to 3 orders of -magnitude greater than in
conventional drying. Much smaller dryers and lower capital
costs should result. | |

2. A sigaifisant camponent of 1iquid.dewatering which may reduce

| energy sonsumption to abodé half that of a conventional dryer.
3. ‘Large and contfollable levels of additional sheet densificatioh.
_ Density ieVe]s above 1 0 gr/cc have béen easilylachfevea

4. An I-beam type of den51ty distribution which leads to dense,
‘StIff outer layers and a bulkier middle 1ayer. Th1s may have
an advantage in several grades.

5. S1gn1f1cant 1mprovements in some surface propert1es including
smoothness pick res1stance, air permeab111ty, and water and
‘ink penetration.

6.‘lA.pafentia1 for achieVing required product properties from
Tower cost furnishes and processing. |

Many of these performance characteristics will be explored more fully in sub-

sequent sections of this report.

:PROJECT PLAN

The basic objective of this project. is to provide the :data base
necessary to.encourage and supbort.commercial implementation of the impulse
drying process. Figure 1 is a project flowchart showing the basic steps
necessary to achieve this goal and the interactions among them. Most of the
exploratory and feasibility work has .been completed and is documented in .
Progress Report Onel. . Considerable progress has also been made,on_step 2,

investigation of the fundamental physical.phendmena involved in the process,
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1. EXPLORATORY AND FEASIBILITY
STUDIES

2. INVESTIGATION OF WATER REMOVAL
] MECHANISMS . . -

DATA
[
]

[ 4. PRELIMINARY ENGINEERING CONCEPTS J . : ‘

ra.TECHNICALPERFORMANCE J

l 5. ECONOMIC ANALYSIS ]

6. LABORATORY VERIFICATION
" AND EVALUATION

7. TECHNICAL/ECONOMIC : DS Lol
ASSESSMENT

8. DEFINE BEST SYSTEMS AND
APPLICATIONS
; . -_---i ------------- I s . N T

- . r
9. (OPTIONAL) PILOT VERIFICATION l__-'l COMMERCIALIZATION (BY OTHERS) I
e __J

Figure 1. Project plan flowsheet.

mostly by students. In a recently completed Ph.D. thesis2» Joe Pounder devel-
oped a modelhtg descrjpe some of the transport processes that occur in impd1se
drying. Chris Devlin is nearing completion qf an experimental study to identjfy
the water remova]imechanisms in high-intensity drying. . In his experimenp;, Rhg
sheets are exposed to the intense cqnditions long enough to ﬁrgduce complete s
drying. Steve Burton is investigating‘the dynamics of sheet density and pro- .
perty development. When completed in 1986, Steve's work is likely to produce

good quantitative descriptions of both the transport and densification processes.

~Most_of the recent work in the Institute's dues funded research. program
has been devoted to the technical performance evaluation of step 3. Some prelim-
inary work on step.4 has been completed; more will be undertaken as step 3..

progresses.

.....
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II. TECHNICAL PERFORMANCE EVALUATION PLANS AND PROCEDURES

Impulse drying may be better suited, technically and economically, for
some paper grades than fdr others. To more completely characterize the perfor-
mance of this drying system and to determine the most attractive applications,
bench-scale tests covering a representative range of paper grades, furnishes,
and operating conditions are being conducted. A significantly expanded data
base, compared to that developed during the completed exploratory work, covering
drying rates, energy consumption, paper properties, etc., will be the primary
result of this comprehensive test program. These technical data will be used to
establish system configurations (i.e., hardware requirements, size estimates,
heat source options, etc.) and operating conditions appropriate for the various
paper. and board grades being considered. Economic analyses, based on~these
data, will be used to establish the overall merits of impulse drying for various

applications.

An improved understanding of the heat and mass transfer processes
governing water removal from the paper web and of the web consolidation mecha-
nisms under high-intensity operating conditions can be expected to follow from
analyéis of the test data. This will provide additional guidance for the suc-

cessful dévelopmént and design of advanced water removal systems.

In this section, the background planning for the technical performance

evaluation program is reviewed. Areas covered include: grade/furnish selec-

tion, drying system design, test procedure specification, paper properties eva-

“1hétion, test program definition, and data acquisition, processing, and storage.

Almost all of the work is completed, and the actual experimental program is well

under way. Results obtained thus far will be presented in subsequent sections.

|
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GRADE/FURNISH SELECTION l ‘

Unfortunately, it is not practical to experiment with all combinations: -
of fiber furnish; refining level, basis weight, etc., over a broad range of
operating conditions. Therefore, a limited selection of these combinations,
representatlve of certain 1mportant paper and board grades, has been selected
for use 1n evaluat1ng the performance of impulse dry1ng Based partly on pro-
ductlon f1gures, the grades listed in Table 1 have been 1n1t1a1]y selected for‘ﬁ
th1s study. Overall, these grades represent over 70% of total U.S. paper and
board production. Several grades have been included because they represent )
potent1a1]y 1ntere5t1ng applications of 1mpulse dry1ng or because they may

provide additional 1ns1ght into process mechan1sms

Table 1. Grades for technical performance tests.

Percent of Percent of

-Total U.S. : Total U.S.:

Productiond Productiond
1. Newspr1nt 7.7 6. Recycled paperboard 11.6 )

2. Uncoated pr1nt1ng 13.2 7. Lightweight coating - -

“or writing paper -
8. Recycled linerboard - -

3. Tissue 7.2
, 9. Recycled corrugating - -
4. Linerboard 23.1 medium
5. Corrugating medium, 7.3 10. High-yield experi- - -
: ~virgin -~ . - mental pulp *

L

_ 3Combined paper and board production.

Stocks for grades 1-8, except 6, have‘been'obtained by in-mill extraction
as close to the headbox as possible to obtain materials representative of actual
production. A recycled paperboard furnish has not yet been obtained. The high-
yield experimental pulp is to be obtained from an IPC pulping project. The

recycled corrugating medium will be 100% old corrugated containers.
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In a subsequent section of this report, impulse dryer performance data
will be given for each grade. Each furnish will be characterized, in detail, in

that section.

DRYING SYSTEM

“The teéhﬁica] performance evaluation program requires a drying system
capab{e of operating over a wide range of mechanical pressure, surface tem-
perature, and:drying‘time combinations. Ideally, the system éhou]d permit the
presgure-fime profile to be varied, as well. Finally, the system should acconm-
modate both atmospheric and vacuum ambient conditions. None of the previous]y~
used dry{ng systems can meet these requirements so a new system has been

designed and constructed.

The new drying system is based on the use of electrohydraulic servo
comﬁonents,ibbtained from Materials Testing Systems (MTS). A large hydraulic
aétuatoF (22;000 1b force) with integral LVDT stroke transducer, two parallel
servovalves with accumulators, a load cell, hydraulic power supply with remote
control unit and a servo control package were all purchased from MTS. A load
frame,'designed and constructed by the IPC, along with the servo actuator com-

ponents and a test head are shown in Fig. 2.

The stroke and load transducer signals are used, in cdmbination, to form
a two-loop feedback control system, as shown schematically in Fig. 3. A logic
system, also developed at the IPC and shown as the remainder of Fig. 3, is used
. to move the test head toward the sample, detect contact with the sample, command:
a suitable load pu]se,from a commercial function generator, and withdraw the
head from the sample at the cqnclusion of the test. An electronic integrator

calculates the area under the load-time curve to produce an electrical signal
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Figure 2. Servo actuator and load frame assembly. L
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Figure 3. Schematic diagram of electrohydraulic press control system.
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propoftiona] to press impulse. Figure 4 shows a schematic representation of a
complete test cycle; Fig. 5 shows a recording of an actual test cycle. while.
approaching and retracting from the sample, the stroke signal changes are large
and the load signal changes are small, so the system behaves like a position
control system. Conversely, during a test, the head is in contact with a fairly
incompressible sample yielding large load changes and small stroke changes.
Thus, the servo behaves like a load control system. This simple scheme works
well and avoids the complexity of the high-speed mode switching sometimes dsed
in such applications. The resulting system can produce load pulse from about 50
to 15,000 pounds with durations from about 10 ms up to unlimited values. Almost
any pulse waveform can be used, but sine, haversine, rectangular and triangular

are readily available from the function generator.

An impulse drying test head, with associated base plates and couplings,
has been designed and constructed for use in the electrohydraulic pressing
system. This head, shown in Fig. 6, accommodates 5-inch diameter handsheets,
which are large enough for paper properties evaluation, but small enough to
allow mechanical pressures in excess of 1000 psi to be applied during a drying
experiment. Heat transfer to the sheet during a drying test is provided from a
large steel block, preheated to the required temperature by a cartridge heater
and temperature controller. The head is instrumented with a 0.25-inch diameter
Medtherm surface thermocouple (iron-constantan) for-use in heat transfer calcu-
lations, and a presédfé‘tap and transducer to measure the vapo} pressure deve-
loped at the hot surface. The opposing head, used to support the water receiver
and handsheet, is supported by a spherical washer so it is self-aligning. A
bellows chamber can be instgl]ed around the test head and evacuated for

thermal/vacuum drying tests. A large pre-evacuated tank, connected through a
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Figure 4. Schematic representation of a test cycle.

Figure 5. Electrohydraulic press test cycle.
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Figure 6. Impulse drying test head.

solenoid valve to the bellows section, is used to quickly deVelop the vacuum
ambient at the start of a test. A low-pressure steam distribution system is

being designed for preheating of the sheets before drying.

An APPLE cbmbuter-ba;ed data acquisition system is‘being used in the
test program to achiré temperature, load and vapor pressuré histories for
selected tests. Temberature histories can be used in a separate héat transfer
model for the heated block to calculate heat fluxes and cumﬁ]ative energy

transfer,

—
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HANDSHEET PREPARATION:AND HANDLING

A standard handsheet mold, modified by installation of a 5-inch ...
diameter tube, is used to make 5-inch handsheets. .The wire is sealed under the..
tube to control drainage. Standard procedures are used*to produce handsheets in
batches, each batch being large enough for 2-3 days of testing. A1l sheets-are.
stored at high moisture contents in sealed bags under refrigeration‘until they

are used, usually no more than 4-5 days.

Inmediéteiy briof to being impulse dried, eacﬁ éheet fs‘p;essed to'thé
desired moisture ratio. A roll press (Fig. 7), designed to yield pressure
levels and nip residence times comparable to commercial presses, is used for
this purpose. Each sheet is sandwiched between two blotters, placed between
carrier strips, and passed through the roll press one or more times to achieve
the desired moisture level. Pretest calibration runs are used to establish the

pressing conditions required for a given test.

Figure 7. Roll press for pre-pressing sheets.
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Many of the impulse drying tests result in only partial water removal.
A temperature-controlled, low-intensfty-dryer (i.e., low temperature and
pressure), Fig. 8, located adjacent to the impulse drying system, is used for -
post-test drying to.a 5-6% moisture level for subsequent final conditioning and .
paper properties evaluation. For a few special tests, this system is used for .
both pre- and post drying. Here, too, calibration tests are required to
establish the drying time required to achieve the desired final moisture con-

tent. These are carried out before starting an impulse drying test.

Figure 8. Low-intensity drying system.
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A flowchart of all the steps in the -evaluation of performance at a
given impulse drying condition is shown in Fig. 9. After manufacture,
handsheets are taken -through the appropriate. pre-processing steps (pressing or-
pressing and pre-drying). -Most of the sheets are them impulse dried-under given
conditions to produce a corresponding dryness level, usually well .below 95%.
These sheets are then post-dried under conventional conditions to 94-95% solids
A few sheets bypass 1mpulse dry1ng and go directly to the convent1ona1 dry1ng i
stage and act as contro] sheets for the exper1ment A1l sheets are then

forwarded to the Paper Test1ng Laboratory for property eva]uat1on, as spec1f1ed

below.
CONTROL |
[] SHEETS
FURNISH | | SHEET | PRE | 'MPULSE —1 posT ' | PROPERTY '
SELECTION MAKING PROCESSING[ ™ | DRYING [ | DRYING EVALUATION [
SELECT
| - TEST
FURNISH CONDITIONS PERFORMANCE
EVALUATION CALCULATIONS[ >

Figure 9. Elements of performance evaluation.

PAPER PROPERTY EVALUATION

For each paper and board grade included in the technical performance
evaluation, a set of relevant physical properties has been established. These
properties are measured on samples dried under various operating conditions and
compared with those obtained from corresponding control sheets to establish the

effect of impulse drying on property development.




Project 3470 -140- Status Report

The property sets can be divided into two groups: those common to all
grades and those that are grade-specific. Most of the property evaluations are.
being made according to standard procedures, while others require special proce-
dures, as noted below. The properties common to all grades are identified in

Table 2. The properties specific to given grades are identified in Tables 3-8.

Table 2. Properties cdmmon to all grades.

Property Comments on Procedure
Tensile stiffness TAPPI, usiﬁglfive 1 by 3-inch sampies
Tensile strength TAPPI, using five 1 by 3-inch sémp]es
Stretch TAPPI, using five 1 by 3-samples
Total energy absorption TAPPI, using five 1 by 3-inch samples
Caliper "IPC rubber platen method
Basis weight, o.d. TAPPI standard
Density Calculated

Elastic moduli (in-plane, out-of-plane) IPC ultrasonic method

Sheaf moduli (in-plane, out-of-plane) IPC ultrasonic method

Table 3. Additional properties for newsprint.

Property ' Comments on Procedure
Tear Elmendorf
Opacity TAPPI standard
Smoothness PRINTSURF, manufacturer’s prbcedure
Porosity Bendtsen
Brightness TAPPI standard
. Ink penetration Hercules
Pick . .IGT; fiber pick. and blister endpoint.
Water resistance Water drop; four trials
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Additional properties for writing paper.

Property Comments on Procedure

[A11 properties as‘1isted in Table 3 for newsprint.]

Folding endurance MIT

Table 5. Additional properties for tissue.

Property
Water absorption

Water capacity

Stiffness
Wet strength
Porosity

Brightness

Comments on Procedure
Water drop

IPC; dip sample, let free water drain off; use
tensile specimens

TAPPI/Clark; use tensile specimens
IPC; tensile with sheet wetted by spray bottle
Bendtsen

TAPPI standard

Light-scattering coefficient Standard

Bulk

IPC; calculated from density of stacked sheets

Table 6. Additional properties to
for linerboard (primary).

Property Comments on Procedure
Burst Mullen
- Smoothness Bendtsen

STFI compression Standard, 20 replicate tests




Project 3470 -142-

Table 7. Additional properties for corrugating

medium,
Property Comments on Procedure.
Concora Shorter strip than standard
(fewer flutes)
Water absorption Water drop
STFI compression Standard

. Table 8. Additional properties for carton stock
~(recycled paperboard).

Property Comments on Procedure
Stiffness Taber; using l-inch wide samples
P1ybond DT

STFI compression Standard

Smoothness Bendtsen

Ink absorption Water drop

Pick IGT; fiber pick and blister
endpoint

Status Report

Based on the numbers -and sizes of samples required for the various pro-

perty evaluations indicated in the preceding tables, the number of handsheets

that must be dried at a given test condition has been estimated and tabulated in

Table 9.
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Table 9. Number of handsheets rquired for
each test condition.

Number of

Grade "' Handsheets
Newsprint - , S 12
Writing paper o 12
Tissue 13 BRI
Linerboard (primary) 5
Corrugating medium : B 5A .
Carton stock (recycled paperboard) 10

In addition to providing test samples for paper properties eyaluation,
the drying experiments will provide extensive performance data on water removal

and energy use. The quantities to be measured in the test program include:

instantaneous applied mechanical pressure, instantaneous hot surface temperature,

instantaneous vapor pressure at the hot surface, total water (weight) loss, and
chemical iracér loss. Certain of these variables will be used in subsequent
calculations, e.g., the temperature data will be used to calculate the heat f]ug
apd cumulative thermal energy input to the sheet, the mechanical pressure data

can be used to calculate_ihpu]se, and the chemical .tracer data will be used to |

estimate the amount of liquid dewatering.

TEST PROGRAM

0f the many variables of possine interest in the technical performance
evaluation program, thelfollowing variables are considered to be .of primary .
importance: (1) grade (furnish), (2) basis @gight,;(3) iﬁitja1 moisture ratio,
(4) initial sheet}temperature, (5) ambient préssure,.kﬁ) péak_ébb]ied mechanical

pressure, (7) initial hot surface temperature, and (8) residence time at drying
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conditions. Other variables, likely to warrant early, limited investigation,

are expected to emerge in this study. Possible candidates include mechanical
pressure pulse shape, water receiver type and moisture content, preprocessing
conditions, hot surface treatment, two-sided impulse drying, and so on. These
have received or will receive attention, as required, to meet the full objectives

of this project.

Some comments on the primary variables are appropriate. Several are
discrete or have limited ranges, requiring only two or three 1e§e1s of testing.
These include: grade, basis wéight, initial moisture ratio, fnitial web tem-
perature (room temperature and approximately 212°F), and ambient pressure
(atmospheric and vacuum). Basis weight values will be dictated primarily by
gréde, even for experimental furnishes where a target grade can be jdentified.
Residence time is somewhat special; only those times less than or equal to the.'
‘drying time aré'meaningfu1. Drying time depends on surface temperature, applied
mechanical pressure, and other variables, and is thus not known a priori. Td
avoid this brbb]em, drying time ré]ationships are determined approximately in
preliminary experiments as a paftial basis for selecting test times for the main
study. Figure 10 shows an approximate basis weight nip residence time’Ehart for
typical grades and two nip widths, 1.2" and 8". These data are also used for
guidance in selecting initial impulse drying times. The control case '

corresponds to a nip residence time of zero (no impulse drying).

femperaiuke'values of interest range from room temperature up to
1000°F. 'Pressure vaTues up to 1000 psi are of interest although pressure dﬁd
nip residence time (NRT) values should be coordinafed to reflect the line

préksure'limitationé of current press techho]ogy.
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Potential Impulse Dryer Operating Regimes
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Figure 10. Nip residence time range (milliseconds).

Becausé the full test prbgram suggested by the primafy variables giveﬁ
above is quite large, an ove}view or screening series of teéts is now being coh—
ducted. These tests are being used to explore limited ranges of the test
variables and to identify interesting avenues of special investigation. Results
from these tests will be used to fine-tune the final test program to avoid

excess testing or testing in areas where impulse drying has little appeal.

DATA ACQUISITION, PROCESSING, AND STORAGE

Because of the wide scope of the technical performance evaluation
program, it is especially important to have an efficient system for acquiring,
manipulating, storing, retrieving, and presenting the data. The present plan

is to use an APPLE microcomputer linked to the Burroughs mainframe computer,
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via a BURPLE interface, to provide the necessary hardware capab1]1ty. The APPLE
is installed as an 1ntegra1 part of the dry1ng test system. It serves primariiy
for acqu1s1t1on of 1nstantaneous mechanical pressure, vapor pressure and surface
temperature A]l other slow speed and discrete data are acquired manually,
including such items as operating conditions, water removal and sheet proper-
ties. These data are all stpred in a large data base system called INSYTE for
easy retrieval, reporting and manipulation. The intent is to build a long-term

data base via this mechanism.

Transient data; delivered to the mainframe by the APPLE, are analyzed
for key results such as heat flux values and cumulative energy transfer. These
data are then stored in INSYTE along with all of the other information, The net
result is a single, comprehensive data base that can be readily searched on the
basis of almost any test attribute including test conditions, initial sheet
characteristics, property values, date, grade, test Ib numbers, and so on. Only
averages for a given test (5-15 sheets tested at one condition) are recorded.

Individual sheet values are retained in hard copy form.

For data analysis, the appropriate data set from INSYTE is downloaded

to an IBM XT for processing in a software package called STATGRAPHICS.
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III. TECHNICAL PERFORMANCE EVALUATION TEST RESULTS

As noted earlier, the initiai phase of thi§ techhica] performénce eva-
luation is devoted to limited screening tests on each grade. A more comprehen-
sive test program, based on the results of these screeniﬁg tests and-devoted to
the most promising applications, will follow. Tests conducted to date have been’
aimed primarily at determining water removal rates and paper property values.
Although some transient, data have been recorded, measurements of the fraction of
water removed in liquid form and of heat fluxes and total heat transfer are
being delayed for the next series of tests. These measurements are time con-
suming and expensive and, hence; will be carried out oh]y on a limited subset of
experiments known to be of high interest. Consi&erab]e information on liquid
dewatering and energy consumption was obtained in the exploratory phase of this

project and is documented in Report One (1).

To date, screenihg experiments on several furnishes and a few special
experiments have been completed. Results from and discussions of these experi-
ments are presented'be]ow, as they are available. Additional data will be

13

available at the meeting. |

FURNISH DEFINITIONS AND EVALUATIONS
For the eight furnishes available to date, fiber makeup data are
given in Table 10, compressibility properties ére given in Table 11, and sur-

face and water retention properties are given in Table 12.
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Table 10. Fiber makeup of furnishes.

Linerboard 1 (virgin) 100% UBSWK
Linerboard 2 (recycled)

Corrugated Medium 1 91% SCSC
Corrugated Medium 2 100% 0CC
Tissue 47% BHWK
Writing 73% BHWK
Newsprint 2 22% BSWK
Lightweight Coating 47% BSWK

Status Report

Fiber Makeup

1.5% UBHWK  7.3% UBSWK

53% BSWK
27% BSWK
78% GW

53% T™MP’

Table 11. Compressibility properties of furnishes.

Linerboard C = 0.050p0.364

Tissue C = 0.064p0.434

Writing C = 0.074p0.332

Newsprint 2 (GW&K) C = 0.071p0.294

'Lightweight Coating (TMP&K) C = 0.073p0.305

Corrugating Medium C = 0.068p0.319
C = GR/CC P = KPa
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Table 12. Surface and water retention properties of furnishes.

Surface . Specific CWR .

Area Volume gr H20 CSF

cm?/gr cc/gr or Tiber cc
Linerboard - 4,000 2.43 S 730
Tissue 12,100 2.31 - 1.73 635
Writing 16,200 2.80 2.70 495
Newsprint 2 (GW&K) 29,100 3.38 3.03 175
Lightweight Coating 35,300 3.57 3.04 115

(TMP&K)

Corrugating Medium 19,800 3.45 3.08 310

IMPULSE DRYING PERFORMANCE BY GRADE

Linerboard - Virgin Fiber

Test Conditions

Ai] tests on linerboard have been conducted using 127g/m2 sheet made
entirely of base stock. No attempt has yet been made to evaluate duplex sheets.
Fqur test subsets have been carried out: an overview study, typical of the
tests conducted on each furnish; a set of tests at various levels of predrying;
another set corresponding to constant press line loading; and one two-sided
impulse drying test. For all tests, the sheets were prepressed to about 46%
solids; some were also predried. Table 13 shows the ‘ingoing sheet conditions

and the impulse drying conditions.
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Table 13. Test conditions for virgin linerboard base sheets. -

Test subset NRT  Peak Pressure Initial Temp. Ingoing Solids
ms psi °F %
Control - - - - 46 .0
27.2 715 700 46 .5
- 28.7 703 400 45.7
29.8 407 400 46.2
Overview 30.3 417 700 46 .2
14.9 407 400 46.0
15.2 404 700 45.9
14.3 716 700 46.2
14.3 715 400 ‘ 46 .4
32.0 601 500 45.0
34.0 602 700 45.0
34.0 607 900 45.0
Constant 66.0 314 500 45.0
line load 66.0 309 700 45.0
tests 66 .0 313 900 . 45.0
127.0 153 500 ‘ 45.0
127.0 148 700 45.0
127.0 152 900 - 45,0
Predried . . 23.1 748 700 : 57.6
to various 23.2 741 700 65.2
~soilids . 23.3 756 700 . : 72.4
levels 23.3 750 700 82.7
Impulse dried ;
two sides 27.7 . 756 . 700 46 .4

Water Removal Rates
. Water removal rates. for all virgin linerboard base stock sheets are
shown in Fig. 11 as a function of temperature divided by the square root of NRT.
Several important observations can be made from this plot:
1. Water removal rate is strongly correlated to and linear
with temperature divided by the square root of NRT. This
relationship holds over a broad range of drying conditions.
2. Temperature is the dominant variable in determining water

removal rate.
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3. Pressure has a positive but modest influence on
water removal rate.

4. Short nips produce high water removal rates as vﬁﬁff
becomes small. Long nips produce greater total water
removal in proportion to JNRT,

5. Drying on opposite sides with two nips of length X
appears to provide more water removal than drying on
one side with one nip of length 2X.

6. Sheets slightly predried and then impulse dried from
the same side show a large reduction in water removal
rate. Additional predrying causes only small additional
degradation of drying rate.

iFiguﬁé 12 shows water removal rate as a function of ingoing solids levels. This

. graph further illustrates the serious negative impact of predrying.

- Property Development

Linerboard density,'as determined froﬁ thickness measurements made on
the IPC rubber platen cal1per gauge, is plotted versus thermal impulse
(temperature-NRT) in Fig. -13 Applied pressure is used as a p1ott1ng para-

meter. These same density data are presented in F1g 14 as a function of

outgoing solids level. The following observations are made from these data sets:

1. Llnerboard density can be increased dramat1ca11y
by 1mpylse drying.

2. Densjfy varies almost linearly with thermal impu]ge
forfbressures from about 300 psi on up.

3 Preésure,has a significant and positive influence. . ' .

on density, especially above 300 psi or so.
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4. The density curves for pregsures of 150 and 300 psi
tend to flatten out, or even drop off, for large values
of thermal impulse. Similar trends may occur for the
higher pressures, but this has never been investigated.

5. Drying on opposite sides with two nips of length X appears
to produ;e a density equivalent to drying on one side
with one nip of length 2X. |

6. Density varies linearly with outgoing solids for sheets
prepressed to a given moisture content. This seems to hold
forﬂtwo-sided drying, too.

7. Predrying tends to increase the density developed in the
impulse dryer, but substantially degrade the density-

outgoing solids relationships.

Figures 15-18 show plots of STFI compressive strength index, burst'
index, tensile index and the Z-direction sheet modulus, measured ultrasonically,
all b]otted versus densffy. A1l of these mechanical properties show the
expected linear trend with density for all sheets prepressed only, even the
sheet impulse dried on both sides. For the predried sheets, however, thesé pro-
perties tend to decline with increasing density. This is a most unusual type of

behavﬁor, requiring fhrther investigation.

Habeger_and,whit;itt3 have developed a fundamenta] model re]ating
compressive strength to certain in-plane and out-of-p]ané elastic prbperties.
One form of this model relates compressive strength to a linear function of
Ezl/4 Ex3/4 (where E7 is the out-of-plane elastic modulus divided by density
and Ex is the corresponding in-plane modulus). As shown in Fig. 19, the data
from this study fit this model quite well, including those from the predrying

experiments.
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Surface roughness is a property of only limited interest for linerboard
base sheets, but it was evaluated in this study. Surface roughness (Parker Pr{nt
surf) for each side is plotted versus outgoing solids in Fig. 20. Felt-side
roughness is not significantly influenced by impulse drying. The smoothness of
the heated side is greatly improved, somewhat in proportion to the degree of
impulse drying. Modest predrying does not seem to alter this behavior; high
levels of predrying tend to slightly limit smoothness development. Two-sided
drying tends to equalize smoothness by roughening what was initially the heated

side and smoothing what was initially the felt side.

Local unevenness in felt compressibility tends to generate a
corresponding sheet topography not discernible in smoothness/roughness

measurements. This will be discussed more fully in subsequent sections.

Linerboard - Recycled Fiber

A few tests on linerboard base sheets made from recycled fiber have
been conducted. Results from these tests are presented and compared with

corresponding data for virgin fiber sheets in the following sections.

Test Conditions

A1l sheets for this study were also 127 gr/m2 and prepressed to about
45% solids. Once-dried fibers are relatively easy to dewater so higher levels
of wet pressing may have been an advantage. The intent, however,‘was to compare

with the virgin liner tests under comparable conditions.

Test conditions are presented in Table 14.

|
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Table 14. Test conditions for recycled fiber linerboard base sheets.

NRT Peak Pressure Initial Temp. Ingoing Solids
ms psi °F %

29.5 717 400 45,7

28.9 389 400 45,2

29.1 418 700 45.7

14.0 408 700 45.6

14.5 655 550 45.4

14.7 661 - 700 45.5

Water Removal Rates

Water removal rates are plotted as a function of temperature divided by
the square root of NRT in Fig. 21. These data increase with TA/NRT at about‘the
same rate as for yirgin fiber, and also show a modest and probably positive
impact of pressure. However, the actual water removal rates are larger than for
virgin fiber by at least 400-500 1b/hr/ft2, reflecting the ease of dewatering

once-dried fibers.

Property Development

Density development with thermal impulse and with outgoing solids are‘
presented in Figs. 22 and 23, respectively. The density levels for the recycled
fiber are about 15% lower than those for the virgin fiber, reflecting the

lower strength potential of the fiber (see data for control sheet) or the need

for more pressing, or both.. Density increases with outgoing solids are about . .

the same for both sheets, but density increses more rapidly with thermal impulse

for the recycled fiber,
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STFI compressive strength variation with density for both the recycled
and virgin linerboard furnishes are shown in Fig. 24. The trends are similar
for both furnishes, but the absolute values are higher for the virgin fiber, as
expected. The compressive strength data for the recycled fiber sheet fit the
Whitsitt-Habeger3 model, as shown in Fig. 25. Burst properties show similar

trends.

In summary, impulse drying of a recycled linerboard furnish leads to
higher water removal rates and equivalent density and strength development
rates, but lower absolute densities and strengths, as compared to impulse drying

of a virgin linerboard furnish.

Corrugated Medium

The corrugating medium used in this study was a sodium carbonate semi-
chemical virgin fiber furnish. This proved hard to dewater, as the data will
show, and only a few tests were conducted. More work is planned, both with this

furnish and a recycled fiber furnish.

Water removal rates for the corrugating medium, Fig. 27, show the nor-
ma1-trends with TA/NﬁT, but seem to be somewhat more sensitive to pressure and
lower in value than the linerboard data. These rates are still about 200 times
higher fhan for a conventional dryer. Density and strength values, shown in
Fig. 28-30, exhibit the usual trends, but there is considerable scatter in the

data, largely as a result of the small range of values tested.
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Lightweight Coating Grade

Test Conditions

This furnish was originally delivered to the IPC as a newsprint furnish;
however, the actual fiber makeup is more typical of a lightweight coating (LWC)
grade. Before the true identity of the furnish was established, sheéts were
made up for a basis weight of about 55 gr/m2, typical of newsprint weights. All

tests were conducted at this weight.
Test conditions are given in Table 15.

Table 15. Test conditions for LWC

NRT Peak Pressure Initial Temp. Ingoing Solids °
ms psi °F %
Control - - - - 51.1
19.3 516 400 51.8
35.5 712 400 - . 51.7
30.7 715 : 700 51.7
36.0 319 " - 400 51.5
35.6 .. 310. 700 51.2
15.4 584 700 51.3
21.5 306 400 50.9
21.4 307 700 51.0
30.0 712 700 35.9
Control - - - - 36.6
30.0 720 700 38.0
“Control - - - - 38.2
30.0 718 700 43.0
Control - - ' - - 43.1
30.0 723 700 56.5
Control - - - - 56.6
300 - -715 700 51.7
Control - - - - 51.1
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Water Removal Rates

This grade also shows water removal rates that are essentially linear
with TA/Nﬁf_and mildly influenced by pressure, Fig. 31. Also included in Fig. 31
are data that show water removal rates that rapidly decrease with ingoing solids
content. These data are presented more éxp]icit]y as water removal rate and
outgoing solids as functions of ingoiﬁg solids in Fig. 32. Outgoing solids
variations are leveled to about one-third of ingoing variations, a figure typi-
cal of may pressing operations, and indicative of the profile leveling capabi-

1ity of impulse drying.

Property Development

Density development w{th thermaf'impulsé and with outgoing solids are
preéented in Figs. 33 and 34, respectively. Tensiie-density and tensile-tear
re]ationéhips are shown in Figs. 35 and 36, respectively. None of these rela-

tionships show any new feature or unexpected behavior.

TAPPI brightness’and opacity data are presenfed as a fdnction 9% den-
sity in Fig. 37 and as a function of outgoing solids in Fig. 38. Brightnéss
tends to decline very slightly for the highest levels qf drying intens{ty‘
whereas opacity tends té decline slowly over the who]e.rapge, dropping by about

five percéntage points, for outgoing solids levels of abouf,85%.

Roughness values for both sides, plotted agéinst odtgoing solids in
Fig. 39, show a strong smoothing trend on the hot side of the sheet and a slight
roughening trend on the felt side. Such sheets would normally be impulse dried

on both sides which, as noted before, tends to equalize smoothness.
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Air permeability declines rapidly with increased levels of drying, as
shown in Fig. 40, presumably because the sheet pores become quite closed at the
sheet surface on the hot side. Perhaps for similar reasons, ink penetration,
shown in Fig. 41, is also reduced, although the data are quite scattered. Ink
penetration seems to be reduced by even the lightest intensity of impulse drying,
and then remains constant or increases with increased drying. More data are

needed to clarify this picture.

Newsprint

Test Conditions

This furnish was produced by blending about 20% BSQK and 80% GW. The
target basis weight value was 49 gr/mZ, but actual values were closer to 52
gr/mZ, Test conditions are given in Table 16. In each of the subsequent plots,

the datum for the two-sided drying test carries a separate symbol for ease of

identification.

Table 16. Test conditions for newsprint.
NRT Peak Pressure Initial Temp. Ingoing Solids
ms psi °F %
Control - - - - 52.9
25.4 733 400 52.5
25,2 734 700 52.8
20.1 327 400 . 53.2
19.9 321 700 52.4
16.1 6 400 53.5
16.0 06 700 - 53.3
14.3 701 400 52.5
14.5 532 700 52.6
*14.6 558 700 53.6

* Two-sided Drying - NRT = Nip Time - Each Side
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'ZEEF
20¢

18}

sec

6}

14

12}

10}

r LIGHT WEIGHT COATING
55 g/m2

O Control _
o Impulse Dried-One Side

L

40

50 60 70 80 30 100
OUTGOING SOLIDS So, %

Figure 41. Ink penetration variation with outgoing solids for
lightweight coating paper. ‘
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Water Removal Rates

Water removal rates, shown in Fig. 42, are linearly and closely related
to TA/NﬁT, but show almost no sensitivity to pressure. The absolute values are
well below those for a higher freeness furnish such as linerboard, despite the

low basis weight.

Property Development
Density in relation to thermal impulse and to outgoing solids is shown
in Figs. 43 and 44, respectively. As with all grades, density varies linearly

with thermal impulse, incneases significantly with pressure, and is linearly .,

related to outgoing solids. The value for two-sided drying fits the same pattern.

The tensile-density and tensile-tear relationships, shown in Figs. 45 ﬂ{
and 46, exhibit expected characteristics, except for the datum from the two-
sided drying experiment. This sheet showed both increased tensile and tear,.
relative to the control, an unexpected and important trend, if it is real.

Tear values were not measured on the linerboard sheets dried on two sides, so nd;

additional data are available. This point deserves additional attention.

Surface roughness for the two sides of the sheets, plotted against

outgoing solids in Fig. 47, show behavior typical of all impulse dried sheets.

. grightnggs anqwopacity both trend dqwnward_with ingreasing 1g[efs of
drying degreehor outgpin; solids, as shpwn ip.Fig.~48: In botﬁ cases, the loses
are about 6-7 percentége pﬁints over the so];ds range from 50-90%. Relative to
the LWC grade with about 50% BSWK, this opacity loss is about the same, but the

brightness loss is much greater.

|
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8.0

® FELT SIDE
° \/

700’- ‘/.
£
31
. 6.0} B O Control
A 0 @ o Impulse Dried-One Side
W
2
5
s 500-
o
@
W O\
ﬁ% 00:o

4.0 '
& o
2 o

o)
3.0 NEWSPRINT
49 g/m? O HOT SIDE
1 1 1 | | |
46 50 . 60 — 70 .80 90 100

' OUTGOING_SOLIDS So, %

Figure 47. Roughness changes with dryness for newsprint,
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WRITING OR FINE PAPER

Test Conditions

This grade was composed of about 73% BHWK and 27% BSWK, made up

in sheets with a basis weight of about 80 g/m2. Test conditions are given in

Table 17.

' Table 17. Test conditions for writing paper.

NRT Peak Pressure Initial Temp. Ingoing Solids
ms ps i °F %
Control -- Lo . 48.4
26.5 732 400 48.1
2.1 728 = 700 48.1

‘ 25.2 .324 400 48.1:1

25.6 - .316. 700 47.9 |
15.9 324 400 48.0
6.4 7 309 700 48.0
A | 4

14.3 646 400 48.

Water Removal Rates

4

This grade dewatered fairly readily and shows typical trends and rela-

tionships,. as indicated by the data in Fig. 49.

Property Development

Impulse drying does densify this grade, as shown in Fig. 50, but the
control sheet density is already high, limiting the rate and amount of. addi-
tional densification with increasihg thermal impulse. The usual positive effect

of pressure is clearly indirect with this grade.
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The tensile-tear relationship in Fig. 51 is typical. Folding
endurance; measured only on this grade, is Shown as a function of density in
Fig. 52. Impu]sé drying seems to improve this property so it will be measured
on some other grades in future work. The roughness relationships in Fig. 53
show that a small amount of impulse drying greatly reduces the roughness of the
hot side of the sheet; more impulse dfying does not give fufther improvement.
Felt-side'roughness tends to increase with degree of impulse drying, as usual.
Finally, opacity and brightness values decline by only about 2-3 percentage

points over the solids range from 48-72%.

TISSUE

Because impulse drying tends to increase bonding and denSify rathér
than bulk, tissue is expected to be a poor application grade. Neverfheless, for
completeness, tissue has been included in the screening grades and é number of
tests conducted to establish a proper test range. As of this writing, property
data are still pending so only water removal results can be presented. All
tests were conducted on sheets with a basis weight of about 15 g/m2. Test con-
ditions, necessarily mild because of the light weight, are shown in Table 18.

A1l initial moisture values were obtained by blotting rather than pressing.
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|60r
WRITING PAPER-80 g/m?
»n o
® 140}
e
0 Control o
3’ O Impulse Dried-One Side
2 .
< 120}
a
> o]
w.
©
Z 100}
3
o o
(1'%
:10) o o
o o©
60 L ] - 1 J
' 0.8 0.9 1.0

DENSITY, g/cc

Figure 52. Fold endurance variations with density for writing paper.
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NRT
ms

Control
22 -

19
23

19
18

19
19

20
14

13.5
- 14

. 167
16

16
15

16
15

15
15

15
15

12
12

12
12

Water Removal Data

Table 18.

Peak Pressure
psi

63

50
60

95
100

93
87

80
90

110
103

180
170

180
205

200
300

-300
1300

1300
300

420
400

400
400

-206-

Test conditions for tissue.

oF
310
410
502

320
405

..508
560

590
300

400

500

305 .
220"

410
450

500 -

305

400
420

450
500

300
400

450
500

Initial Temp'.

" ~Ingoing
%

47.
49.
19.

47.
48.

48.
1.

48.
48.

49.
48.

48.
48.

48.
48.

49.
48.

48,
48,
48.
49.

Status Report

Solids

[Sa o] oo

49.3
49.

w

WO W Wo. W CIU1 o o

o w

.
w o

In Fig."SS; water removal ratéé are b1otted as a function of T//NRT.

Although WRR depends strongly on this variable, the.relationships depart from

the straight lines and the small pressure dependence exhibited for other grades.

|
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This is probably a function more of basis weight and test conditions than of
grade. For 15 g/m2 sheets, low pressures and temperatures are necessary to pre-
vent overdrying of the web. Over the range from 50-150 psi, water removal is
sensitive to pressure, and pressures in this range were used in these tests.
Most of these sheets were more completely dried than for any other grade, again
because of the low basis weight. Outgoing solids levels range from about 72 to
94%, but most were in the 85-90% range, whereas the sheets for most other grades
came out of the impulse drier.at 80% solids or less. At high solids levels,
much more of the water being removed is bound to the fibers, making removal more
difficult. Hence, more of.thé water is likely to be removed by an evaporation
process, reducing removal rates and changing the interrelationships. Finally,
these data were taken over a short range of nip residence time values. Future
testing with tissue will probably be carried out on a fa]]ing-weight press simu-

lator to allow much shorter NRT values.

Some of these data have been replotted in Fig. 56 using pressure as
the indebendent variable and temperature as a parameter, all with nearly con-
stant NRT. This presentation emphasizes the large effect of temperature, the
small but discernib}e effect of pressure, and also, that pressures can be too
high for best water‘removal under some operating conditions. Most of the other

grades were not tested in ranges where this negative effect of pressure is evi-

dent.
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5 r \u 300°F
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x 60}
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0 100 200 3 0
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Figure 56. Variation of relative moisture removal with pressure for tissue.
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IV. SUMMARY OF RESULTS FROM TECHNICAL PERFORMANCE EVALUATION

Procedures for the technical performance evaluation were presented in
Section II. Results obtained to date from the screening portion of this evalu-
ation were presented in Section III. The purpose of this section is to inte-
grate the data from the various grades and discuss the performance of the
impulse dryer with respect to (1) water removal, (2) strength»deve]opmeht,fand
(3) surface property development. Data on Iiduid dewater%ng and specific energy
consumption will be gathered in the next series of tests. Some aspects of

future testing will be discussed at the end of this section.

WATER REMOVAL RATES

For all of the grades tested, impulse drying‘leads to water removal
rates that are 60 to 500 times higher than for a conventional dryer. Récyc]ed
linerboard dewaters most readily; a complete ranking for a specified TA/W?T is
given in Table 19. | |

Table 19. Example water removal rates
ranked by grade.

Basis
WRR, » Weight,

Grade 1b/hr/ft g/m

Recycled liner 1750 127
Virgin liner 1300 L. 127 o

Corrugating medium . . 1200 127

Writing 1450 80

" Lightweight coating 920 : 55

Newsprint 920 49

Tissue 860 15

T/A/NRT = 140; P selected for maximum WRR.

|
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With these grade-specific tests, basis weight and furnish changes"
occur together making it difficult to discern the separate effect of either.
WRR seems to trend directly with basis weight, however, and some evidence of the
effect of furnish is provided by the liner and medium data. High freeness or
once-dried furnishes dewater more readily. These issues will be explored more

fully in subsequent tests.

As illustrated by most of the grades (Fig. 11, 21, 27, 31, 42, 49, and

55), WRR can be described by a relationship of the form
WRR = A + BP + CTA/NRT

Although they are not yet available, these correlations will be worked out, by
grade, for presentation at the meeting. From the data, it is evident that WRR
increases linearly with temperature, over a wide range, and for all grades. For
values above about 150 psi, pressure seems to be a relatively unimportant
variable; below 150 psi, pressure becomes quite important. Based on these
results, rapid water removal requires high temperatures, short nips, and a
pressure of 150 psi, or more. The amount of water removed is given by the

average water removal rate multiplied by NRT. In equation form this is

[A + BP + CTA/NRT] x NRT
A NRT + BP-NRT + CT-/NRT

u

Total water removal (TWR)

The first term is a small contributor. The second term is proportional to press
impulse and also a small contributor. The third term, which depends on tem-
perature and the square root of NRT, dominates the total water removal function.
Because of the square root term, doubling NRT increases total water removal by
something over 40%. Hence, to remove a lot of water, high temperature, preséure

above 150 psi, and the longest possible nip are required.




Project 3470 - -212- Status Report.

DENSITY .AND STRENGTH.DEVELOPMENT

For all grades tested for which property data are availab]e,.tmpulse

drying contributes greatly to densification, -producing density values well above

those available from more typical processing. Most of:the data (Fig., 13,.22,

28, 33, 43, and 50) correlate well in the following form. -
=D+ EP + F(T x NRT)

where D, E, and F are regre;sion coefficienté These coeff1c1ents will all be
worked out for the meeting presehtatioh but are not now ava11ab1e Genera]]y,
however, density increases rapidly with thermal .impulse (T x NRT), but also
depends strongly on pressure. This linear regression model holds well except

for the writing paper, Fig. 50, and for very large values of T x NRT, Fig. 13.

For most impulse drying conditions, density also correlates linearly

and closely to outgoing solids level, almost independently of the impulse-.con- .

ditions used to achieve the given Sy value. Fig. 14, 23, 34, and 44 show.this .
relationship. Hence, more impulse drying means more density, especially for $q .

values below 85%..

In a Ph.D. thesis project, it has been shown that impulse drying pro- -

duces significant density gra@ients;A Typically, densities for parts of the
sheet near the hot surface are. well above those for conventional processing.
Near the open surface, density may be somewhat h1gher In the center of the
sheet however, 1ower densities may deve]op . Overa]] th1s g1ves ‘rise to an.
unsymmetr1c I- beam type of mater1a1 d1str1but1on " This effect is 1mportant and
will be exploited in grades where bend1ng st1ffness or z- d1rect10n compress1b11-

ity is needed.
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In traditional papermaking practice, most strength properties - except
tear - depend linearly and strongly on density. These relationships carry over
to impulse drying as illustrated by Fig. 15, 16, 17, 24, 26, 29, 35, and 45. An
exception to this rule, evident in Fig. 15-17, occurs when sheets are partially

predried conventionally and then impulse dried. This will be discussed below.

With the large increases in density available from impulse drying;
correspondingly large increases in strength can be obtained, even for those pro-
perties where declining caliper is an issue. For linerboard base stock, STFI
values increased by 36% as the sheet was impulse dried from 46.4% to 67.7%

solids, despite a corresponding 34% drop in caliper.

As tensile strength improves with impulse drying, tear tends to
decline, Fig. 36 and 46, a normal relationship. The lone exception i§ a LWC
sheet, impulse dried on both sides, that showed increases in both tear and ten-
sile, relative to the control as shown in Fig. 46. This observation clearly

calls for further investigation.

Compressive strength data for three furnishes, Fig. 19, 25, and 30,

are characterized in terms of elastic properties by the Habeger-Whitsitt mode13.

A1l of these data are described reasonably well by the model, despite the diver-

sity of furnishes and processing conditions. Even more importantly, this model
describes the data for the predried linerboard samples, where the typical den-
sity relationship breaks down - compare Fig. 15 and 19, This also deserves

further investigation.

Folding endurance was only measured on the writing paper grade for
which the data are shown in Fig. 52. Clearly, this property improves with

impulse drying. A few tests will be conducted later on linerboard to see if

this change holds there as well.
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SURFACE AND OPTICAL' PROPERTIES.
2 " Opacity and brightness are only slightly degraded by impulse:drying, "
as ‘shown versus density in Fig. 37 and 54 and versus Sy-in Fig. 38 and 48. -For .
a bleached furnish, Fig. 54, the brightness and opacity drops are limited -to :=
about 2.5 percentage points. The higher lignin furnishes, Fig. 37; 38, :and 48,

show about twice as much degradation, i.e., about 5 percentage points.

‘Surface roughness (smoothness) characteristics for four furnishes . are
shown in Fig. 20,-39, 47, and 53. 'All show similar trends. .The hot-side sur-
face becomes progressively smoother with impulse drying, usually by 25 to 50%
with Newsprint (NP2) showing the greatest improvement. In contrast, the felt -

side becomes roughened or stays about the same.

-Usually the felt mass distribution pattern.tends to "print" through-to
the hot surfacé, yielding a readily discernible surface topography of a scale
not included in the roughness measurement. Caliper measurements .using a stiff
metal plate reflect the height of the tops of these topographic features whereas
the IPC rubber platen caliper gage tends to reflect the average height. One

formula for quantifying the topography is

I = 3R %100
R
where TI = topographic index
S = caliper measured with a steel platen
R = caliper measured with a rubber platen

As example data, NP2 impulse dried at 700°F and 700 psi yielded

_ 100.9 - 63.7

LTI = 637 - x 100 = 58.4

|
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For the corresponding control sheet

_141.9 - 9.9

TI = 6.9 x 100 = 46.4

The "print through" tendency is evident from these data. Sheet topography may
be an important factor in dictating felt design, so some measure is needed. The
above is but one possible approach. Some additional testing with various water

receivers will be completed shortly to further evaluate this issue.

A1l properties that reflect liquid uptake through the surface are
reduced by impulise drying, often to a great degree. This property is presented
as ink penetration time (Hercules) for the LWC grade in Fig.'41. Although not

presented in this report, NP2 shows similar trends.

Air permeability, a measure of surface openness, is greatly reduced by
impulse drying as shown by the data in Fig. 40. Other grades for which this

property is important show similar trends.

SPECIAL TESTS

Two-Sided Impulse Drying

One sample each of two different furnishes has been impulse dried on
two sides. Aftek drying on one side, the sample was weighed and then dried on
the opposite side so there were a few seconds of elapsed time between events.
The resulting data points are shown in the plots for LBl (Fig. 11-12) and for

NP2 (Fig. 42-48).

In each case, drying on the second side is as effective as drying on
the first in removing water from and densifying the sheet. In fact, for a sep-
cified total drying time, it is better to divide it between nips drying on oppo-

site sides than to use the full interval on one side. Hence, the early worries
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about the closed surface on the first side degrading drying performance on_the -

second side are unfounded. For the LBl in”particu]ar, two-sided drying produced
a density of 1.05 g/cc at an outgoing solids level of only 68%. Two-sided

drying tends to equalize surface smoothness as shown in.Fig. 20.-

Predﬁllgg

A few LBl samples were pressed to about 46% so]1ds, predrled at 1ow
temperature and pressure to various higher solids levels, and then thpu1se .
dried. The.results from .these tests are included in Fig. 11,-12, and 14-20.
Predrying has.the following serious and negative effects on impulse dryer per-

formance:

1. WRR is reduced by more than 44%, even for slight predrying (Fig. 11).

2.. Density development with outgoing solids level is sharply impaired by

predrying (Fig. 14).

3. Strength-density relationships are also impaired by predrying giving a

double negative impact on strength (Fig. 15-17).
4, Despite the.changes in the density and density-strength retatfonships,
the data for the predried sheets st1]l fit the Habeger- “Whitsitt mode]
'(F1g 19) This observat1on suggests the elastic constants provide a
‘more usefu] and un1versa1 Sheet descr1pt1on than do the trad1t1ona]
strength ‘tests. |
In cohtrast, as noted above, predrying by ihpu]se'drying oh one sfde‘gggs_ggt

have a negative effect.

It has a]ready been shown1 that preheat1ng the 1ngo1ng sheet to
about 210°F w1th 11ve steam great]y 1mproves the performance of 1mpulse dry1ng.
The above data suggest that preheat1ng by predry1ng w111 have an oppos1te |

effect These observat1ons a]so deserve further study.
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Prepressing Levels

A few of the LWC sheets were pressed to ingoing solids levels from
about 35-55% and then impulse dried. Property measurements on these sheets were
limited to density, brightness, and opacity. The resulting data, shown in Fig.
31; 32, 34, and 37, yield the following tentative conclusions:

1. WRR varies directly with ingoing moisture level - the wetter the
sheet, the greater the water removal rate (Fig. 31). The significant
pressing component of impulse drying may partially account for this.

2. Both outgoing solids and density variations, Fig. 32 and 34, are much
less than the ingoing moisture variations giving a leveling effect on
both solids and moisture.

3. Brightness and opacity, Fig. 37, are not greatly influenced by ingoing
solids level, achieved by prepressing, although the opacity data do

not match those from a previous experiment with this furnish.

FUTURE WORK

The data and empirical equations presented in this feport are pre-
cisely what is needed to carry out the engineering and economic analysis in
Steps 4 and 5 of the plan. Although the experiments that produced these data
were screening in nature, they have revealed much of the behavior of impulse
drying and will serve as a planning base for the next series of experiments, to
begin shortly. From these data, it is clear that impulse drying can effect
extremely rapid water removal and that it has a profound effect on properties.
It is also clear that there is opportunity to trade off and manipulate these

effects to achieve a given desired end point.
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While this work is experimental in nature, it is being complemented, by
Steve Burton's Ph.D. work on the fundamental mechanisms of impulse drying,
including densification, Some of this work will be highlighted at the meeting.
For the future, the technical performance evaluation and the important side bar
experiments spawned by it will continue. Work has already been initiated on a
pilot press for use in moving web impulse drying experiments. Finally, work on
the engineering concepts appropriate to impulse drying, initiated by Matt
Nightingale in his M.S. work, and on the economics of impulse drying will be
reopened. All of this work is now proceeding under a $1.5 million grant from
the DOE, $350,000/yr for each of the first two years and then $400,000/yr for

two more.
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PROJECT 3556
FUNDAMENTALS OF KRAFT LIQUOR CORROSIVITY

David C. Crowe

FUNDAMENTALS OF KRAFT LIQUOR CORROSIVITY

OBJECTIVE

REDUCE COSTS OF CORROSION OF CARBON STEEL
BY KRAFT LIQUORS

APPROACH

° MONITOR CORROSIVITY

© DETECT HIGH CORROSIVITY

° TRACE ORIGINS OF HIGH CORROSION RATE
° CORRECT
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PROGRESS

° CONTINUED MONITORING OF CORROSIVITY
IN THE FIELD

LPR

ER

WEIGHT LOSS
LIQUOR SAMPLING
VELOCITY EFFECT

© CONSTRUCTION AND PROGRAMMING OF
MICROPROCESSOR FOR REMOTE DATA
ACQUISITION .

PROGRESS (Contd.)

° COMPLETION OF STUDY OF THIOSULFATE
ADDITIONS ON CORROSION RATE

° COMMENCEMENT OF STUDY OF SULFITE
ADDITIONS ON CORROSION RATE

° CONSTRUCTION OF APPARATUS TQO STUDY
VELOCITY EFFECTS BY MEANS OF ROTATING
CYLINDER ELECTRODE

S1ide Material
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Iso-corrosion plot for NaOH + NapS solutions.
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Isocorrosion surface 5 mpy in NaOH + NapS + S solution after 2 weeks exposure.
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Isocorrosion surface 5 mpy in NaOH + NayS + S solution after 8 weeks exposure.
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Corrosion rates in NazS + S + 120 g/L NaOH solution after 2 week exposure.
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POTENTIAL (E), mV (SSSE)
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EXPOSURE TIME, HOURS

1200 1400

Corrosion potential as a function of expogure time in 100 g/L NaOH

+ 30 g/L NapS + 0-10 g/L S.

Na,5,0,.9/L

Isocorrosion plot of 15 mpy surface in NaOH + Naj5S + NajyS,03 solutions
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= &
° (=3 < o -]

after 2 weeks exposure.
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POTENTIAL (E), mV(SSSE)
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N 7

!
Isocorrosion plot of 15 mpy surface in NaOH + NayS + NapS703 solutions after 8 weeks exposure.
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Corrosion potential during exposure in 80 g/L NaOH + 40 g/I. Na,S
+ 0-50 g/1. NipSy0y. .
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Determination of Variances in Weight Loss
of Metal Electrodes Due to the Liquor Volume
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Determination of variances in weight loss of metal electrodes due-

to the liquor volume.
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Determination of Variances in Weight Loss of Metal Electrodes
Due to the Initial Surtace Condition
|001
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GOJ —-C 50GRITABRADED
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i
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204 /
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EXPOSURE TIME (hours)

Determinatton of varfances in weight loss of metal electrodes due
to the initial surface condition.

IN-MILL LPR RESULTS

* MEASURED VALUES AGREED VERY WELL
WITH WEIGHT LOSS, WHEN APPROPRIATE
CORRECTIONS ARE APPLIED, CONSIS-
TENT WITH TAFEL SLOPES MEASURED
FROM IN SITU POLARIZATION CURVES.

* GIVES AN INSTANTANEOUS MEASUREMENT
OF CORROSION RATE.
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POTENTIAL (E), V{SSSE)
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]
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log CURRENT DENSITY (i), mA/cm,

Representative polarization curve
for 1018 steel in mill white liquor

ELECTRICAL RESISTANCE RESULTS
® EXCELLENT AGREEMENT WITH WEIGHT LOSS TESTS.
®* A PERIOD OF EXPOSURE OF AS MUCH AS ONE
MONTH IS NECESSARY TO OBTAIN AN ACCURATE
MEASUREMENT.

* NEEDS NO CORRECTION OR INTERPRETATION.

-1 1} 1 2
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v 10 20 30 40 50 60
EXPOSURE TIME, days

Corrosion rate measured by electrical
resistance technique in mill white Viquor

MATERIALS

® MATERIALS, IN ORDER OF DECREASING
CORROSION RESISTANCE:

A285 SPECIAL
A283
A285C
1018

70

1
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LIQUOR CORROSIVITY
® THE MOST SIGNIFICANT FACTOR

SULFIDE CORROSION

® THIOSULFATE % AFFECTED
HYDROXIDE RATES IN-MILL

PLANS FOR NEXT PERIOD

° FIELD TEST THE MICROPROCESSOR-BASED
DATA ACQUISITION SYSTEM

© COLLECT MORE MILL DATA

© MEASURE EFFECTS OF SULFITE ON
CORROSION RATES

° TESTING OF VELOCITY EFFECTS WITH
A ROTATING CYLINDER ELECTRODE

© COMPLETE MODIFICATIONS TO FLOW
LOOP AND RESUME TESTING

° TESTING OF A NEW DESIGN OF Ag/AgpS
REFERENCE ELECTRODE

SIGNIFICANCE TO THE INDUSTRY

° CORROSION MONITORING METHODS MAY BE
APPLIED RELIABLY IN WHITE LIQUOR SYSTEMS

° CORROSION RATE IS INFLUENCED MORE STRONGLY
BY LIQUOR CORROSIVITY THAN BY STEEL COMPOSITION

© CORROSION IS STIMULATED BY THIOSULFATE AND
POLYSULFIDE RESULTING FROM LIQUOR OXIDATION

S1ide* Material

\-—--_-——-—---—-




Project 3309 -14- Slide Material

Project 3309
FUNDAMENTALS OF CORROSION CONTROL IN PAPER MILLS

I . Ronald Yeske
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FUNDAMENTALS OF CORROSION
CONTROL IN PAPER MILLS

Project 3309

OBJECTIVE
° IMPROVE LIFETIME OF SUCTION ROLLS

SHORT TERM OBJECTIVES
© IDENTIFY A PREDICTIVE LABORATORY TEST
® NORMALIZE DIFFERENT FATIGUE METHODS

A PREDICTIVE LABORATORY TEST

Slide Material
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CYCLES TO FAILURE, N

Schematic S-N curve depicting resistance to fatigue crack initiation.

STRESS

200

100

10 10 108 108
CYCLES

S-N curves for seven suction roll alloys in white water
(pH 3.5, chloride 20-400 ppm, sulfate 250-1000 ppm)
from rotating beam tests at 1500-1750 rpm

A]Fhough Alloy 75 is superior to Alloy 63 in service, the results of
this S-N curve generated in the laboratory would indicate ctherwise.

Slide Material




1

Project 3309

ELECTRODE

POTENTIAL
E

Slide Material

STABLE PASSIVE FILM

PITTING

NONPROTECTIVE FILM
ACTIVE CORROSION

- Variation in electrochemical potehtials developed at the wetted sur-
faces of suction roll specimens exposed to a simulated white water.
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Examples of pitting corrosion resistance of Alloys 75 and 63 in simu-
lated paper machine white waters. Alloy 75 has a superior service
record.

NORMALIZE FATIGUE METHODS
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Specimen -

- Ball bearings —

Shaft

Roller support |
—— 3
12
g - 3/4 - _.1_

5/8 taper per foot
grind to fit gage

Tolerances
Fractions * 1/64
Decimals * .005

except as noted

-19-
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- Shutoff

switch  Flexible )

g coupling Revolution
Shaft — counter
- /
=
\
Roller support \
 3-116 -
15/16 -~
t ‘ r—0.495 diam.

(- d=0.200 to 0.400 -

| . /

/

R=3.5t010

t A !
i . !

Relief 0.010 deep ‘
1

No. 4 drill — 1/2 decp,
1/4 — 20 tap — 7/15 deep,
60° csk

All dimensions in in, (1 in. = 25.4 mm)

Schematic illustration of rotating beam testing machine (upper)
and geometry/dimensions of the specimen (R. R. Moore type).
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Crank : .- Motor

Built-in end

. Specimen
025~ o] o — - - e e e RS e e e ]
b~ 300 -~
175 o] Ny, ! e 150 o=
0875 be- + 2507 ' \' : X g
le.375+— H ot [ VA4 .
— 150
0625 375 Dol g0 o l _{ :
- . T T T .7_159_, R 1o 300
0625 0375 | ! ,
T.. f_‘__ L ,
N2 .
33 dritl, 3 holes

[ ]
L——Dnll and ream o fit
Notes 1. Specimen to be symmetrical about § . 0250 dowel pin

2. Specimen thickness shall be 0.400 £ .001 in.
3. All dimensions in inches.

Schematic illustration of reversed plate bending test machine
(upper) and specimen geometry/dimensions, below. ’
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T min

)

T min

R between
0and +1

(c) O

Schematic 1{llustration of three alternating load forms as a
- function of time (t) in fatigue

IMPORTANT VARIABLES
° STRESS AMPLITUDE
° MEAN STRESS
° SPECIMEN GEOMETRY
° FREQUENCY
° NOTCH/SMOOTH

CORROSION

o SURFACE FINISH
° TEMPERATURE
° €17, S 03 CONCENTRATION
° DH

TESTING PROGRAM
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COMPARISON OF WEIGHT LOSSES
DUE TO PITTING OF SUCTION ROLL ALLOYS

CORROSION CORROSION
ALLOY RATE, mpy ALLOY RATE, mpy
A75 3.4 CF3M 1.0
CA15 12.1 1811 0.1
KAl171 ~0.04 1804 0.5
2505 0.7 304L 3.0
KAl71 0.08 VKA 378 0.06
A63 0.0 1300 14.3

NORMALIZATION OF FATIGUE METHODS ‘
° ACQUISITION OF ALTERNATING BENDING APPARATUS
° ACQUISITION OF THREE ROTATING BENDING MACHINES
° TEST CHAMBER DESIGN, SHAKEDOWN
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Tatnall Krause alternating bending fatigue machine fitted with a
wick arrangement for delivery of corrosive solutions to a stress
concentrating hole in the test plate.

s
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CYCLES TO FRILURE

S-N curve for 316L stainless steel exposed to Environment #1 (1000
ppm chloride, pH 4.7), as generated with the Tatnall Krause alter- ..
nating bending machine.
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R. R. Moore rotating bending fatigue machine fitted with a
recent version of a corrosion test chamber.
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PREDICTIVE TEST DEVELOPMENT

INITIATION VS. PROPAGATION

STRESS INTENSITY CONCEPT

NOMINAL STRESS

DRIVING FORCE _

GEOMETRY

AK = (STRESS RANGE) (CRACK LENGTH)* (GEOMETRY)

sp(a)t fn (a/w)

Slide"Material
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STRESS INTENSITY NORMALIZES
° LONG CRACK, LOW STRESS
® SHORT CRACK, HIGH STRESS
® LOADING GEOMETRY

MEAN STRESS EFFECTS
"R" RATIO = Kmax/Km‘in

AN,
(a o 1 t R=—1

NIV ERV/

(b)

O win

R between
0 and +1

() O t

Schematic illustration of three alternating load forms as a
functfon of time (t) in fatigue
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SPECIMEN J CATASTROPHIC
DIMENSION ' FAILURE
TRANSITION
~ TO RAPID GROWTH
CRACK
ADVANCE
PER
CYCLE STAGE II GROWTH

(&)

INTER
ATOMIC ——>
SPACING

—— STAGE I GROWTH

¢///,//”

‘///,THRESHOLD STRESS INTENSITY

STRESS INTENSITY RANGE, AK

Schematic diagram showing the dependence of crack gr
A " 0 owth r
cyclic stress intensity. K ates on the

AKp, DETERMINATION

° CRACK SHARPNESS

° LOAD SHEDDING

° COMPRESSIVE RESIDUAL STRESSES

STide Material
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-

The MTS electrohydraulic testing machine equipped with modified
test frame and environmental chamber for fatigue testing in
simulated paper machine white waters.
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S
Mico Washer
insuiated Pin
Compact
Tension
/ \ Specimen

ENVIRONMENT

Cut-away view of the gripping arrangements used in near-threshold
fatigue testing.

TEST ENVIRONMENTS

CHLORIDE, SULFATE, THIOSULFATE,

ppm ppm ppm
1000 0 0

100 1000 0
1000 1000 0

200 - . 500 ‘i 50

4.7
3.6
3.5
4.1
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CRACK GROWTH RRTE (IN, /CYCLE)
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STRESS INTENSITY RANGE (KSI VIN,)

A comparison of fatigue crack growth rates measured in two separate
tests on Alloy 63 in Environment A,

ENVIRONMENTAL EFFECT
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CRACK GROWTH RATE (IN./CYCLE)
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STRESS INTENSITY RANGE (KSI VIN.)

Comparison of the effects of test environment on fatigue crack
growth in Alloy 63. R = 0.1, T = 50°C.

ALLOY 63 VS. ALLOY 75
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CRACK GROWTH RATE (N, /CYCLED
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A comparison of the fatigue crack growth characteristics exhibited

by Alloys 75 and 63 in a simulated white water containing 1000 ppm
chloride.

MEAN STRESS EFFECTS (RESIDUAL STRESS)
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A typical scanning electron fractograph showing features
on the fracture surface of an Alloy 63 specimen used in

the fatigue crack growth studies.
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CONCLUSIONS — NEAR THRESHOLD CRACKING
° MEAN STRESS EFFECT IN STAGE . I ONLY
° NO STRONG ENVIRONMENT EFFECT
® NO APPARENT CORRELATION WITH SERVICE

SLOW STRAIN RATE TESTING

. MATERIALS ACQUISITION
. ALLOY 75
VKA 378
AVESTA 3RE60
VKA 171
ALLOY 63
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FUTURE WORK
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® NEAR THRESHOLD, STRONGER ENVIRONMENT

® NEAR THRESHOLD, LOWER FREQUENCY

(-]

(-]

- S-N TESTING

SLOW STRAIN RATE TESTS

® PITTING, CREVICE CORROSION TESTING

(-]

METALLOGRAPHY
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METALURGICAL MICROSCOPE RECENTLY INSTALLED
IN THE CORROSION RESEARCH BUILDING.

SIGNIFICANCE TO THE INDUSTRY

® EMBRYONIC STAGE, BUT...

¢ BRIGHT PROSPECTS FOR REDUCING

SUCTION ROLL COSTS

|
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Project 3384

REFINING OF CHEMICAL PULPS FOR IMPROVED PROPERTIES

Clyde Sprague

Slide Material
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PROJECT 3384 - REFINING OF CHEMICAL PULPS
FOR IMPROVED PROPERTIES

OBJECTIVES

© ON-LINE MEASURE OF REFINING INTENSITY
© MODEL BETWEEN INTENSITY AND PROPERTIES
® ON-LINE CONTROL OF PROPERTY DEVELOPMENT

CONTROL OF REFINING SEVERITY

P
L SEL = ———
SPECIFIC EDGE LOAD 0720

ACTIVE BAR CROSSING AREA

Stator Bars __/

Slide Material
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Strain gages attached to beam, bar segment installed in

Slide Material:
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bedplate holder.
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Beater bar assembly in place around instrumented bar segment, prior to potting.
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©
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SIGNAL
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DATA
ACQUISITION
SYSTEM
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NORMAL PRESSURE MEASURING -SYSTEM- ™~
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Apparent Coeff. of Friction, u

o b ¢ 1T . Tmona T

Oscilloscope trace of normal (top) and
tangential (bottom) voltage outputs.

0.14 + Standard load
+ _
-
0.12 4
0.10 4
0 10 20 30

Beating Time, min.

Apparent coefficient of friction as a function
of beating time for several load levels. ’
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Specific Edge Load, Ws/m
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| \-Standard load
0 + 4 +
0 10 20 30
Beating Time, min.
Specific edge load as a function of
beating time for several levels of load.
o
507
60 T
§ ® 1.0x standard load
= D 1.5x
@ O 3.0x
2 3 a.5x
Q) -
3 .
&
40 1 - i
+14 MESH
20 1
0
0.5 0.6 05
Handsheet density, g, co
Fiber classification vs. density.
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Project 3384 -45- Slide ‘Material

FREGUENCY HISTOGRAM
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Valley Beater normal pressure histogram and
log-normal fitted frequency distribution for
a bleached sulfite softwood pulp.
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FREQUENCY HISTOGRAM
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Valley Beater normal pressuréihistogram.and-'
log-normal fitted frequency distribution for
a bleached sulfite softwood pulp.
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Valley Beater normal pressure histogram and
log-normal fitted frequency dwstr1but1on for,
a bleached suifite softwood pu]p R
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VALLEY BEATER DATA - BLEACHED SULFITE PULP

BEATING AVE. FIBER  SEL
LOAD TIME CSF LENGTH WS/M
1X 5 710 2.19 0.263
20 595 2.04 0.229
0 450 1.90 0.229
3X 5 710 2.16 0.604
10 - 630 1.82 0.553
20 480 1.68 0.536

FREQUENCY HISTOGRAM

l]llllllllf[l[lI

© HARDWOOD -
. CSF =700

FREQUENCY

lillJlllllllllll
0 360 720 1080 1440 1800

NORMAL PRESSURE psi - STANDARD LOAD - 5 MINUTLS

Valley Beater .normal pressure histogram and
log-normal fitted frequency distribution for
hardwood pulp.




Project 3384

FREQUENCY

FREGUENCY

16

-49- Slide ‘Matérial

FAEQUENCY HISTOGRAM

HARDWOOD
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FREQUENCY HISTOGRAM
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CSF = 390

i | I | i 1 Al,i 1 1

300 600 300 {200 . 1500
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Valley Beater normal pressure histogram and
log-normal fitted frequency d1str1but1on for
hardwood pulp.
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Project 3480/3584
PROCESS FUNDAMENTALS OF WET PRESSING
Clyde Sprague
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PROJECT 3480/3584 {’,«;3., I;
MET PRESSING FUNDAMENTALS

OBJECTIVES: 'DETERMINE FEASIBILITY AND PERFORMANCE
- OF DISPLACEMENT PRESSING

DEVELOP' A PREDICTIVE MODEL FOR WET
PRESSING .

COMPRESSIVE LOAD

Ll 11l

/ <4— SCREEN

DRILLED PLATE ] «—— WET SHEET

LOAD SPREADERS . :
\Ei\\\,%*f¢eﬁ#;+atsaiﬁzztexiii <«— FELT

T TMT///T//{W{AT%@ — AIR OUT

i +— AIR SUPPLY
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Electrohydraulic displacement pressing system.

max. pressure
B {mechanical) : 1340 psi
50 ‘ o

with
air

40

30

Relative moisture removed, %

20
A w w/o air ) ; "
10
0 1 1 4 L
() 50 - 100 . 150 . 200

Displacement time, ms

Results of displacement pressing of 63 g/m2 handsheets
of once-dried bleached softwood kraft pulp at 720 CSF.
Initial dryness = 43-45%.
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63 g/m2,690 CSF BNSWK
60 ms PRECOMPRESSION + 60 ms DISPLACEMENT

0.60
.
0.55 & ~1500 psi max
.
0.50 5E:I./ 400 psi max
/D/o/ A~ 100 psimax
0.454 /
solid = w/air
open=w/o air
0.404
0.35 N 1 I : P -‘F
0 20 40 60 80 . 100

oy (%)

Déhsity - dryness relationships
-;. for various pressing conditions.

THIRD GENéRATION EQUIPMENT REQUIREMENTS

° FASTER RISE ON AIR PRESSURE

°-EFFECTIVE PRESS CHAMBER SEALING

® INTERCHANGEABLE LOAD SPREADERS
5‘ngiR'Fde'MEASUREMENTs E
"% _SYNCHRONIZED AIR'DELIVERY
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SOLENGID

VALYE

Schematic of displacement pressing head.

RECE],
CHAMBER
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Relative moisture removal values for
various displacement pressing conditions.
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SUPERFICIAL AIR VELOCITY, ft/sec

The effect of superficial air velocity on water removal.
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Once-Dried BSWK 50g/m?

Initial Moisture Ratio =1.0
Load Displacement Compressive
Spreader Pressure Pressure
Porous Plate 40 psi 500 psi o
80 " o
. 40 800 .
, ‘80 " +
Plastic Screen 40 500 e
A’.' . ) . 80 " '
L 800 A
Metal Screen 40 . 500 x
- | I i ' 1
0 04 0.2 .03 0.4

AIR HPD/T @ 50g/m? & 3000 fpm

Air horsepower requirements for displacement pressing.
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WATER REMOVED, g/m2
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PROJECT 3480/3584
WET PRESSING FUNDAMENTALS

OBJECTIVES: DETERMINE FEASIBILITY AND PERFORMANCE
OF DISPLACEMENT PRESSING

DEVELOP A PREDICTIVE MODEL FOR WET
PRESSING

250 - ® Simulation - 600 psi step
O Pilot- 75 psi
0 Pilot- 225 psi - MR 1
200 - A Pilot- 450 psi 0)
{9 Pilot- 900 psi ©
A
150 A @ ~ MR2
100
- MR3
50 — g
O
T E— — ; r MR4
100 _ 1,000 - 10,000 100,000

PRESS IMPULSE, Pay x NRT (psi - ms)

Comparison between pilot and ]abofatory simulations for 300 CSF
bleached softwood kraft, 75 g/m2.
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PILOT PRESS

rubber
covered
top roll

leading
guide
stainless
steel
grooved
bottom
roll

'
]
|
1
]
1 sample
]
1
1
1
|
'
L)

misting
shower

airmount suction

box

\\fi/
stretch rell ,

suide voll

Broken or dotted lines indicate parts of frame or bearings.

D

air bag to drive force bar

force bar

air bag to drive cambar

cambar plate hydraulic cylinder

cambar

platen \
quartz pressure

/force distributor
[ ] —
DUD [_ D D | __— porous plate

1 g T ———— paper sample
\ .
F r \eddy-current thinkness

transducer

I~ transducer

. » -'\quart} load cell
i \adjustment screw

test cell
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SHEET
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Instantaneous pressure and density curves
for a typical wet pressing cycle.

NIP EFFICIENCY MUST ACCOUNT FOR:

° PRESATURATION COMPRESSION
° CONSTRAINED EXPANSION

° NIP OPENING

° POST-NIP CONTACT

° DIFFERENCES IN WATER RECEIVERS




Project 3480/3584 -62- Slide Material

MODELING OBJECTIVE

DEVELOPMENT OF A MODEL TO PREDICT THE PERFORMANCE
OF A WET PRESS, GIVEN BASIC FURNISH PROPERTIES

TASKS

° COMPARATIVE TESTING OF POROUS PLATES/FELTS
° COMPRESSION/EXPANSION MODEL FOR COMPLETE CYCLE:
° ADD TRANSPORT PROCESSES TO MODEL

° TREAT NIP OPENING & POST CONTACT

—

Impulse drying simulator nip. Upper platen is heated,
lower platen is water receiver,
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Lower pedestal of impulse drying simulator with ceramic removed
revealing displacement transducers and drilled plate.
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Impulse drying simulator pedestal.
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TARGET a.
TARGET B.
TARGET C.
TARGET D.

- STide Material

APPLIED PRESSURE

0.20

0’00 6.00  _ i2.60 18.00°
TiME [MTLL

24.00

i SECONDS ]

30.00

DiSPLACEMENT HISIORIES OF FOUR TARGETS PLACED AT DISTINCT POSITIONS WITHIN
AT ROOM TEMPERATURE, PEAK PRESSURE OF 614 PS|

THE FIBER MAT, WET PRESSED

AND A NIP RESIDENCE TIME OF 25 MILLISECONDS.

BASIS WEIGHT, 2.3 INITIAL MOISTURE RATIO,

THE HANDSHEET IS A 168 g/m?

735 CSF.
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Target material used in thickness measurement -
0.001 inch thick copper mesh.

P = MPN
UBSWK
735CSF-No fines

BW=200 g/m2
- ol'

-
U .
kY .
o -0.5- // K4
[ -} / / '.
o]

> & .
: // 'l
u = .
= &

.
- S,
w ;.
b
) -1.0F . i
z o O Expansion only

M =0557 N =0.162

. O Compression 8 Expansion

5 e M =0.00416 N =0.31)
—=~ M 20051 N =0.167

-1.5 ! 1 1 L
13 19 ] 16 17 18

LN (APPLIED PRESSURE)

Compression-expansion curves for a "slow" process.
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Typical compression-expansion curve including post-nip expansion.

0.90¢
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-~-- Without adhesion
— With
1 1 ] | )
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Wet pressing density curve with and without adhesion.
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FUTURE WORK

© COMPRESSION-EXPANSION MODEL FOR UNSATURATED WEBS

© HYDRAULIC PRESSURE MEASUREMENTS FOR SATURATED WEBS
° DESCRIBE NIP OPENING PROCESS

° COMBINE WITH TRANSPORT EQUATIONS TO COMPLETE MODEL
© VERIFY ON NEW LABORATORY ROLL PRESS
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Project 3479

HIGHER CONSISTENCY PROCESSING
Clyde Sprague & Ted Farrington

Slide Material
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PROJECT 3479: HIGHER CONSISTENCY PROCESSING
OBJECTIVE

DEVELOP THE BACKGROUND AND METHODS FOR
PRACTICAL SEPARATION AND FORMING AT
ELEVATED CONSISTENCIES.

APPROACH
® SELECT A WORKABLE METHOD FOR ONE PROCESS
® IDENTIFY FUNDAMENTAL LIMITATIONS TO METHOD

°® DEVELOP UNDERSTANDING OF FUNDAMENTALS
NECESSARY TO REMOVE LIMITATION

SINGLE ROLL WITH AIR DOCTOR

Concept for applying film of slurry to a blade
and then to a moving roll,
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é/‘o

/

ITlustration of particle separation from slurry film
on moving roll surface.

cos B
pwt

Theoretical basis of separation.
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Ro11 separator operating on 50:50 TMP/kraft pulp.

ROLL SEPARATION OF STICKIES FROM RAFT WRAPPING PAPER STOCK

Feed: 1.29% cons.; 0.59% 6-cut rejects; 0.66% toluene extr.

Roll Speed, Reject Rate, Percent Removal Efficiency

ft/min % 6-cut rejects Stickies by extn.
3000 5.6 82.9 73.9
11.6 97.1 78.3
5000 8.0 98.4 75.9
20.4 99.7 92.6
7000 16.0 98.7 86.0
25.6 98.5 92.0
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-
©

EFFICIENCY,

60 ¢+

7000 For
Joard
7

g-gl
;
, \_;000 rpm'\

3000 FPM

———— 0.7% CONS.

——X —— 1.57 CONS.

10 20 i 30 -
REJECT RATE, %

Efficiency of removal of 6-cut shives from 50:50 TMP/kraft mixture,
as function of reject rate, roll speed, and consistency.
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Means for employing shear and acceleration to fiber slurry
films, illustrating anticipated fiber orientation effect.
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HIGH CONSISTENCY PAPERMAKING
PROJECT 3479

INITIAL PROJECT CONCEPTS

OUTLINE
PROBLEM DEFINITION

ACTIVITIES THUS FAR
INITIAL PROGRAM CONCEPTUALIZATION
POTENTIAL ACTIVITIES

TARGETS FOR FIRST YEAR

PROBLEM DEFINITION

SEPARATORS

REFINERS

FORMING \
ZONE 15%<C<25% \

‘—-___~_L_C<l%
—

T O

|
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POTENTIAL BENEFITS FROM
HIGH CONSISTENCY PAPER MAKING (HCPM)

° REDUCED CAPITAL COSTS

° IMPROVED PAPER QUALITY
(REDUCED RAW MATERIAL COSTS)

° IMPROVED FINES RETENTION
© LOWER ENERGY COSTS

ACTIVITIES THUS FAR

I. WHAT'S BEEN DONE?
WHAT'S GOING ON?

A. LITERATURE SURVEYS

1. DOCUMENTED PROBLEMS WITH HCPM
COLLOIDAL PROPERTIES
RHEOLOGY OF FIBROUS SUSPENSIONS
FLOWFIELD ~ FIBER FLOC INTERACTION
FORMATION
FLOW THROUGH POROUS MEDIA

N Y Y B oW
® e e e

. . PATENTS .

o)

FLOW VISUALIZATION

II. PROJECT DEFINITION AND PLANNING

° RANDOM SURVEY OF PROBLEMS AND
POSSIBLE PROJECT ACTIVITIES

° LIST OF REASONABLE PROJECT
ACTIVITIES

° SET SOME PRIORITIES

° DEFINE A PLAN OF ATTACK

S1ide Material
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CONCEPTUAL PROCESS

* ¥ ¥ §>Zlf?i> ‘
A Y e

FIBER F DEFLOCCED
IBER FLOCS RANDOM FoBER 2?35550 PAPER
SUSPENSION (2-0)

(3-0)

STEP 1

STEP 2

STEP 3

POTENTIAL ACTIVITIES FOR INVESTIGATION OF STEP 1
1. COLLOIDAL BEHAVIOR

° MAGNITUDE OF ATTRACTIVE FORCES (VDW))

® ELECTROKINETIC EXPERIMENTS

© FLOCCULATION EXPEﬁIMENTS

° FLOCCULATION MODELS (SETTLING, SHEAR)

POTENTIAL ACTIVITIES FOR INVESTIGATION OF STEP 1
(CONTINUED)

2. FIBER FLOC-FLUID DYNAMICS INTERACTION

° BEHAVIOR OF SINGLE AND MULTIPLE FLOCS IN

- SHEAR & ELONGATIONAL FLOWS
- LAMINAR & TURBULENT REGIMES

° FLOC STABILITY
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POTENTIAL ACTIVITIES FOR INVESTIGATION OF STEP 1
(CONTINUED)

3. FUNDAMENTAL FIBER NETWORK PROPERTIES
° NETWORK INFLUENCE ON RHEOLOGY
° INHERENT NETWORK STRENGTH

POTENTIAL ACTIVITIES FOR INVESTIGATION OF STEPS II AND III
I. CONTROL OF FIBER ORIENTATION

® EXPERIMENTAL STUDY OF EFFECT OF VARIOUS
FLOW FIELDS ON ORIENTATION
- SHEAR, ELONGATION, CONVERGING FLOWS

® COMPARISON OF RESULTS WITH THEORETICAL PREDICTIONS

IT. RELATIONSHIPS BETWEEN FIBER ORIENTATION AT START AND
FINISH OF FORMATION PROCESS
® FLOW THROUGH POROUS MEDIA

ITT. PILOT PAPER MACHINE EXPERIMENTS

AND FINALLY:

FLOW VISUALIZATION

OBJECTIVE: TO ASSESS FIBER ORIENTATION DISTRIBUTION IN
FIBER SUSPENSIONS FROM <1% to 5% CONCENTRATION

INVESTIGATION POTENTIAL USE OF:
OPTICAL TECHNIQUES
X-RAY WITH TRACER
HOLOGRAPHY
HIGH SPEED MOVIES
ELECTRICAL PROPERTIES




Project 3479

-78- | Slide 'Material

LIST OF ACTIVITIES
‘COLLOIDAL BEHAVIOR
FIBER FLOC-FLUID INTERACTION
FUNDAMENTAL FIBER NETWORK PROPERTIES
CONTROL OF FIBER ORIENTATION
PILOT PAPER MACHINE STUDIES
FLOW VISUALIZATION

CONCEPTUAL PROCESS

\ \3;- ;?:\ F,/’
/.f x‘ %/ /’/ /{J .‘l\ /-. >>////
Ly T {RRD T —

A\

FIBER FLOCS DEFLOCCED ORDERED PAPER
RANDOM FIBER FIBERS
SUSPENS 10N (2-0)
(3-0) Vi
k-
STEP 1
STEP 2

STEP 3




Project 3479

-79- Slide Material

TOP PRIORITIES

1. FLOW VISUALIZATION TECHNIQUE
FOR HIGHER CONCENTRATIONS

2. EFFECT OF VARIOUS FLOW FIELDS
(SHEAR, ELONGATIONAL, CONVERGING)
ON FIBER ORIENTATION AT HIGHER
CONCENTRATIONS

3. PILOT MACHINE STUDIES TO QUANTIFY
PROBLEM

PROBLEM DEFINITION

SEPARATORS

REFINERS

STOCK
TANKS

FORMING _
" JoNE 16,0250

HEADEDX
(Ceecln)
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Project 3470
FUNDAMENTALS OF DRYING

Clyde Sprague & Hugh Lavery

Slide Material




Project 3470

-81- Slide Material

PROJECT 3470
FUNDAMENTALS OF DRYING

OBJECTIVE: DEVELOP THE INFORMATION NECESSARY
- FOR COMMERCIALIZATION OF IMPULSE
AND THERMAL /VACUUM DRYING PROCESSES

DTN e o e uete rd e bane VWl Al nv e L spiuk bt s o

IMPULSE DRYING

%

 WATER REMOVAL MECHANISMS

[]

THERMALLY AUGMENTED PRESSING

-]

HIGH RATE EVAPORATION
° LIQUID PHASE DEWATERING

IMPULSE DRYING GIVES:

° EXTREMELY HIGH DRYING RATES
- VERY SMALL DRYERS
-~ HIGH PRODUCTION RATES

° LIQUID PHASE WATER REMOVAL
- LESS DRYING ENERGY

-]

SHEET DENSIFICATION
- PROPERTY DEVELOPMENT
"« PRESS DRYING EFFECTS
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1. EXPLORATORY AND FEASIBILITY
STUDIES

2. INVESTIGATION OF WATER REMOVAL
MECHANISMS

3. TECHNICAL PERFORMANCE

DATA

l

]

4. PRELIMINARY ENGINEERING CONCEPTS

5. ECONOMIC ANALYSIS

6. LABORATORY VERIFICATION
AND EVALUATION

7. TECHNICAL/ECONOMIC
ASSESSMENT

]

8. DEFINE BEST SYSTEMS AND
APPLICATIONS

1 '

9
9. (OPTIONAL) PILOT VERIFICATION [ _! COMMERCIALIZATION (BY OTHERS) |

e mmm e e~

S i |

PROJECT PLAN FLOWSHEET.

| conTrOL
] sHEETS [ |
FURNISH SHEET PRE IMPULSE POST PROPERTY

SELECTION MAKING PROCESSING] | DRYING — DRYING EVALUATION F—>
SELECT
TEST

CONDITIONS
FURNISH |___|PERFORMANCE
EVALUATION [ CALCULATIONS[

ELEMENTS OF PERFORMANCE EVALUATION.
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[ —_
MAX
LOAD AREA = IMPULSE =/LOAD)dt
FEEDBACK 0
» fime

,f‘——wg B
e " LE .
RS0 S g e ety o e E

SERVO ACTUATOR AND LOAD FRAME ASSEMBLY.

RAMP
GENERATOR -+ time
ok CLOSE OPEN
TEST
POSITION
FEEDBACK : —>~time

SIGNAL

= SAMPLE COMPRESSION

NRT

SIGNAL

—] l—nRT

SCHEMATIC REPRESENTATION OF A TEST CYCLE.

Slide:Material
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ROLL PRESS FOR PREPRESSING SHEETS.
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TEST PROGRAM VARIABLES
° GRADE (FURNISH)
° BASIS WEIGHT
° INITIAL MOISTURE RATIO
° INITIAL SHEET TEMPERATURE

° AMBIENT PRESSURE
(ATMOSPHERIC OR VACUUM)

° PEAK APPLIED PRESSURE
° INITIAL HOT SURFACE TEMPERATURE
° RESIDENCE TIME*

GRADES FOR TECHNICAL PERFORMANCE TESTS

Percent of Percent of
Total U.S. Total U.S.
Productiond Productiond
1. Newspriht 7.7' 6. Recycled paperboard 11.6
2. Uncoated printing 13.2 7. Lightweight coating - -
or writing paper
. 8. Recycled linerboard - -
3. Tissue 7.2
_ 9. Recycled corrugating - -
4. Linerboard 23.1 medium
5. Corrugating medium, 7.3 10. High-yield experi- - -
virgin ' , mental pulp

aCombined paper and board production.
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zaoor _
Virgin Linerboard Base Shaet
127g/m2
2400}
* 150 psi
x 300 psi ) CONSTANT PLI TESTS
2000 o 600 psi ~ ) S
4 400 psi o]
o 700 psi} OVERVIEW TESTS I ‘
1600 + 750 psi (IMPULSE DRIED-TWO SIDES)

.. .0
/ A
1200 " '

WATER REMOVAL RATE, Ib/hr/ft?

+ o/'
g X
" 57.6) INGOING SOLIDS
800 ;Q/A o :4 65.2 FOR
g/ "~ ;:': PREDRIED SHEETS
x / L ] .
400 _/ ®
L
0 1 1 1 1 { 1 L J
40 60 80 100 120 140 160 180 200
TEMP/ YNRT

WATER REMOVAL RATES FOR VIRGIN LINERBOARD BASE STOCK.

1.2¢
Virgin Linerboard Base Sheet-127g/m?
]
X
Si
I.OF .o ¢ 72.4
8
s *65.2 - ] A A/-——A
> = «82.7 /
= 0.9 ¢ 572 0 / —
@ o a o
a . e” -
o//. o 150psi
0.8 ./°+ A 300
s A + 400
t 0 600
e 700
0'7# 8 Control : ‘
x 700 Impulse Dried- Two Sides
* 700 Predried
| 1 ] 1 1 1 A 1 J
0 I9 20 30 30 50 60 70 80 90
TEMP + NRT

DENSITY DEVELOPMENT FOR VIRGIN LINERBOARD BASE SHEET.
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|.2r
VIRGIN LINERBOARD BASE SHEET-IZ?g/l‘I’!2
1
x
1.0 0
© o/
N
o
s~ 0.9F 5 °
=
'2 a
a
a8 s
0.8+ A
1)
4 0 Control
A & Prepressed to Sj =46%
0.7F / x " n " LU |mpu|se
5] Dried- Two Sides
o Predried to S{>50%
L 1 L | | ]
40 50 60 70 80 90 100
OUTGOING SOLIDS Sg, %
DENSITY DEVELOPMENT WITH DRYNESS FOR VIRGIN
LINERBOARD BASE SHEET.
30[- 2
VIRGIN LINERBOARD BASE SHEET-127¢g/m
x
o O Contro!l
p: A Prepressed to S;=46.5%
z O Predried to $;>46.5% & Variable
% x Impulse Dried-Two Sides
x )
s
= 25} /A"°\
g ,A’A o
o . \\
w
x /ﬁ@ )
z A
© o ///
(]
ot
o 200
] L L ] 1 ]
0.6 0.7 0.8 0.9 1.0 1.1 1.2

DENSITY, g/cc

COMPRESSIVE STRENGTH VARIATION WITH DENSITY
FOR VIRGIN LINERBOARD BASE STOCK.




-88- Slide Material

Project 3470
5.2r X
VIRGIN LINERBOARD BASE SHEET
' 127 g/m2 ' ’
4.8}
o
o
€ 4,49}
o
a.
= o
x 4.0k A
§ o o .
= 2”0 A
- o] A o .
g 3.6- A
= 0 Control
@ A A Prepressed to S;=46.5%
3.2k O Predried to S;>46.5%
x Two-Sided Drying
- 1 1 1 L J
0.6 0.7 0.8 0.9 1.0 1.1 1.2
DENSITY, g/cc
BURST DEVELOPMENT WITH DENSITY FOR
VIRGIN .LINERBOARD BASE SHEET.
65 . , X
VIRGIN LINERBOARD BASE SHEET
127 g/m2
60
o
~
£ 551
2
a
<
w
A
2 so} °
s
wl A ) a °
= b o
4 a b
S 451 o
- )
D Control
40 A Prepressed to S; =46.5%
o Predried to S;>46.5%
x Impuilse Dried-Two Sides
\ ] i ] L 1 J
0.5 0.6 0.7 0.8 0.9 1.0 1.1 2

DENSITY, " g/cc

TENSfLE STRENGfH DEVELOPMENT WITH DENSITY
FOR VIRGIN LINERBOARD BASE SHEET.
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0.36~ x
VIRGIN LINERBOARD BASE SHEET
2
(=]
N g Control
g A Prepressed to Si=46%
€ 0.28F o Predried to  S;>46%
o x Impulse Dried-Two Sides
3
2 0.24}-
g o
= o~
3 o.20} % °
o 8
A
s o.1e} 22
~N g
o/
0.12}
1 1 1 L 1 1]
0. 0.7 0.8 0.9 7.0 .1 T.2
DENSITY, c¢

Z-DIRECTION MODULUS VARIATION WITH DENSITY
FOR VIRGIN LINERBOARD BASE SHEET.

30
VIRGIN LINERBOARD BASE SHEET
127 9/m? x
Q Control
A Prepressed to S;=46.5%
o O Predried to Sj > 46.5%
p- x Impulse Dried-Two Sides
z
A
25¢ o
o .
11}
o o
Zz
2 _ /
In A
s . /A
8]
20 o)
: 1 1 L i J
1.5 2.0 2.5 3.0 3.5 4.0

EzO.Z." ExO.TS

HABEGER-WHITSITT COMPRESSIVE STRENGTH MODEL
FOR .VIRGIN LINERBOARD BASE SHEET.
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9.0
Virgin Linerboard Base Sheet -127 g/m?
[ o
8.0" o AAAA—A———_O o\o
\\\\\\\\\ FELT SIDE
E
el
_ 7.0} X
)
[72]
z
z A
S 6.0} Al x
S fy }: g
. .
2 >-0F \. °
a S~——e¢ —or sioe
g Control
A A Impulse Dried-One Side S$;=46.5%
4.0 ce " “ " “  Predried to S$;>46.5%
x " v -Both Sides S;=46%
o ! n a1 n L _
30 40 50 60 70 80 90 100
OUTGOING SOLIDS So, %
ROUGHNESS CHANGES WITH DRYNESS FOR VIRGIN
LINERBOARD BASE SHEET.
2800
Recycled Linerboard Base Sheet °
2400} 1279/m?2
N
N
£
E 2000
w
2 1600}
x
-
S 1200}
()
=
w
@
« 800}
w
-
a
z
400
0 L 1

1 1 1 1 1 J
40 60 80 100 120 140 160 180 200
Coe ’ TEMP/VYNRT

WATER REMOVAL RATES FOR RECYCLED LINERBOARD BASE STOCK.
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g/cc

DENSITY,
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0.80
y, /7
0.75} o
o)
0.70}F
a
u/
7
0.65}
@ Control
0.60
6 0 400psi
o 700psi
0_55L' RECYCLED LINERBOARD BASE SHEET
') l2'l'c_;/m2
1 ] L L - -
0 5 10 15 20 25 30
TEMP - NRT
DENSITY DEVELOPMENT FOR RECYCLED
LINERBOARD BASE STOCK.
26
RECYCLED 8 VIRGIN FIBER o/
LINERBOARD BASE SHEETS /
o 1279/m? o
E 24} /U
z 'U
- o8
x a : ’
z :///' ///
w R
> 20} 0,°°
) (o)
w . o//
©
a
2 I8}
o
© ® Contro! for Recycled Sheets
" O Recycled
= lsr B Control for Virgin Sheets
0 Virgin
S T R ] 1 A J
0.4 0.5 0.6 0.7 0.8 0.9 1.0
DENSITY, g/cc

COMPRESSIVE STRENGTH .- DENSITY RELATIONSHIPS
FOR VIRGIN AND RECYCLED LINERBOARD.

Slide Material
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ib/hr/fte

WATER REMOVAL RATE,
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30
RECYCLED LINERBOARD BASE SHEET
127g/m?
0 Control
o 25} o Impuise Dried-One Side
~
E
2z
x
B [o)

w 20 o °
z 0. °
- o
-
w
»

15

B o}
1 1 J
1.5 2.0 2.5, 3.0

" ¢ 0.28 ¢ 0.75
El EX

HABEGER-WHITSITT COMPRESSIVE STRENGTH MODEL
FOR RECYCLED LINERBOARD BASE SHEET.

2800
Corrugating Medium-Virgin
2400} 127g/m?2
x 300 psi
2000 o 700-1000 psi
1600}
1200} °
x
[o]
[o] o]
800} . x
x
-0
400}
0 I ] ] ] 1 ] 1
40 60 80 _ 100 120 140 160 180
TEMP/ YNRT

WATER REMOVAL RATES FOR VIRGIN CORRUGATING MEDIUM.

o
200




Project 3470

g/cc

DENSITY,

-93-

Slide Material

0.90
CORRUGATING MEDIUM-VIRGIN (I27q/m2)
0.85}F
0.80&—-
0 Control
0.75} A 300psi
O 700psi
0.70F+
1 1 1 | {
0 5 10 15 20 25 30
TEMP - NRT

DENSITY DEVELOPMENT FOR CORRUGATING MEDIUM.

xPa m?/g

CONCORA INDEX,

2.2

N

n
o

(o]
(o] O- .
o . (o]
(o]
g Control

O Impulse Dried-One Side

o]
CORRUGATING MEDIUM - VIRGIN (|27q/m2)

il

] ) )
0.80 0.85 0.95

DENSITY, g/cc

)
075 0.90

CONCORA VARIATION WITH DENSITY
FOR VIRGIN CORRUGATING MEDIUM.
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30
!
%3
&
o (o}
o 0
E .
4 25— ,
5
w
o
z .
CORRUGATING MEDIUM - VIRGIN
iy 127g/m?
; O Control
O Impulse Dried~One Side
20}
1 | I3 1 J
1.5 2.0 2.5 3.0 3.5 4.0

Ib/hr/6t?

WATER REMOVAL RATE,

EzO.Z5 E‘x0.75‘

HABEGER-WHITSITT COMPRESSIVE STRENGTH
MODEL FOR CORRUGATING MEDIUM.

)

2800r
Light Weight Coating
55 g/m?
2400} .
Solids_in
o 300 psi =51%
2000} A 700 psi = 51%
x 700 psi 36—~56% x38.9
% 38.0
1600}
X 43.0 A
pX5ELT o
7 / X 56.%
[a]} R
o
400} —a o )
. o : 1] 1 ) )
040 éo éo |60 120 140 160 180 200
TEMP/ YNRT

WATER REMOVALj§ATES FOR LIGHTWEIGHT COATING PAPER.
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2500 100
LIGHT WEIGHT COATING
~ . 55 q/mz
£ 2000f- dso
L
~
a

g/cc

DENSITY,

(o]
\\\Q\\
1500} 480

4—-\ x

ox\\\\\\\\\\.x,/éfif
1000 < 470
_,——””””— °~—

T

X

OUTGOING SOLIDS S4, %

) - X (o]

WATER REMOVAL RATE,

wn
o
Q
1
A

60

fo} ) | L i 1
40 45 50 55 60 65

INGOING SOLIDS S;, %

WATER REMOVAL RATE AND QUTGOING SOLIDS VARIATIONS
WITH PREPRESSING LEVEL FOR LIGHTWEIGHT COATING PAPER.

O.SF .
LIGHTWEIGHT COATING
55 g/m?
0.8}
0.7}
0.6
0.5} .
o Control
A Impulse Dried S;=51%
(o} " u S; Varied by Pressing
0.4} 35-55%
] 1 1 L 1 | J
30 40 50 60 70 - 80 90 100

OUTGOING SOLIDS Sq, %

DENSITY-DEVELOPMENT WITH DRYNESS FOR
LIGHTWEIGHT COATING GRADE.
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50
LIGHTWEIGHT COATING
55:g/m2
I 45}
E
z
L’fJ 40}
o
z
w
= 351 °
[72]
z
[FX]
-
U Control \
30} O Impulse Dried-One Side o
25 ] ] 1 T 1 _ J
5.0 6.0 7.0 8.0
TEAR INDEX,. mN. m%/q
TENSILE-TEAR RELATIONSHIP FOR LIGHTWEIGHT COATING GRADE.
65 95
60k l\ 490
[} %0
2 o ® e —»
- | °
@ 55 ® ﬂ85
‘g a A
o ' A
S 06— p——o0
E 50} 0-— o a —— 80
® ) 8 8 o W
a o]
a
= as|- ¥ O Control : ' 475
e o Pressed to Si = 51%, |Impulse Dried
Y " » S; Voriable, "
40} ' .
LIGHTWEIGHT COATING--55¢;/I’T\2 70
1 1 AL L A | R |
0.5 : 0.6 0.7 0.8

DENSITY, g/cc

BRIGHTNESS AND OPACITY: CHANGES WITH DENSITY
FOR LIGHTWEIGHT COATING PAPER.

%

TAPPI OPACITY,
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8.0 2
LIGHTWEIGHT COATING-559/T///. Felt Side
° °
o

e 7OF .\/ [ 1
1 )
o
w
w
Z 6.0} a 8 0 Control
g ® O Impulse Dried-One Side
o \\\\\\\ .
a
Q s.0} o o
w
s
- \j}\\\\\\

a.0f- ° N

o \\<?tswe
o}
.l L | 1 ] ]
40 50 60 70 80 90 100

OUTGOING SOLIDS Sg, %

ROUGHNESS CHANGES WITH DRYNESS FOR
LIGHTWEIGHT COATING PAPER.

700F
o LIGHT WEIGHT COATING

600} 55g/m2
g
€ 0 control
% 500} . o Impulse Dried-One Side
o
-
p .
=2 400f °
< ’ (o]
s o
@
a 300} °
x e
<

200}

(o] (o]
1 1 -l 1 A —)
40 50 60 70 80 90 100

OUTGOING SOLIDS Sy, %

AIR PERMEABILITY VARIATIONS WITH OUTGOING
SOLIDS FOR LIGHTWEIGHT COATING PAPER.
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Ib/hr 7§12

WATER REMOVAL RATE,
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3
200

-98-
22[- b -,
' r LIGHT WEIGHT COATING
20 55 g/m?
181 0 Control
g o Impulse Dried-0One Side
v
5 16}
’-—
<
=
=14
z
w
a
x 12}
z
10} ~—©°
. .
] L 1 ] 1 |
40 50 60 . 70 ~ 80 ' 90 100
OUTGOING SOLIDS So,~%
INK PENETRATION VARIATION WITH OUTGOING
SOLIDS FOR LIGHTWEIGHT COATING PAPER.
2800
Newsprint
49 g/m?
2400} :
2000} a 300 psi
. 0 500psi
o 700 psi _
1600k x 700 psi (Impulse Dried-Two Sides)
a]
A
O/A
x/
800} o
/A
o—4
e
400}
0 ] 1 S ] S 1 1
40 60 80 100 120 140 160 180
- TEMP/YNRT

WATER REMOVAL RATES FOR NEWSPRINT.
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SURFACE ROUGHNESS,

-99-

35r
NEWSPRINT - 49 g/m?
x
Y o O Control
§ O Impulse Dried -One Side
. x n w ~Two Sides
x 30
w (o]
z 00
Y 8o
»
2 X
-
o
25k
1 I 1 1 )
3.5 3.0 3.5 5.0 5.5 6.0
TEAR INDEX, mN-m2/g
TENSILE-TEAR RELATIONSHIP FOR NEWSPRINT.
8.0
® FELT SIDE
° ‘/
7-0"' ./.
l,/..
6.0 ® O Control
a ‘® O Impulse Dried-One Side
5.0}
o\
N
i o °
4.0 o
[o]
o
3.0} NEWSPRINT
49g/m? O HOT SIDE
L L A 1 1 }
40 50 60 70 80 90 100

OUTGOING SOLIDS Sqo, %

ROUGHNESS CHANGES WITH DRYNESS FOR NEWSPRINT.

Slide Material
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3470 . -100-
65
60} -
S8
" ss) §
wn
[72}
u
2
; ,
9,50-- 4
e
o ®
— o
& 45
f—x 8 0 Control
@® o Impulse Dried-One Side
A A v v -Two Sides
40 _
NEWSPRINT - 49 g/m?
| [ 1 L. I L
40 50 60 70 80 " 90 100

BRIGHTNESS. AND OPACITY CHANGES WITH:DRYNESS FOR NEWSPRINT.

g/cc

DENSITY,

L2

OUTGOING SOLIDS S,, %

WRITING PAPER- 80 ¢/m?

1.0 )
o——_—\
/‘ o
o s ———— A
A/ s
0.9
0.8 0 Control
A 300 psi
o 700
0.7
-t
1 L 1 | L |
0" 5 - {0-. 15 20 25 30
. .. TEMP - NRT

DENSITY 'DEVELOPMENT FOR WRITING PAPER.

95

920

85

80

75

70

65

%o

TAPPI OPACITY,
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IGOF
WRITING PAPER-80 g/m?

" [o]

© 140}

(=]

he O Control o

3’ o Impuise Dried-One Side

Z

« 120}

S

=z (o]

w

(L]

Z 100

oo

o (o]

u.
80’— [e)

0 o®
60 1 1 1 1 |
0.8 0.9 1.0

DENSITY, g@/cc

FOLD ENDURANCE VARIATIONS WITH
DENSITY FOR WRITING PAPER.

90 85
[ ]
—_— e
85¢ o & 2 {80
2 -
5 2
m -
8o} 475 ~
= D———®_ 17 =
5 -~ o, 3
g 75 h 2
= i 8 O Control 17° a
a e o Impuise Dried-One Side <
P -
[
70 WRITING PAPER-80g/m?2 165
1 ] L —l L ]
0.7 0.8 0.9 7.0

DENSITY, g/cc

BRIGHTNESS AND OPACITY CHANGES
WITH DENSITY FOR WRITING PAPER.
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1000
Tissue R

c:_: 159/m? o o

Y 800} '

£ Lo

2 D h 6 X x

. e

.‘:;’ 600} .

[+ 4 x.A A b4
B | (o]

s a °

o 400} o 50 psi

2 (o]

lu‘:J a 100 psi

« x 200 psi

:t“:'zoo} + 300 psi.

s 0 400 psi

0 | 1 | ] ) 1 1 | J
40 60 80 100 120 - 140 160 180 200
TEMP/ YNRT

WATER REMOVAL RATES FOR TISSUE.

IOOF

TISSUE - 15 g/m?2
ES p——— 0
. s T2 500°F
2 90 ‘
g .
o e ————
3 /——‘O 0 400°F
[+ 4
w 80} o )
4 R
ho L
-
0
[0}
-3 0/——0
w oF - \u 300°F
2
<
_1 a] . .
w
© sof
12£NRT%1ib ms
[ 'JL 1 { i |
100 200 . 300 300 500

PEAK PRESSURE, psi

VARIATION OF RELATIVE MOISTURE
REMOVAL WITH PRESSURE FOR TISSUE.

|
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WATER REMOVAL RATE CORRELATIONS - IMPULSE DRYING

| GENERAL FORM: WRR = A + B+P + C-TEMP//NRT |

GRADE A B C RZ BW
VIRGIN LINER -397 0.407 0.308 0.97 127
RECYCLED LINER -151 0.306 0.389 0.90 127
CORRUGATING MEDIUM 290 0.314 0.115 0.32 127
WRITING PAPER -116 0.494 0.232 0.81 80
LWC -98.9  0.350 0.183 0.80 55
NEWSPRINT -55.5  0.163 0.204 0.96 49

DENSITY CORRELATIONS - IMPULSE DRYING

| GENERAL FORM: P = D + E-P + F-TEMP-NRT |

GRADE D F o R BW
VIRGIN LINER 0.643  0.0001  0.0066  0.98 127
RECYCLED LINER 0.483  0.0003  0.0080  0.98 127
CORRUGATING MEDIUM  0.747  0.00008  0.0029  0.78 127
WRITING PAPER 0.870  0.0001  0.0019  0.78 80
LWC 0.502  0.0002  0.0088  0.93 55
NEWSPRINT 0.540  0.0001  0.0088  0.79 49
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OBSERVATIONS 1

WRR & TWR  VERY HIGH - TEMP NRT P

STRENGTH USUALLY INCREASES WITH DENSITY

COMPRESSIVE STRENGTH FOLLOWS HW MODEL

]

-]

OBSERVATIONS 2
LARGE SMOOTHNESS INCREASES
LARGE ABSORBENCY DECREASES
LARGE AIR PERMEABILIfY DECREASES
LARGE PICK RESISTANCE INCREASES

OBSERVATIONS 3
°© SMALL BRIGHTNESS DECREASES
° SMALL OPACITY DECREASES
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0.4r
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o //////’
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[
<
2 -9 Primary Liner
2 50 g/m
Pt 300 psi

NRT = 11 ms
0 1 1 i |
200 400 600 800 1000

SURFACE TEMPERATURE, °F

LIQUID WATER REMOVAL IN IMPULSE DRYING.

60

50

%o

40

30

WATER REMOVAL,

20

Effect of Web Preheating on
Water Removaol

1
200

]
100
INITIAL WEB TEMPERATURE

EFFECT OF WEB PREHEATING
IN LIQUID WATER REMOVAL.
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Applied Pressure

Primary Liner

Heat Flux

1

1
2.5 5.0 7.5 10.0 12.5
TIME, ms

INSTANTANEOUS HEAT FLUX IN IMPULSE DRYING.
ROOM. TEMPERATURE WEB.

800

1600

1400

200

psi

APPLIED PRESSURE,
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3.2 800
- 4
Applied Pressure
2.4 Primarg Liner 1600
50 g/m :
= Si = 40%
- EE = 515 BTU/1bm
< b -
2
[aa]
©0
o)
—Ler ~400
<
2
b B it
<
W
T
0.8 Heat Flux 1200
| ] 0
0 2.5 5.0 7.5 10.0 12.5
TIME, ms

INSTANTANEOUS HEAT FLUX IN IMPULSE DRYING.
PREHEATED WEB.

psi

APPLIED PRESSURE,
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2500

2000

1500

-108-
Primar¥ Liner
50 g/m
Si = 40%
"Theoretical"

Nip Residence Time:

1ims

O X
1000 <X, °
O\osx ~ O
o N~x
X0 00~
500 ‘\\\
preheated, tims NRT
o) 1 1 ] |
200 400 600 800 1000

SURFACE TEMPERATURE, °F

THEORETICAL HEAT INPUT FOR PURE EVAPORATION
PROCESS AND ACTUAL HEAT INPUT FOR IMPULSE
DRYING.

VALUE TO THE INDUSTRY

PROPERTY DEVELOPMENT/CONTROL
PRODUCTIVITY

DRYER SIZE/CAPITAL COST

MOISTURE & PROPERTY PROFILE LEVELING
NEW PRODUCT PROPERTIES

LESS DRYING ENERGY
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IMPULSE DRYING

Plans for the coming period

HughP. Lavery

Topics for Discussion:
-Overview of research questions
-Priorities

-Six-month Deliverables

Mechanical Incentive
Design Questions

Product
Pressure- improvement
Time Opportunities

Limits Energy

Cost BETTER PROPERTIES

Modelling \  NEY FURNISHES

Operational
Problems

NG

STICKING DESIGN FOR N
I’I’I’IROLL j\;\;\;\
IMPULSE* o
I'I':'DRYERE'PPI
Selection
of
Heating 7
System [_R Heat Transfer
COMBUSTION " Optimization
oL SHEET PREHEATING
EFFECTS PRESSURE/TIME/TEMP
EFFECTS
improve
removal
of water
Heat in Viquid
Transfer phase
Questions

Slide Material
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Impulse Drying

Prigrities for coming period:

~To complete work to determine
how to maximize liquid water
removal in an impulse dryer

-To complete the heat transfer
and mechanical systems designs
for a pilot roll impulse dryer

~-To complete the studies in progress
on product improvement incentives
with both conventional and
alternative low-cost furnishes

Maximizing_liquid water removal is
gssential to impulse dryer design.

Heat Flux,
BTu/hr/i1==2
600004
50000
400004
300004
200004 About 2/3 of
impulse dryer
weotler removal
10000 is as steam
c T T T T T L T T Al
0 N .2 .3 .4 .9 .6 N .8 .9

Fraction vapor in total water removed

Curve was celculated assuming
8 3 foot diameter roll, end
o heater covering 3/4 of the roll surface.

Slide Material
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Optimization of water removal in liquid phase

Plans:

To complete analysis of past
data and to perform additional
experiments as needed.

Essential data includes heat flux
through the nip and liquid water
removal as measured by the
LiCl tracer technique

IMPORTANT VARIABLES

Surface Temperature

v

Nip Pressure

-3
-

Sheet
Preheating

Slide Material
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Heat fluxes correspond to reasonable
heater temperatures

Temperature
°F
3500,

30004

25004

20001

1500+

10004

5004

0

Slide Material"

¥ T T T
0 10000 20000 30000 40000
Heot Flux. BTU/hr/f1*#2

Calculated for 8 400°F roll

surfece tempereture with

8 hesler emissivity of 0.8

and a roll emissivity of 0.3,
Assumed no participeting geses.

T
50000

'
60000
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Incentives:
Product improvement
and
furnish Cost Reducti

Plans: To complete and summarize
experiments on improved
strength properties from
conventional furnishes.

To complete the 2-level factorial
experiments in P, T, and NRT on
lower-cost furnishes

-TMP

-High recycle linerboard

IMPULSE DRYING
Six-Month Deliverables

- Complete design for pilot impulse dryer
- Data to optimize liquid water removal
- Data on furnish incentives

- Pilot dryer experimental plans

Slide Material
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IMPULSE DRYING
WATER REMOVAL IN A HIGH TEMPERATURE PRESS NIP

PAPER PROPERTIES

AVERAGE VERTICAL
SHEET [&& DENSITY
DENSITY DISTRIBUTION
\

DENSIFICATION / STRATIFICATION

WATER
REMOVAL
PROCESSES

IMPULSE DRYING MECHANISMS

® ENHANCED WET PRESSING MECHANISMS

® HEAT TRANSFER/CONTACT COEFFICIENT

® THERMAL SOFTENING/INCREASED COMPRESSIBILITY
¢ VAPOR - INDUCED FLOW
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THESIS TITLE

AN INVESTIGATION OF DYNAMIC DENSIFICATION
UNDER IMPULSE DRYING CONDITIONS

PRIMARY THESIS OBJECTIVES

TO OBTAIN A FUNDAMENTAL UNDERSTANDING, BASED ON PHYSICAL
PRINCIPLES, OF THE DYNAMIC DENSIFICATION PROCESS WHICH
OCCURS DURING IMPULSE DRYING AND ITS INFLUENCE ON PAPER
PROPERTY DEVELOPMENT.

SPECIFIC OBJECTIVES

® TESTING OF PROPOSED HYPOTHESES

® INVESTIGATE INTERRELATIONSHIPS BETWEEN WATER REMOVAL
AND DENSIFICATION MECHANISMS

* UTILIZE AND/OR EXTEND EXISTING MATHEMATICAL MODELS
OF SHEET COMPRESSION

RESEARCH PLAN

"DYNAMIC" DENSITY DISTRIBUTION STUDY

® SHEET TEMPERATURE DISTRIBUTION STUDY
MICROSCOPIC SHEET STRUCTURE EVALUATION

MATHEMATICAL MODELING OF PROCESS
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STATUS
COMPLETED WORK:
° DYNAMIC DENSIFICATION STUDY
° TEMPERATURE DISTRIBUTION STUDY
© SHEET STRUCTURE EVALUATION
VARIABLES: TEMPERATURE
PRESSURE
TIME
MOISTURE
BASIS WEIGHT
REFINING
WORK IN PROGRESS:

° MATHEMATICAL MODEL

IMPULSE - DRYING SIMULATOR
“"DATA COLLECTION CAPABILITIES"

° DISPLACEMENT MEASUREMENT SYSTEM
° HOT SURFACE TEMPERATURE

° APPLIED MECHANICAL PRESSURE

° HOT SURFACE VAPOR PRESSURE

© INTERNAL SHEET TEMPERATURES

Slide Material
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. Y

k. Fé%tn F——— )

R
g A o SRR v

IMPULSE DRYING SIMULATOR BRAKING SYSTEM - SIDE VIEW.

IMPULSE DRYING SIMULATOR - FRONT VIEW.
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IMPULSE DRYING SIMULATOR NIP
UPPER PLATEN IS HEATED, LOWER PLATEN IS WATER RECEIVER

LOWER PEDESTAL OF IMPULSE DRYING SIMULATOR WITH CERAMIC REMOVED
REVEALING DISPLACEMENT TRANSDUCERS AND DRILLED PLATE
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HANDSHEET
(enlarged)

RUBBER

ALUMINUM

BASE
PLATE

UPPER HEATED PLATEN OF IMPULSE DRYING SIMULATOR

6//‘::1:5 Bl 4 B :/r-‘/ \DRII.LED
SO N i
?/// f / | o

7/ L

TARGETS (4)

B: DISPLACEMENT
TRANSDUCERS (4)

/ A: 0.001 INCH TIRICK
N !

)

\
\
W

ﬂ

4_(/ 00

N
P

IMPULSE DRYING SIMULATOR PEDESTAL
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APPLIED PRESSURE (PSI).
........... HOT SURFACE TEMPERATURE ('F).

.---~-.¥---ﬁ-f‘
-

L

L'F1/10
35.00

20.00

[PST1/10
5.00

10.00

(&

.00 10.00 20.00 30.00 40.00 50.00
TIME CMILLISECONDS]

APPLIED MECHANICAL PRESSURE AND HOT SURFACE TEMPERATURE FOR AN UNBLEACHED
SOFTWOOD KRAFT HANDSHEET, 166 g/m2 BASIS WEIGHT, 2.2 INITIAL MOISTURE RATIO,
735 CSF.

|
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180.00

140.00
Ik

1

100.00

60.00

—_

1

20.00

HEAT FLUX [BTU/SQ.FT-SEC1/10
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Heat Flux
Applied Pressure

o
o
o
N T T ‘ T T T 1
0.00 6.00 12.00 18.00 24.00 30.00 36.00
TIME CMILLISECONDS]
INSTANTANEQUS HEAT FLUX CALCULATED FROM THE HOT SURFACE TEMPERATURE. APPLIED

MECHANICAL PRESSURE PULSE INCLUDED FOR REFERENCE.
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PRESSURE [PSI]

SF)-OO

50.00

40.00

39.()0

25)-00

10.00

1

' 00

0.

10.00
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Applied Pressure (psi)
------- Hot Surface Vapor Pressure (psia)

g.

00 10.00 20.00 30.00 40.00 50.00
TIME CMILLISECONDS]

—
60.30

APPLIED MECHANICAL PRESSURE AND HOT SURFACE VAPOR PRESSURE FOR AN UNBLEACHED
SOFTWOOD KRAFT HANDSHEET IMPULSE DRIED AT 630°F HOT SURFACE TEMPERATURE;

166 g/mZ BASIS WEIGHT, 2.2 INITIAL MOISTURE RATIO, 735 CSF.

i
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_— TARGET A,
______________ TARGET B. ' .
_______ TARGET C- e s e b e s APPLIED PRESSURE L

8 .................... TARGET D.

O

Vo]

o

o

o

w

49.()0

35).00

20.00

1

10.00

0.00

0. 00 6.00 12.00 18.00 24.00 30.00
TIME CMILLISECONDS] '

DISPLACEMENT HISTORIES OF FOUR- TARGETS PLACED AT DISTINCT POSITIONS WITHIN
THE FIBER MAT, WET PRESSED AT ROOM TEMPERATURE, PEAK PRESSURE OF 614 PSI
AND A NIP RESIDENCE TIME OF 25 MILLISECONDS. THE HANDSHEET IS A 168 g/m?
BASIS WEIGHT, 2.3 INITIAL MOISTURE RATIO, 735 CSF.
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METHODS USED FOR DETERMINING
Z-DIRECTIONAL DENSITY DISTRIBUTION
© SHEET GRINDING
® GOLD MAPPING TECHNIQUE
° DYNAMIC DENSIFICATION MEASUREMENTS

Slide Material




Project 3470 -126- . Slide Material

450°F : 600°F

SCANNING ELECTRON MICROSCOPE MAPPINGS OF THE INTENSITY OF GOLD
COUNTS (Y AXIS) VERSUS SHEET THICKNESS (X AXIS). INTENSITY IS
A RELATIVE MEASURE OF THE APPARENT DENSITY OF THE WEB. -
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T0°F
--------- 200°F
mememe=e= 300°F
......... Applied Pressure

.00

0.80

[GM/CC]

0.690

1

0.40

SHEET DENSITY

0.
1

--------------

00

0.00 12.00 14.00 16.00 18.00 50.90
TIME [(MILLISECONDS]

SHEET DENSITY VERSUS TIME FOR VARYING HOT SURFACE TEMPERATURES
(70°F, 200°F, AND 300°F). - EACH CURVE REPRESENTS A SINGLE RUN.
BASIS WEIGHT 50 g/sq.m., 800 PSI PEAK APPLIED PRESSURE, 4.5 MSEC
NIP RESIDENCE TIME, 735 CSF FREENESS, 1.2 INITIAL MOISTURE RATIO.
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SHEET DENSITY

0.0

.00

LGM/CC ]
0RO

0.G60

1

i

0.40

1
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R Loo°F
......... 500°F
_— TOO®F
.......... Applied Pressure

12.00  14.90 16.00 18.00 20.00
TIME [MILLISECONDS]

SHEET DENSITY VERSUS TIME FOR VARYING HOT SURFACE TEMPERATURES
(400°F, 500°F, AND 700°F). EACH CURVE REPRESENTS A SINGLE RUN.

BASIS WEIGHT 50 g/sq.m., 800 PSI PEAK APPLIED PRESSURE, 4.5 MSEC
NIP RESIDENCE TIME, 420 CSF FREENESS, 1.2 INITIAL MOISTURE RATIO.
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—_— TOP LAYER.
............ BOTTOM LAYER.

............ Applied Pressure

LGM/CC]
Q. R0

0.CO

1

40
1

0.

LAYER DENSITY

0.0

1

10.00 12.00 14.00 16.00 12.00 20
TIME [CMILLISECONDS]

&
[l

LAYER DENSITIES VERSUS TIME FOR AN IMPULSE DRIED 50 g/sq.m.
BASIS WEIGHT SHEET OF 420 CSF FREENESS. 800 PSI PEAK APPLIED
PRESSURE, 4.5 MSEC NIP RESIDENCE TIME, 700°F HOT SURFACE
TEMPERATURE, 1.2 INITIAL MOISTURE RATIO.

EACH LAYER REPRESENTS 25 g/sq.m. BASIS WEIGHT. THE TOP
LAYER IS NEXT TO THE HOT SURFACE.
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o 50 CM/SO.M, 420 CSF., 1.2 MR
O 50 GM/SO.M. 735 CSF. 1.2 MR
A 100 °M/SO.M. 735 CSF. 1.4 MR
3
O
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¥ .
<O.—
<2
\ Q.
(@]
(@]
T 1 1
5. 00 20.90 35.90 50.00 65 .00 ¢5.90

TEMPERATURE [°*F/10]

\ PEAK VAPOR PRESSURES AS A FUNCTION OF HOT SURFACE TEMPERATURE
FOR AN 800 PSI PEAK PRESSURE, 4.5 MSEC NIP RESIDENCE TIME.
BASIS WEIGHT OF 50 TO 100 g/sq.m. AND FREENESS VALUES OF 420
AND 735 CSF.
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TOP LAYER.
MIDDLE LAYER.
BOTTOM LAYER.

- e e et e

0.20

¢
T

0.00 15,00 24.00 36.00 48.80 60.00
"TIME CMILLISECGONDS]

0.00

SHEET LAYER DENSITY AS A FUNCTION OF TIME FOR A 100 g/sq.m. WEB AT AN INITIAL
MOISTURE RATIO OF 1.5 AND A PULP FREENESS OF 420 CSF, IMPULSE DRIED AT 600°F HOT
SURFACE TEMPERATURE, 550 PSI PEAK APPLIED PRESSURE, AND A 30 MILLISECOND NIP
RESIDENCE TIME. THE TOP AND BOTTOM LAYER EACH REPRESENT 25% OF THE TOTAL BASIS
WEIGHT WITH THE TOP LAYER POSITIONED NEXT TO THE HEATED SURFACE. THE APPLIED
PRESSURE PULSE IS INCLUDED FOR REFERENCE. ‘
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- SHEET TEMPERATURE
____________ SHEET TEMPERATURE
______ SHEET TEMPERATURE

O i, i, SHEET TEMPERATURE
e o APPLIED PRESSURE.
8 —_

'—.: N

(@) .

e—g /[\

\ .

O \
[V i

n :

Q.

40.00

30.00

L

20.00

i

10.930

Slide Material

(10 CM/7S3M) .
(35 CM/7sSgM) .
(60 CM/SOM) .
(85 GM/S3M) .

P00
i

.00 12,00 54.00

SHEET TEMPERATURE OR PRESSURE [ F/10.

SHEET TEMPERATURE RESPONSE AS A FUNCTION OF TIME AT INCREASING DISTANCES FROM
THE HOT SURFACE FOR A 100 g/sq.m. WEB AT AN INITIAL MOISTURE RATIO OF 1.5 AND A
PULP FREENESS OF 420 CSF, IMPULSE DRIED AT 600°F HOT SURFACE TEMPERATURE, 550

3C.00

TIME CMSEC]

T —_raw
45.00

PSI PEAK APPLIED PRESSURE, AND A 30 MILLISECOND NIP RESIDENCE TIME.

|
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DENSIFICATION MECHANISMS
DURING IMPULSE DRYING

MOISTURE REDISTRIBUTION DUE
TO EVAPORATION-CONDENSATION
MECHANISM.

INTENSE DENSIFICATION OF TOP
LAYER DUE TO DRYING OUT AND
THERMAL SOFTENING.

ABRUPT DECREASE OR LEVELING OUT OF
SHEET DENSITY NEAR THE HOT SURFACE
DUE TO INTERNAL VAPOR PRESSURE
GENERATION.

[
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ENHANCED WET PRESSING MECHANISMS
IN FLOW EXITING REGION OF WEB.

COLLAPSE OF SHEET STRUCTURE DUE TO
RELEASE OF VAPOR AS THE APPLIED
PRESSURE DECREASES BELOW VAPOR
PRESSURE.

\ DISRUPTION OF THE INTERNAL

| SHEET STRUCTURE AFTER THE
PRESS NIP DUE TO CONTINUED
VAPOR RELEASE.




