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OBJECTIVES

·

Investigate fundamentals

of acoustic radiation pressure (ARP) effects on fiber suspensions;

·

Investigate mechanisms

·

Demonstrate the concept of acoustic wet fiber flexibility/compactibility;

·

Demonstrate the concept of acoustic fiber separation/fractionation;

·

Explore other process-related

·

Determine the economic viability of acoustically based industrial processes.

of acoustic fiber agglomeration

·

and reorientation;

,

applications of acoustic radiation pressure; and

GOAL THIS PERIOD (MARCH 96 - FEBRUARY 97)

·

Develop a laboratory prototype acoustic separation system.

GOAL NEXT PERIOD (MARCH 97- FEBRUARY

·

98)

Demonstrate the concept of acoustic separation/fractionation/removal.
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SUMMARY
During the past year, the main accomplishment

was the design and fabrication of a laboratory

prototype acoustic separation system. The experimental
performance

tests are currently underway.

various separation, fractionation,

setup was fully integrated in January 97 and

Its intended use is to demonstrate,

in a realistic manner,

and removal concepts using acoustic radiation pressure principles.

In a related student project carried out by M. Oakland, preliminary work was accomplished

toward

the preparation of a series of experiments to demonstrate the removal of vessel elements from
·

eucalyptus fibers using acoustic radiation pressure.

.

Exploratory

experiments

are scheduled to begin

in February 1997 using the new separation system.

Significant progress was made in another student project (J. Blanz) regarding the development
experimental

methodology

of an

to investigate the concept of ultrasonic refining of pulp suspensions.

A

final series of experiments using unbleached Kraft softwood fibers and a dedicated test apparatus is
scheduled to begin in March 1997.

A proposal, titled "Acoustic Separation Technology,"
through the AF&PA-DOE

was recommended

for funding in 1997

Agenda 2020 program for the Pulp and Paper Industry (Recycling area).
.

o

It is anticipated that funding for this proposal will significantly increase the level of research
activities on the fimdamentals

of acoustic separation, fractionation,

and removal.

titled "Closed Water Treatment in Pulp Mills Using a Dual Flocculation/Ultrasonic

A second proposal,
Clarification

Method" (in collaboration with Y. Deng, Surface and Colloid Chemistry), was recommended
fimding in July 1997 by the Georgia Consortium
Paper.

for the Technological

Competitiveness

for

in Pulp and
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Finally, a research paper reporting the demonstration

of acoustic wet fiber compactibility

was

published in the August 1996 issue of the Journal of Pulp and Paper Science ["Compactibility of a
Wet Fiber Mat Using Acoustic Radiation Pressure", P.H. Brodeur and T.M. Runge, J. Pulp & Paper
Sc. 22(8) J278-J282 (1996)]. Our research program on the developmem of a new laboratory/on-line
sensor technology

to determine wet fiber compactibility

and predict the apparent density of paper

was not pursued _s past year due to lack of resources.

1. Background
Project F008 was initiated in July 1992 to study the fundamentals
effects on fiber suspensions.

In essence, when water-suspended

of acoustic radiation pressure
fibers interact with acoustic

radiation pressure, they are subjected to an acoustic force which results in fiber migration [1-4].
There is also an acoustic torque which reorients fibers. Both acoustic force and torque are
nonlinear effects.

Very early in the project, a basic experimental
stationary and moving fiber suspensions.

setup was built to investigate the acoustic force on

A special acoustic cell mounted in a vertical pipe flow

was devised to deflect an input stream of fibers interacting with a progressive ultrasonic wave
field (unidirectional

acoustic force) normal to the flow direction.

10 cm 2 active area piezoelectric

The cell was composed of a 2 x

ceramic transducer operating at 150 kHz and a sound absorber of

equivalent area. The separation distance between these components

was 2 cm.

Since experimentation indicated that the acoustic force Could be used to separate/fractionate
fibers based on fiber width [5], fiber collection was achieved by installing an in-flow divider
blade above the acoustic cell in such a way as to separate-highly deflected fibers (coarse fibers)
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.

from weakly deflected or undeflected fibers (slender fibers and/or frees). Literature/patent
searches since 1987 did not reveal evidence of past work in the use of an ultrasonic field to
manipulate

fiber suspensions.

A patent application was filed by IPST in 1996.

In a particular series of experiments using the basic experimental

setup, rayon fibers of constant

width/variable length and constant length/variable width were tested as a function of acoustic
intensity and flow rate at 0.05% consistency.

Separation efficiency was indirectly determined by

measuring the cleanliness efficiency of the weakly deflected fiber output stream. Results
supporting the fiber width hypothesis are shown in Figure 1a and 1b. While the cleanliness
efficiency increases as a function of intensity for all test samples (at constant flow rate),
indicating an increased fiber migration rate from the transducer to the absorber, the cleanliness
efficiency is not significantly affected by fiber length in Figure 1a and increases as a function of
fiber width in Figure 1b.
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Figure 1a and lb. Cleanliness efficiency as a function Of'acoustic intensity for a) constant
width/variable length rayon fibers and b) constant length/variable width rayon
fibers.

In a similar set of experiments,

a Bauer-McNett

classifier was used to separate two fractions of

never-dried hardwood fibers (sample A, average fiber length: 0.78 mm; sample B, average fiber
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length: 1.10 mm). The cleanliness efficiency was determined for samples A and B and a mixture
labeled M ( 25% A - 75% B; predicted fiber length: 1.02 mm). Results are presented in Figure 2.
Clearly, the efficiency increases as a function of fiber length (related to fiber width in this case).
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efficiency for samples of never-dried hardwood fibers.

Compacted
Fiber Suspension

Clarified Water

Acoustic Force
Direction
Absorber
Position

Figure 3.

Transducer
Position

Pulp thickening effect [2 cm (horizontal) x I 0 cm (vertical)].

Another series of observations
study the compactibility

was obtained using softwood fibers under zero-flow conditions to

of fiber suspensions.

Figure 3 shows a compacted fiber suspension for

an initial pulp consistency of 1% (white indicates water and black indicates fiber). The acoustic
intensity is 0.3 W/cm 2. One can easily see a pulp thickening effect. A new test method, acoustic
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has been proposed to control the refining process and predict the

apparent density of paper [6].

Using a more efficient transducer (> 90% power efficiency conversion from electrical to
mechanical power), video recordings were obtained for different acoustic intensity levels at 70
1/min (18 gal/min) using never-dried softwood fibers (at max. pump capacity; Re _ 6000 turbulent regime). Results are shown in Figure 4 (black indicates fiber). Pulp consistency is
0.1%. One can see that fiber deflection (toward the left) significantly increases as a function of
intensity (shown as a thickening of the fiber mat (black) on the left side of the cell). At 4 W/cm 2,
the intensity is already too large and deflected fibers bounce back.

1 W/cm 2

2 W/cm 2

3 W/cm 2

4 W/cm 2

Acoustic
Force
Direction

Flow
Direction

Figure 4. Video recordings under turbulem flow conditions. [2 cm (hor.) x 10 cm (vert.)].
·

Other test results can be summarized

.

as follows'

(1) Migration rate for shives is significantly larger than that for fibers;
(2) Migration rate for earlywood fibers is larger than that for latewood fibers;
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(3) Observations

using OCC fibers show that the fiber fraction migrates but the fines do not; and

(4) Observations

using mixtures of fibers and ink particles attached to air bubbles show that the

air bubbles are not affected by the acoustic force, thus providing a means to enhance the
removal of fibers in flotation deinking.

Experiments

were also conducted using a standing ultrasonic wave field. This field is obtained

by replacing the sound absorber by a reflector.

Providing that the separation distance between
·

.

the transducer and the reflector corresponds to n (_,/2), where _, is the acoustic wavelength (10
mm at f = 150 kHz in water), interference between the transmitted and reflected wavefronts
produces a standing wave field pattern.

Since the transducer-reflector

cm, four nodal pressure planes were created. Observations

separation distance was 2

in the presence of fiber suspensions

showed that the fibers quickly migrated toward pressure planes when the sound field was turned
on, thus leading to the formation of four parallel agglomeration

planes. This is illustrated in

Figure 5.

Agglomeration
Planes

l
Flow
Direction

Absorber
Position

Figure 5.

Transducer
Position

Agglomeration of 5.9 mm rayon fibers at 1% consistency in a standing wave field.
Four layers are produced. The Reynold's number is approximately 500.
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Technical limitations (small size of equipment, consistency and flow limitations) in the quest to
perform realistic separation experiments using the basic experimental
proceed with the design and fabrication of a laboratory,scale

setup led to the decision to

acoustic separator.

Details of this

apparatus are reported in the next Section.

2. Laboratory

Acoustic

Separator

The development of a laboratory-scale prototype acoustic separator was initiated in March 1996.
System integration was completed in January 1997. Schematic diagrams of the separator and the
accompanying

flow system are shown in Figures 6 and 7, respectively.

200 liter Tank

Variable Speed
Centrifugal Pump

500 liter
Feed Tank

Figure 6.

Flow system for the laboratory prototype acoustic separator (drawing not to scale).

As seen in Figure 6, the setup is composed of a 500-liter feed stream tank, a 20-to 450-1/min
variable speed centrifugal pump, the acoustic separator, and two 200-liter output stream tanks.
Not seen in the drawing are a magnetic flow meter located at the exit of the centrifugal pump and
a mixer for the feed tank. The flow system is capable of feed consistencies up to 2-3%.
unpressurized.

Separation and recirculation

modes are possible.

10

It is
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Coarse Fiberenriched Fraction
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Section
40 cm
Acoustic
Section
Flow
Development
Section

Slender Fiberenriched Fraction

x
_

/
/

Moveable
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_
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Array

·Transducer
Array

_ Acoustic
Radiation
-_- Force

1

190cm

_
Moveable

i_
FlowDirection
1

Wall

Input Fiber Stream

·

o

Figure 7. Schematic diagram of the laboratory prototype acoustic separation system (drawing
not to scale). Separation using a progressivewave field (unidirectional) is shown.

As best described in Figure 7, the separator itself is composed of three consecutive sections
mounted vertically' 1) flow development section; 2) acoustic section; 3) separation section. The
overall height of the separation column is 2.6 m. The separation distance between the transducer
and absorber positions can be modified by using different transverse walls; available widths are
5, 10, and 15 cm.

The inlet into the flow development section is a 5-cm diameter pipe which is angled up at 60
degrees. This, in combination with the 1.5 m height of the flow development section allows
flows up to 2.4 m/s (360 1/minfor 5-cm transverse walls, 1080 1/minfor 15-cm transverse walls)
to completely develop before entering the acoustic section. Reynolds numbers available will
range from 400-140,000 (turbulent transition for pipe flows is between 2100 and 4000).

11
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Figure 8. Photograph of the separation section as seen from the absorber side. One can see a
miniature hydrophone used to determine the acoustic power delivered by the
transducers.

The acoustic section is 30 cm in length. Figure 8 displays a photograph of the acoustic section.
It was designed to accommodate up to three transducer/absorber sets mounted in series, each 10
cm in length and 5 cm wide. Transducers and absorbers are easily replaceable and can be
mounted on either side of the cell. By having three separate transducer/absorber

sets, the effect

of acoustic dwell length can be studied by varying the number of transducers used. The
transducers may also be staggered on either side of the cell, or even mounted across from each
other. This leads to significant flexibility in the acoustic section which was not present in the

12
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Also, reflectors can be used for more advanced standing wave field separation

studies.

Transducers

are custom-designed

and made of piezoelectric

Ceramic material.

Their active area

is 50 cm 2 and the frequency is 150 kHz. Different impedance matching networks are available to
power one, two, or three transducers, and hence, control the acoustic dwell length. The
transducer's

electrical-to-mechanical

conversion efficiency is around 95%.

The separation section, located above the acoustic section, is composed of an adjustable divider
.

blade (Note: more than one blade can be installed for fractionation

studies). The blade is used to

separate highly deflected fibers from barely deflected or undeflected fibers. Since the
consistency of the deflected stream may be larger than 2-3%, especially when considering pulp
thickening

observations,

pipe diameter for the output streams is 100% larger than the pipe

diameter for the input stream. The use of a mechanical blade is temporary as it is kno wn that
fibers tend to hang-up on the blade tip.

At the time of this writing, very early observations using one transducer and Kraft softwood fibers at
0.1% consistency looked very promising as far as the general functioning of the separator is
concerned.

3. Removal

of Vessel

Elements

from

Hardwood

Fibers

(M. Oakland)

At the Fall 1996 Project Advisory Committee meeting, it was suggested by at least two Committee
Members that an investigation

of the use of acoustic radiation pressure principles to remove vessel

elements from hardwood fibers be undertaken.

It is well known that the presence of vessel elements

13
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during offset priming can be detrimental because vessels do not bond very well to fibers, and
consequently,

can be picked by impression cylinders (vessel picking problem).

Since there are

currently no satisfactory methods to remove vessel elements, the industry addresses the problem by
using pulp mixtures to reduce the concentration

of vessel elements.

reducethe size oftheseparticles.

Also, refining is practiced to

'

Michelle Oakland, second-year M.S. Student at IPST, refocused her M.S. project from the separation
of softwood from hardwood fibers to the removal of vessel elements.

Although the separation of

softwood from hardwood fibers is worth pursuing (and it will be), it was considered easier from an
experimental

standpoint and of more economical value to the industry to explore the removal of

vessel
elements.

In addition to a review of the literature, preliminary work has been done to identify wood species for
the purpose of experimentation.

While red and white oak species contain a relatively large

proportion of vessel elements compared to other hardwood species, pure commercial
·

from these species are unavailable.

.

Vessel elements are also problematic

Following discussion with Prof. H. Nanko and industry representatives

pulps made

with eucalyptus pulp.
familiar with vessel

elements, two options were considered: a) pulping of a white oak log; b) use of eucalyptus pulp. The
second option was selected.

One obstacle encountered

Eucalyptus pulp in dry lap form was received in January 1997.

during pulp characterization

elements, and hence, a quantitative measurement

was determination

of the percentage of vessel

to assess separation efficiency.

Since a standard

microscopy test method is unavailable to count vessel elements, a test method was developed based
on industry practices.

The method reports an average number of vessel elements per milligram of

14
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oven-dried fibers. Measurements

using the eucalyptus pulp at our disposal indicate that this pulp has

119 + 8.3 vessel elements per mg of o.d. pulp.

Experiments are scheduled to begin in February 1997. Acoustic power, flow rate, and consistency
will be considered to optimize separation efficiency.

Preliminary

work is expected to be completed

in May 1997.

4. Ultrasonic

Refining

(J. Blanz)

Ultrasonic refining had been an active subject of research during the '50s and '60s, and then the field
·

was somewhat abandoned.

°

Research findings generally indicated that high-power ultrasonics

(cavitation) can be used to increase fiber flexibility while avoiding fiber cutting and fines generation.
However, this was obtained at the expense of a prohibitive use of electrical power.

Further analysis of the literature has shown that none of the above work was carried out in a
systematic manner because different parameters were varied using different experimental

setups. It

is within the comext of revisiting ultrasonic refining in a .very controllable manner to gather more
physical evidence about the process that an exploratory project was devised.

This project was

initiated in ! 996 by John Blanz, now a second-year M.S. student at IPST.

Figure 9 depicts a schematic diagram of the experimental, setup developed for refining studies. An
ultrasonic hom operating at 20 kHz or circular piezoelectric

ceramic transducers operating at 250,

500, or 1000 kHz (not shown in the figure) is used to induce cavitation in a temperature-controlled
glass beaker. A calorimetric technique is used to quantify the level of acoustic power delivered in the
pulp slurry.

15
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Figure 9.

Schematic diagram of the exploratory experimental setup for pulp refining using high
power ultrasonics.
In addition to the 20 kHz ultrasonic probe shown in this figure, higher
frequency transducers are used.

Experiments
consists

are performed

in the processing

treatment

of dissolved

Several preliminary

Kraft fibers.

parameters

Each test

are considered'

(0.5 and 1%), frequency,

acoustic power,

oxygen in water.

tests have been conducted

paper measurements

are obtained:

specific stiffnesses,

and out-of-plane

so far to evaluate the effect of each of the above

the measurement

of three handsheets

of the freeness level and average

for paper properties

apparent

density,

ultrasonic

testing.

The following

in-plane ultrasonic

longitudinal
·

to similar measurements

softwood

The following

(20 and 65 °C), consistency

A typical test involves

and the preparation

(~3%) unbleached

of 670 ml of pulp slurry.

time, temperature

and percentage

parameters.

using fines-free

longitudinal

specific stiffness.

nondestructive
and shear

Results are compared

.

obtained using a PFI mill. A final series of experiments
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such as fiber curl and fiber flexibility will be made

these experiments.

Figure 10 shows a graph of the in-plane and out-of-plane ultrasonic longitudinal

stiffnesses as a

function of treatment time at 20 °C, 20 kHz, 0.5% consistency, and 80 Wrmsacoustic power.

As

expected, stiffness properties increase as a function of time.

E/rho

and Ez/rho

vs. Treatment

Time

(20 Deg. C., 20 kHz, 0.5% Cons. and 80Wrm_)
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9.0

0.10
t 0.10

_,

- 0.09
*0

8.0 --

"'"_'

"g

'* ..........
7.0-

0.09
0.08

o.o8 ._

a,
,

,.

..

--.-, .... E/rho

.......
6.0

_
{

0

Ez/rho

E

15

0.07
0.06

' · 30
Treatment

-- 0.07

45

(min.)

Figure 10. Graph of in-plane and out-of-plane ultrasonic longitudinal
treatment time.

stiffnesses as a function of

One major outcome of the research work will be to determine optimized conditions for ultrasonic
refining. Also, a preliminary power consumption analysis will be performed.
completed in May 1997.
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Abstract:

"Acoustic

Separation

Technology"

A proposal was submitted to the Agenda 2020 Recycling Task Group in October 1996 and this
proposal was reco_ended

to the Department of Energy for funding in early January. It is

anticipated that the proposed work will begin late spring or during the summer. The proposal's
abstract as well as the "Benefits to Industry" Section are reproduced below.

5.1 Abstract
A four-year R&D program is proposed to demonstrate a multi-use in-line acoustic separation
technology

from the laboratory-to-pilot-scale

level. Th e electrically

driven process is free of

screens and moving parts. Separation is primarily based on fiber width. Several applications
have been identified: fiber fractionation, separation of vessel elements from fibers, shives from
fibers, earlywood from latewood, softwood from hardwood, fibers from fines, contaminants from
fines, fibers from air bubbles (and attached ink particles) in flotation deinking, pulp thickening,
clarification, dewatering of waste products, and removal of flocculated particles in closed water
systems.

The project has three phases. Phase I (first year) involves a laboratory demonstration

and a preliminary

economical assessment of the separation method.

A newly developed 80 GPM

acoustic separator will be used for that purpose. Various separation schemes will be tested to
optimize separation efficiency, power consumption, and specific throughput. Phase II addresses
the development of a 500 GPM pressurized pilot-scale acoustic separator. Also, it considers a
computational

analysis of fiber suspensions

subjected to a progressive ultrasonic wave field
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under laminar and turbulent flow conditions.
III and a comprehensive

The pilot-scale system will be tested during Phase

economical assessment of the technology
·

5.2

Benefits

will be made.

.

to Industry

The proposed separation technology

is free of screens and moving parts, and as such, clogging,

fiber damage, and pulsation are unlikely.

Since it is electrically driven, it has the potential for

excellent controllability (e.g., in-line adaptation to varying recycled input streams). Versatility
and applicability are key issues. The process has the potential to address several unfulfilled
separation needs such as the separation of vessels or shives from fibers, and the separation of
fiber species (e.g., earlywood from latewood, softwood from hardwood, Kraft pulp from NSSC,
bleached chemical pulp from groundwood-rich
efficiency when compared to pressure-screen

newsprint).

Anticipated

superior separation

systems and access to more than two fractions (if

desired) would lead to better use of raw materials, less refining (energy savings), product quality
enhancement,

and reduction of water consumption.

Other applications

relate to enhanced

deinking, pulp thickening, and removal of particles in closed water systems.
on experimental

Calculations

data and estimates of energy losses during power amplification
·

show that the power consumption
separator would be competitive

6. Proposal
Abstract:
Flocculation/Ultrasonic

based

and transduction

.

per ton of pulp for a hypothetical commercial

acoustic

with that of a pressure screen fractionator of equivalent size.

"Closed Water
Clarification

Treatment
Method"

in Pulp

Mills

Using

a Dual

In collaboration with Professor Yulin Deng (Surface and Colloid Chemistry), a proposal was
·

.

submitted in July 1996 to the Georgia Consortium for the Technological Competitiveness in
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Pulp and Paper. This proposal was recommended for fimding, beginning in July 1997. The
proposal's abstract is now reproduced.

'
·

°

6.1 Abstract
With increasingly

restrictive environmental

regulations and the need to optimize raw material

usage, paper mills are required to totally close up their water system. Obviously, maintaining
environmentally

sound and technologically

competitive pulp and paper mill operations is a key

to the success of the State of Georgia because Georgia is one of the nation's leading producers of
pulp and paper. When water systems are closed, the number of contaminates
increases.

Unless efficient removal techniques are used, accumulating

detrimental to the papermaking

It is proposed to demonstrate
flocculation

significantly

solid suspensions will be

process and the quality of the final products.

the feasibility of a novel dual method combining chemical

and ultrasonic separation to remove contaminates

from closed water streams. The

research program, which is scheduled to last two years, will address the following issues for FY
98'
(1) Chemistry of flocculation of solid suspensions in closed paper mill water;
(2) Feasibility study of the flocculation/ultrasonic

clarification method;

(3) Economic and energy assessment of the proposed technology.

It is anticipated that a large-volume, energy-efficient method for contaminates removal
(clarification)

can be developed, which can substantially enhance water closure operations of

paper mills. Also, it is expected that the fundamental

understanding

proposed work can be used in other relevant applications
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separation/fractionation

and ultrasonically assisted flotation deinking. Funding for this program

should provide the basic knowledge and justification

to scale up the technology

in collaboration

with industry suppliers and then transfer the technology to Georgia mills.
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OBJECTIVE

To develop a science-based
paperboard,

understanding

especially the phenomenon

of the dimensional

stability of paper and

of cockle, and to apply these fundamental

results to

practical industrial problems.

The strategic objective of this project is to reduce the amount of paper rejected because of
cockle through improved efficiency in identifying the causes of cockle and/or use of
corrective measures to prevent cockle.
II.

GOALS

The primary goals of this program are to (1) build a science-based understanding

of cockle in

paper; (2) develop tools to evaluate cockle of paper that occurs in the manufacture,
conversion,

and end-use of paper; and (3) transfer this technology to industry so that cockle

problems can be controlled, eliminated,

III.

or avoided.

SUMMARY

Work during the past year has focused on the development

of tools to evaluate cockle.

These

tools will be utilized in an experimental evaluation of cockle. Concurrently with the
development

of the cockle evaluation equipment, several other tasks were completed during

1996. The key accomplishments

of this period are summarized below.
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· New Tools Developed:
- Constructed humidity generator-

mixes dry air and saturated air in a controlled

manner to produce a prescribed humidity in a given chamber.

- Constructed

cockle measurement

device - frame and rail system for controlled

movement of CCD camera and/or laser displacement system.

· New Tools Designed
- Designed humidity chamber - chamber to allow specimen evaluation in controlled
humidity environment.

Includes balance for measurement

of moisture in similar

sample.

- Designed hygroexpansive

buckling tester - testing apparatus for producing buckling of

paper strips subjected to increase in moisture.
out-of-plane

displacement

Compressive

load, moisture content, and

recorded.

· Developed techniques to produce handsheets

° Performed preliminary investigation

with nonuniform

properties.

of refining, drying, and nonuniformity

on the cockle

of handsheets.

· Developed analytic solution of the hygroexpansive

buckling of a strip of paper.

· Published Member Company Report Number 1: Cockle and the Hygroexpansive Buckling:
A survey of Initial Buckling and Postbuckling of Thin Plates

· Published Member Company Report Number 2' A Literature Review of Cockle and a
·

Proposed Mechanism
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BACKGROUND

This project was initiated and started in July of 1994. The scope of work for this project is to
gain an understanding

of cockle in paper and to develop the knowledge and tools required to

eliminate its occurrence.

Cockle is a manifestation

of the dimensional instability of paper

due to local variations in the physical state of the paper coupled with a change in moisture
content. The phenomenon

of cockle is directly related to the mechanical,

hygroexpansive,

and physical properties of paper. These properties will be a result of the constituent materials
and the papermaking

process used to produce the sheet. With an understanding

of how

cockle occurs, steps can be taken to eliminate it by modifying the constituent materials or
papermaking

process.

Since cockle is inherently a complex problem and is influenced by

many different factors, the advances made in this research program will benefit the scientific
understanding

in all areas of dimensional

stability.

After completing a thorough review of the literature on cockle [1], it was found that little
scientific results have been published that provide a basis for understanding

cockle.

The first

task completed in this project was to develop a fundamental analysis that illustrated a
plausible mechanism for cockle. The results of this analysis together with findings in the
literature lead to the following mechanism for cockle.

Cockle results fi'om an in-plane variation of thefi'ee hygroexpansive strains
resultingfi'om a change in moisture content of the sheet. The nonuniformity
in the potential for fi'ee expansion creates compressive stresses in the sheet.
If the compressive stresses are of sufficient magnitude, the sheet will buckle
out-of-plane; thus, creating cockle. Thefi'ee hygroexpansive strain is the
stress_ee strain resultingfi'om a change in dimensions of a material
undergoing a change in moisture content. In addition to the nonuniformity
in the fi'ee hygroexpansive strains, planar nonuniformities in mechanical or
physical properties must be present to induce local buckling of the sheet.
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DISCUSSION
Buckling and Postbuckling

Theory

As stated in the last section, it is proposed that cockle is the result of local buckling of the
sheet. A clear understanding
insight into cockle.
conditions,

of buckling and postbuckling

theory for plates will provide

The effect of parameters such as geometry, boundary support, loading

constitutive

behavior, material symmetry, .and imperfections

buckling loads, buckled shape, and postbuckling

on the critical

response can be obtained from the literature.

This information can be used to help interpret, classify, and describe cockle. A review of the
buckling and postbuckling behavior of thin plates was completed in 1996. A summary of
these results was published as a member company report [2]. A full report will be completed
in the Spring of 1997 and be available to member companies upon request.
serve as a reference and guide to understanding

This report will

cockle in paper.

The literature review covers buckling due to an applied external loading, which creates a
stress state possessing compressive

components.

For paper, the compressive

stress develops

because of constrained shrinkage/expansion due to moisture changes. Therefore, the change
in moisture is the driving force leading to cockle or buckling, and the magnitude of the
stresses should relate to the hygroexpansive

properties of the sheet.

The review of the literature revealed that for an orthotropic material, such as paper, buckling
theory predicts that the number of waves formed in the sheet increases as the ratio of
directional properties, say EMD/EcD,increases. In addition, the buckled waves in a circular
plate tend to orient themselves with the material properties rather than the direction of
loading.

Some cockle in machine-made

papers tend to be elliptical showing a preference of

one direction over the other. This could be related to the orthotropy of the material. The
preceding examples illustrate how the literature review may lead to insight into the cockle
problem.
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The buckling and postbuckling
experimental

theory reviewed in the report will be useful in interpreting

results of cockle. In 1996, Nam and Thorpe [3] presented some observations

the cockle behavior of copy paper in changing moisture conditions.

Their observations

on

fit

well with what would be expected from buckling theory. For example, Nam and Thorpe
found that hygroexpansivity

of the sheet plays a major role. The change in moisture

multiplied by the hygroexpansion
hYgroexpansion
moisture.

of the sheet is the driving force leading to buckling.

As the

increases, the critical buckling load is reached under a smaller change in

Therefore, it is not surprising that hygroexpansion

:is a major factor.

Thorpe [3] observed that as the moisture decreased, cockle height increased.
of the postbuckling

This is typical

response of plates in which an increase in the applied force causes an

increase in the deflection.
changes in moisture.

Nam and

Nam and Thorpe [3] observed a mobility of the cockles during

In other words, it appeared that the cockles moved from one location to

another in the sheet. Nam and Thorpe [3] state that this appears counter to the accepted
argument that local nonuniformity
probably not a correct argument.

sets up local stresses that govem the deformation.

From buckling theory [2], we learn that the deformation

can be strongly influenced by imperfections
deformations,
to another.

This is

or heterogeneity.

In addition, under large

secondary buckling may occur in which the deformation moves from one state
This would then account for the "mobility" observed by Nam and Thorpe [3].

One specialized area of plate buckling research is thermal buckling or buckling due to
restrained thermal expansion.
hygroexpansive
hygrothermal

The mathematics of this case is exactly analogous to the

buckling of paper where the potential for thermal expansion and
expansion can be interchanged.

The literature on thermal buckling is currently

being reviewed and will be completed by Spring 1997.
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Hygroexpansive

Bucking

In the last section, an _alogy
hygroexpansion

°

was made.

between buckling due to compressive

loads and restrained

The direct analogy holds when the applied load gives the same

stress state as the restrained expansion/shrinkage.

To determine the critical buckling load,

the analogy works well, but there are differences between the two cases that make methods of
solution distinct for postbuckling

analysis.

The first and obvious difference is that the driving force for hygroexpansive
change in moisture and not the applied force. For hygroexpansive

buckling is the

buckling, the magnitude of

the compressive stresses is a result of the amount of restraint and the degree of buckling.

In

classical load buckling, the stresses are a direct result of the applied load, which is known a
priori.

Therefore,

the postbuckling

deflection for hygroexpansive
buckling.

response of'stress

magnitude

versus

out-of-plane

buckling may not be the same as it is with the case of load

In fact, this is what was found for the problem described below.

The second difference between load buckling and hygroexpansive

buckling pertains to the

assumptions

on the kinematic equations.

inextensible

in-the-plane of the plate, meaning that the prebuckled plate length is the same as

the postbuckled plate length.
deformation
buckling.

In classical buckling, the plate is assumed to be

This is an adequate assumption because most of the 'm-plane

is a result of movement at the boundaries where the load is applied due to the
In hygroexpansive

buckling, the distance between the boundary supports remains

fixed, and therefore, the length of the plate must increase if buckling occurs. In other words,
the cord length is the original length and is always smaller than the arc length of the buckled
state.

Therefore, the simplifying constraint

postbuckling

solution for hygroexpansive

of inextensibility

buckling.
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If the hypothesis of hygroexpansive

buckling for cockle is to be proven and buckling theory

utilized to increase the understanding
studied experimentally

and the results compared to theory.

the theory of hygroexpansive
restrained

of cockle, hygroexpansive

buckling of paper must be

The simplest problem in which

buckling can be tested is the buckling of a strip of paper fully

from expansion along the longitudinal

axis and subjected to an increase in

moisture content.

This simple problem is illustrated in Figure 1. During 1996, a testing apparatus was designed
to perform these tests. The fixture is currently being built and should be complete by the end
of March 1997. The paper sample will be clamped between two end supports.

One end is

adjustable so that the length of the specimen can be varied. The fixture can accept a width of
1.25 cm. The other end-support is attached to a load cell which will measure the compressive
axial load exerted by the paper onto the clamps during expansion.
in a humidity chamber.
displacement

sensor.

The out-of-plane

displacement

The laser displacement

The fixture will be placed

will be monitored

with a laser

sensor is mounted to an x-y positioning rail so

that the entire buckled mode shape can be measured.

XXXXXXXX
i
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Figure 1. Hygroexpansive bucklhig of a strip of paper. (E is th e elastic modulus, 13is the
coefficient of hygroexpansion, AH is the change in moisture content, ct is the angle
of rotation at end of beam)
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buckling test consists of mounting a paper strip in the fixture.

humidity of the s_ounding
recorded.

The

air is increased, and the.moisture pick-up of a similar sample is

The load cell will record the compressive load that results from the restrained axial

expansion, and the laser will record the out-of-plane deflection of the sample.
increase in humidity,

For each

data for load, moisture gain, and deflection will be recorded.

moisture content increases, the sheet will buckle, and the postbuckling

As the

response of the sheet

will be recorded.

This experimental

postbuckling

response can the n be compared to analytical results.

analytic solution of the postbuckling

An

solution for the problem shown in Figure 1 was derived.

For the solution, the paper was assumed to be a linear elastic material with linear
hygroexpansion.

Dimensional

changes in the cross-section were neglected.

obtain the postbuckling

solution, large deformation and finite strain expressions

With these assumptions,

an analytical solution for the postbuckling

In order to
were used.

load was obtained.

Th e

solution is in the form of two coupled integrals of elliptic form which must be solved
numerically.

A member company report will be written describing

the formulation

and

giving the solution of this problem.

The numerical solution of the problem showed that the axial load will reach a critical level.
At this load level the onset of buckling will occur.
load will decrease in magnitude.

After buckling, the compressive

axial

This trend is shown in Figure 2 where the nondimensional

axial force is shown as a function of the angle of rotation at the ends of the beam.
decrease in load is a result of the buckling which allows the strip to expand.

This

This result

differs from classical buckling where the applied axial load must be increased to increase the
out-of-plane
increased

deflection.

For the current problem, the change in moisture content must be

to increase the out-of-plane

slenderness ratio or length-to-thickness

deflection.

This relationship

depends

on the

ratio of the strip. As the strip becomes more slender,
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Figure 3. Hygroexpansive strain versus angle of rotation.

As needed, the model can be updated to reflect dependence of properties on moisture content
and viscoelastic behavior.

Humidity

Generator

During 1996, a humidity generator was built at IPST for use with the dimensional stability
testing program.

The generator combines dry air and saturated air to produce mixed air of the

desired relative humidity.

The dry air is obtained from IPST in-house supply of compressed

air. The saturated air is produced by forcing dry air through a water column.
traveling through the water column become saturated.
the inlet point of a chamber.

Air bubbles

The dry air and moist air are mixed at

The relative humidity of the air in the chamber is measured with

an Rh sensor. The Rh signal is used as the process variable in a control scheme to regulate
the flow rates of the dry and saturated air.
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The amount of air flow is determined by the degree to which two solenoid valves are opened.
The valves (BP2EV0014)

are manufactured

by Honeywell.

A 4-20 mA signal controls the

opening of the valves, allowing for a range of flow rates. The signal is sent to the solenoid
·

valves from a dual-input, programmable

.

process controller (CN003 by OMEGA).

The

controller can accept two 4-20 mA input signals and provide two 4-20 mA output signals.
The relative humidity is being used to control the valve openings.

A desired humidity profile

is established, and then depending on whether the Rh signal is below or above the set point,
the solenoid valves will open or close.

The relative humidity in the chamber is sensed with the Vaisala HMP 233 humidity sensor
with capabilities of measuring the full range of Rh from 0 to 100%. The accuracy of the
sensor is +1% Rh in the range 0 to 90% and +2% Rh in the range 90 to 100% Rh.
temperature

is measured with a PT-100 sensor.

In trials, the humidity generator was able to maintain the desired humidity
chamber.

of a given

The generator was also able to produce cyclic changes in relative humidity

approximating

a step change in Rh. In the present set-up the humidity generator controls the

Rh of a closed chamber.
chamber.

The

The rate at which the Rh changes is dependent on the size of the

A new chamber is being constructed in the Winter of 1997. When this chamber is

ready, the humidity generator will be tested in a more complete manner.
example of a humidity profile produced by the generator.
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Figure 4. Example of humidity profile produced by humidity generator
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Stability Evaluation

Test Stand

In order to evaluate cockle and dimensional stability, one needs to be able to measure the
surface topography

of paper at a given humditiy and the deformation

changes in moisture content.

of the paper under

During 1996, a test stand and measurement

device was

designed and constructed at IPST. Currently, it is being used to measure cockle, and during
1997, it will be used to measure hygroexpansivity

of paper and changes in displacements

with changes in moisture contem.

The test stand consists of an x-y-z linear positioning rail system mounted on a steel frame.
The flame was designed to minimize deflection due to movement of the rails, and provide
access to the testing area. Either a CCD camera or a laser displacement
the rail system.

sensor is mounted on

The sensors can be moved to the proper position relative to the specimen

being tested. The vertical (z) positioning is operated manually using a winch. It allows for 5
feet of vertical movement.

The horizontal (x and y) positioning rails are motor driven and

controlled with the use of a PC computer.

The reason for mounting the camera and laser on

the rail system is so that the paper sample remains stationary during testing.

The camera or laser is mounted from above the specimen.
environmental

There is ample room to place an

chamber below the rail system so .that the specimen can be tested in a

controlled humidity environment.

The z-direction

rail allows for proper placement of the

camera/laser so that the specimen is in focus. Then, the sample can be scanned using the x/ydirection rails.

Scanning the sample with the laser will provide the topography

plane displacement of the sample.
determine the in-plane displacements

or out-of-

The camera can be used in a stationary position to
of the sheets.

During the past year, work focused on setting up this equipment, writing software to control
the motion of the rails, and verifying the accuracy of the laser displacement
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was found to have a linear response of voltage versus displacement

in the range of 0 to 20

mm. The resolution of the laser set up is +0.05 mm, and the error in measurements
displacements

of known

was found to be +0.1 mm.

During 1997, the laser will be used to measure cockle of sheets.
topography will then be used to characterize the cockle.
analysis will be completed on the data, and methodology

The resulting sheet

Filtering and frequency content
will be developed to characterize

the degree and type of cockle in sheets.

The laser system will also be used to measure the hygroexpansive
change in cockle with changes in moisture content
but, at present, testing has not been completed.
measure hygroexpansion

buckling of sheets and the

The camera system was set up in 1996,

In 1997, the camera system will be used to

of sheets.

During 1997, the capability for full-field measurement

of surface topography will be added to

the test stand. The limitation of the laser sensor is that only one point can be measured at a
time and the sheet must be scanned.
topography

During changing humidity environments,

the change in

can occur faster than the time needed to scan the sheet. Therefore, a technique

that measures the full field quickly would provide more insightful information.

A shadow

Moird method will be employed for this purpose.

Nonuniform

Handsheets

and Preliminary

Cockle Investigation

During 1996, a method to produce nonuniform
developing

these procedures

through nonuniform
verify the fimdamemal

handsheets was developed.

were to determine if specific nonuniformities

The reasons for
lead to cockle

shrinkage of the sheet, and develop an experiment that could be used to
cockle model.
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was introduced by placing a round tube into the British handsheet mold.

Then, one pulp type was placed inside the tube and another pulp type was placed outside the
tube. When most of the water drained from the mold, the tube was pulled out of the mold.
Forming sheets in this manner allowed for the center of the sheet to be at a higher or lower
basis weight, or to be formed with stock of higher or lower freeness.

With practice, a handsheet possessing a continuous boundary between the two regions can be
produced.

If the tube is pulled up too soon, the two pulps mix and the boundary is not clearly

defined.

If the tube is pulled up too late, the boundary region is too distinct and, in the

extreme, two separate sheets are produced.

The deformation that was produced in the sheet was very dependent on the method of drying.
Freely dried sheets developed extensive curl and wrinkling, while sheets dried under full
restraint were very flat.

When sheets were dried between blotters so as to give partial

restraint, the sheet deformation was much less severe than the freely dried sheet.

In order to produce a sheet with a well-defined cockle in the center of the sheet, the sheet had
to be dried nonuniformly.
region was _ied.

That is, the center of the sheet was dried first, then the outer

In these instances, the cemer of the sheet buckled out-of-the-plane during

drying of the outside region.

Some of the sheets made during the development

of the method for making nonuniform

sheets, some of which were uniform sheets, were evaluated for degree of cockle.
of cockle was defined as severity of out-of-plane

displacements.

The degree

The scoring was qualitative.

A score of 10 represents severe distortion and 0 represents no distortion of the sheet. Table 1
provides an example of this classification.

For these samples, two levels of freeness are

shown. Only one sample had a nonuniform basis weight. One sample was dried using a ring,
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and one was dried on a drum. The results are as expected.
drying, the lower the distortion.
to increase and consequently,

The higher the restraint during

As the freeness is lowered, one would expect the shrinkage
the distortion-upon-drying

to increase.

The example given in

the table, shows that the sheet made in the nonuniform manner had slightly more distortion
than the uniform sheet. But in some instances the uniform sheets dried in the same manner
as the nonuniform

sheets had slightly less distortion.

Table 1. Preliminary

cockle evaluation of handsheets

Drying

drum

free

free

ring

free

Freeness

344

344

344

115

115

no

yes

no

no

3

4

0

10

Nonuniformno
Handsheet
Cockle
Score 0

The information

given above is only meant to show the potential for experimental

Once the methods for evaluating cockle have been developed, a quantitative
can be obtained.
be conducted.

work.

cockle number

Then a study of the effect of process variables on the amount of cockle can

Such tests are planned for 1997.
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OBJECTIVE
The objective of this project is to develop an understanding

of the relation of the macroscopic

(scales of centimeters to meters) to the microscopic (fiber scales) properties of paper

As the pri-

mary focus of this project is on mechanical properties, this goes under the name 'micromechanics
of paper', with the main interest being in elasticity and strength in the MD-CD plane. The same
framework also serves in the determination

of macroscopic thermal conductivity,

also in the MD-

CD plane, in terms of single fiber properties.

SUMMARY
Several micromechanical

models of paper have been developed.

Within a quasi-single-fiber-

layer setting, they cover a spectrum of materials: from those that are more suited for papers of
high porosity (such as hygenic tissues), to the ones that are more adequate for highly compacted
fibers.

It is wen-known that paper is a multiscale disordered material, yet what is typically

desired in applications
Basic considerations

are simple formulas in terms of but very few microscopic parameters.

of this subject are being made in Part I.

A basic model, which may grasp fiber-fiber interactions, is based on a periodic lattice
advantage is a possibility of derivation of explicit continuum-type
erties and fiber volume fraction (equivalently, paper porosity).
obtained for in-plane thermal conductivity,
paper sheet response

formulas in terms of fiber prop-

In Part II, such formulas have been

in-plane elasticity, and out-of-plane

- all within a framework of single layer fiber networks.
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these models, effective elastic moduli have been analyzed as a function of fiber segment's

aspect

ratio displaying an augmenting effect of its bending and shear effects as a function of increasing
fiber volume fraction; comparisons

to the Cox model and perforated

plate model have been

drawn.
In Part III, a general framework for qualitatively and quantitatively

analyzing paper as a spa-

tially random network of elastic fibers, "welded" at their mutual contacts, has been drawn. Such a
network is described by fiber elastic moduli, an angular distribution function as well as probability distributions of fiber lengths, thicknesses, and crossings.
vents us from formulating

It is shown that spatial disorder pre-

an effective Hooke's law in a unique form.

Indeed, a constitutive

response law is dependent on the scale of resolution, that is chosen by an experimentalist
oretician: the larger this scale, the closer we are to a classical, deterministic
Hierarchies

of scale-dependent

or a the-

continuum concept.

bounds are shown for thermal conductivities

of several random

fiber networks, while, in the case of elasticity, a specially developed finite element program simulates complex systems of fiber-beams.
As described in Part IV, the latter computer program is a basis for an ongoing development

of

a program for simulation of paper fracture, where two failure modes would be present: fiber segment failure and fiber-fiber debonding.

In order to verify this model, tensile displacement

and

strength tests on small (2 mm x 2 mm) very thin paper specimens of Kozo fibers are being set up in
a load cell under an optical microscope equipped with a video recording equipment.
iments in concert with the computer model will also permit a determination

Such exper-

of microscale strength

properties, as well as an investigation of larger paper specimens over a wide range of parameter
space. Additionally, a set of two-meter-wide

grips is being developed for strength tests to allow a

study of size/scale effects in tensile strength of paper and the related statistics.
The report is divided into five parts (Part I, II, ..., V) and an Appendix.

All the equations and

figures are numbered according to a scheme (p, e), where p stands for a given part, while e stands
for a given equation or figure.

GOALS
Project goals for the period beginning March 1996 (time of the preceding PAC review)
involved:
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myself with the pulp and paper industry, while focusing attention on paper mechan-

ics. This was accomplished

through:

a) Study of the literature on paper mechanics and micromechanics.
b) Attending a TAPPI short course "Improving Converting Operations for Flexo Folder-Gluers

&

Soft Anvil Rotary Die Cutters"
c) Visits to several Japanese paper research institutes in September 1996:
- New Oji Paper Co., Tokyo
- Research Institute, Government Printing Bureau, Odawara
- Wood Science Department,

Kyoto University, Kyoto

d) Presentation of a paper:
- M. Ostoja-Starzewski,

"Random fiber networks: Bounds on effective elastic and transport mod-

uli" 1996 Progress in Paper Physics - A Seminar, Stockholm.
e) Writing of an Annual Technical Report.
Status: partially complete.

2. Development

'of experiments

and theoretical models for determination

of effective (macro-

scopic) elasticities, strengths, and conductivities of paper from the standpoint of a disordered (random) network of interacting fibers. Focus is on size/scale effects.
Status: partially complete.
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PARTI

FROM

MEDIUM (repeated

THE FIBROUS

NETWORK

TO AN EFFECTIVE

CONTINUUM

from [1] for the sake of completeness of this report)

The challenge
The challenge in paper micromechanics
tem of interconnected/interacting

is illustrated in Fig. 1.1 below. That is, we have a sys-

fibers, whose properties are known to some extent, and for which

we want to determine effective properties at some scales L larger than the fiber length. For simplicity at this stage, fibers have a shape of ribbons of width w and thickness t. For the sake of clarity, only a single-layer mat of straight fibers is shown - in the sense of [2] - called a quasi-singlefiber-layer; hence, t is also the apparent mat thickness t a . The effective properties are desired in a
continuum mechanics sense (e.g., mass density, stress, strain, heat flux, temperature

gradient, ...),

so that L signifies the scale of a Representative Volume Element (RVE), dV. The tool for passage
from a discrete fiber network encompassed by the window L x L is outlined in the next section.

Fig. 1.1 A simple schematic diagram of a network of fibers in the MD-CD plane.
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Badc geometric concepts:
Grammage is defined as
m

W=Lx

L

(1.1)

where m is the mass of the given window and is given as

m- Vfpf-

(1.2)

where Vf is the total volume occupied by all the fibers, where Df is the mass density of the fibers,
V - L2 , and Da is the apparent mass density.
Fiber volume fraction:

V

pf=Vf

(1.3)

where Vf is the total volume occupied by all the fibers.
Porosity, or the volume fraction of pores,

PP-

V-Vf
V

1-Pf-

-

1

Pa
Df

(1.4)

Notation Pf and Pp reflects the fact that these are the probabilities of hitting the f-phase or the pphase. Indeed, for experiments

conducted on one sample versus another, all the four quantitites

defined above display fluctuations dependent on the window size L. These are due to the flocculation, and therefore [3] defines grammage as a coefficient of variation of W
g rammag e -

(w)
(w2)- (w)2

(1.5)

in order to measure the statistics of those fluctuations; ( ) stands for a statistical ensemble average. At this stage, we work with the definition (1.1), unless specified otherwise.

Equivalence

of the fiber network with the continuum

model

Let us suppose that all the fibers inside the L x L window are elastic and contacts do not dissipate energy such as would be caused by friction. The basic idea in formulating an effective continuum of the window is based on the equivalence of strain (potential) energy stored in the window
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BL, of boundary 3B L, of volume Vwith strain energy of the network in the window
(1.6)

Enetwor k = Econtinuu m

under specific boundary conditions on 3B L. The energy Enetwor k iS given by

Enetwork

--

_

f

(_. _)

(1.7)

f

The summation in (1.7) is carried out over all the fibers f (or fiber segments, depending on the
model and interpretation), with a total of all the fibers being

Ifl. Thus,for example,

E (f) in

(1.7)

stands for the energy stored in the f-th fiber; we place fin the superscript because the subscript will
be reserved for the tensor indices.
The energy Econtinuumis
1
g continuum -- 5 f _ ' EdV
v

(1.8)

where q and e stand for the stress and strain fields, respectively. By the volume Vin (1.8) we actually mean the projected area of the L x L window (a plate of thickness of one fiber), because we
deal with planar fiber systems exclusively.
In the sequel, we will restrict ourselves to linear elastic fibers so that (1.2) will become

1Isl

)(s)

Enetwor k = sE(kit2

f
Econtinuum

= _8'

(1.9)
CLSS' _

because the equivalent continuum medium will be linear elastic, too. In (1.9)1, u is a generalized
spring deformation and k its corresponding spring constant, both of which will depend on the
actual fiber model used. Knowledge of both energies in (1.9) will allow, through the use of (1.6),
the determination of an effective stiffness _C}
ff . The subscript L denotes here the explicit dependence of the effective (continuum-type) response on the chosen size of the window BL - this will
naturally grasp, say, the intrinsic scale-dependence

of the statistics, even the averages, of effective

stiffnesses. L-dependence will be an important tool in the future study of paper strength.
The challenge made transparent by (1.9)1 is the need to know all the u 's, i.e., the deformations
of all the fibers. These will depend on the particular geometry of the fiber network in the window
and on the particular model of fibers and their interactions.
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eral models of fiber networks

- from the simplest to more complex - and systematically

show

how _C_
ff is to be determined. We begin with spatially periodic fiber networks, which do not offer
much freedom for introducing

the geometric and physical randomness,

but have the advantage of

allowing an explicit analytical derivation of _C_
ff for various fiber models' rod-type, beam-type, etc;
here the unit volume element is that of one unit cell. Next, we go to spatially disordered network
topologies

- much closer to reality - where a resort has to be made to computer simulations.

At

this stage, the former periodic models serve as a guidance, while various types of microstmctural
disorder (such as the relative bonded area)can be investigated quantitatively.

Also, these models

will become essential in studying paper response beyond the linear elastic range: viscoelasticity,
plastic-type

hardening, crack formation and propagation,

DISCUSSION'
SINGLE-LAYER

etc.

PART II
PERIODIC

MODELS

OF FIBER NETWORKS

Basic concepts (RBA, porosity, fiber aspect ratio)
It will be important, for the sake of reference, to have several basic relationships.
[ 12], grammage

First, after

is defined as
m
W=L×

L

(2.1)

where m is the total mass of fibers in the given L x L window and is given as m -V fOr

-

v pc

Here Vf is the total volume occupied by all the fibers; Df is the mass density of the fibers; V =
L2ta is the total volume; and Pa is the apparent mass density; and ta is the apparent thickness.
Next, the fiber volume fraction and the porosity (or the volume fraction of pores) are
_
Pr - vf

V

Notations

P P

V-Vf
V

- 1 - Pf

_

1

p

_

Of

(2.2)

Pf and Pp reflect the fact that these are the probabilities of hitting the f-phase (fibers)

or the p-phase (pores) in an image analysis.
There are, basically, three periodic nearest-neighbor

lattices in two dimensions (2D)' triangu-

lar, square, and honeycomb, see Fig. 2.1. Suppose we consider the triangular lattice (Fig. 2.1 a) as

5O
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b)

C>
Fig. 2.la) A triangularlattice with a hexagonalunit cell shown;
b) a squarelattice with a squareunit cell shown;c) a honeycomblattice.
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an idealized model of a single-layer

fiber network, which may be interpreted as a single-layer

mat of intersecting long fibers. The intemode elements play the role of free fiber segments [2];
their thickness, width, and length are denoted by t a , w, and the internode spacing s, respectively.
Pores are clearly defined in such a lattice (Fig. 2.2) so that porosity Pp and relative bonded area
RBA are expressed in terms of the fiber aspect ratio w/s
2 TM
Pr - 2 J3 w - 3
s

RBA -

s
2_f__ 3 TM

(2.3)

s

Note that in the hypothetical limiting case of Pf - 1.0, w/s-

1/(j3),

and RBA becomes

2/3. On the other hand, in the case of P f - 0.0, w/s - O, and RBA - O. In the following, a formula, inverse to (2.3), will be useful
w = 1- J1-P/
s
4/_

i

t

·

(2.4)

_ i

Fig. 2.2 Pore structure in a triangular lattice network showing the relationship

between porosity,

fiber volume fraction PS' and aspect ratio w/s.

Considering

the fiber overlap at the lattice nodes of either lattice, one could proceed here with

a somewhat different interpretation for the apparent thickness of the fiber mat: namely, t a to be
effectively equal to three or two fiber thicknesses rather than just one. The ambiguity of t a for 2D
fiber mats is also noted in other models of fiber networks. For example, Kallmes & Corte [4] define
a 2D sheet as one in which the area covered by more than two fibers is negligible, i.e., less than 1%.
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In this section, we focus on the in-plane (MD-CD) thermal conductivity of a paper sheet. However, we note that (i) several other problems (e.g., electrical conductivity) are equivalent to it by
virtue of mathematical

analogies, and (ii) it provides a stepping-stone

for studies of elasticity.

In

the continuum setting we thus have the constitutive law
q_ - Kqr,j

i, j - 1, 2

(2.5)

where q - (qj, q2) and VT - (T,1, T,2). Upon substitution into the first law of thermodynamics
(in the steady-state case)
qi, i - 0

(2.6)

(KijT,j), i - 0

(2.7)

we obtain

Given the periodic lattice models of Fig. 2.1, we are interested in approximations

of locally homo-

geneous media so that the governing equation becomes
Kqr, q-

0

(2.8)

In the special case of an isotropic medium, (2.8) simplifies to a Laplace equation
KT, ii - 0

(2.9)

Let us now consider the material to have a square lattice microstructure,

Fig. 2. lb), whereby

nearest neighbor nodes are connected by bonds (i.e., fiber segments) of conductivity k. It follows
that the entropy production rate of a unit cell of such a lattice is
4

1
°q --

(b)(b)

5k Z
b=I

li

lj

r,ir,j

(2.10)

where the summation is carried out over all the four bonds. In the above, we employed the uniform

strainvT - (Ti, r,2). Also, /(b) _

is the

vector of half-length of bond b. In view

of (1.6), the stiffness tensor is obtained as
4
giJ

--

k

V E
b=l

,(b),(b)

ii

lj
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where V - 4 if an the bonds are of unit length

(Iz<-, >l) This leads to a relation between the

bond conductivity k and the K ii tensor
k
Kll

-

K22 -

_

K12 -

K21 -

0

(2.12)

In order to model an orthotropic medium, different bonds are applied in the x1 and x2 directions:
k(1) and k(2) . The strain energy of a unit cell is now
4

X - _] _

k(b)llb)l(jb)_, i T,j

b=J

with the conductivity

(2.13)

tensor
4

1
Kij : _ _

b=l

k(b)(b)(b)
1i lj

(2.14)

or, equivalently
k (1)
Kll

-

2

k(2)
K22

-

2

K12

-

K21 -

0

(2.15)

If one wants to model an anisotropic medium (i.e., with K j2 _: 0), one may either choose to
rotate its principal axes to coincide with those of the square lattice and use the network model just
described,

or introduce diagonal bonds.

The above simple derivation of (2.12) and (2.15) is a paradigm of passage from fiber segment
properties to effective continuum properties in a periodic lattice setup. In contradistinction
conductivity

to the

problem describable by a second rank tensor, the case of elasticity discussed below is

more complex in that it needs a fourth rank tensor. We restrict ourselves, of course, to linear phenomena.

Lq-plane elasticity of fiber-beam networks
The fact that any two cellulosic fibers have a finite contact area of hydrogen bonding calls into
question any fiber network model in which fiber segments are joined by pinned joints. This suggests that we now consider the regular triangular lattice of Fig. 2.2 to be made of fiber segments
behaving as flexing beams and connected through 'welded contacts' at their mutual bonds. The
concept of welded contacts is dictated by the presence of a region of hydrogen bonding having a
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finite area at any fiber-fiber node. While it is difficult to assess experimentally

whether this region

is or is not deformable, a special case of our model will recover the situation of pin-type frictionless
connections

between fiber segments carrying axial forces only. A perspective view of such a sin-

gle-fiber network of fiber-beams is given in Fig. 2.3a), where the lattice nodes are assumed to have
the same thickness as the single fiber.

a)

_)

c)
p(f) = 1/r(f)

pC0 F_
Mq)

b)
Fig. 2.3a) A perspective view of a triangular lattice of beam-type fibers;
b) internal loads in a fiber; c) curvature of a deformed fiber.
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In accordance with the general concepts of Fig. 2.3b), we have to focus on the deformations of
a typical beam-fiber, its bending into a curved arch allowing the definition of its curvature, and a
cut in a free body diagram specifying the normal force F, the shear force F, and the bending
moment M. It follows that the force field within the fiber network is now described by fields of
force-stresses akz and moment-stresses ink; note the additional presence of moment-stresses due
to the beam-type fiber interactions. In a continuum sense, this lattice will be approximated by a
micropolar elastic medium discussed in the Appendix [5, 6].
The kinematics of the fiber network are described by three functions
u1(x)

u2(x)

q0(x)

(2.16)

which coincide with the actual displacements (uI , u2) and rotations (rp) at the fiber-fiberintersections. These functions are assumed to be linear, although the torsion-curvature ¢_inow enters the
picture in addition to the strain g_j;see Appendix. As before, the overbars denote spatial averages
over the unit cell. These two tensors are related to uI , u2, and q0by
gij -- ltj, i + Eij(D

Ki -- rP,i

(2.17)

where e_k is the 2D counterpart of the permutation tensor.
On the other hand, with reference to Fig. 2.3, we note from the mechanics of beams that the
response (force-displacement
F (f)

-

and moment-rotation) laws of each fiber segment are given as

E(f)A(f)T(f)

F(-f) =

12E(f)I(J)T
2
s

®

M (f)

-

E(f)I(f)K(f)

(2.18)

where
A®

- taw is a

I(f)

- ta W3/

cross-sectional area of the fiber;

12 is a centroidal moment of inertia of the cross-sectional area of the fiber with

respect to an axis normal to the plane of the fiber mat;
E(f)

-

F(f)

-is

is a fiber Young's modulus (along its axis);
an axial force in the fiber;

F(f) - is a shear force in the fiber;
M® - is a bending moment in the fiber;
7(f) is a relative fiber elongation (axial strain);
_(f) is a relative fiber shear deformation (shear strain); and
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K(f) is a fiber curvature.
Turning now to the continuum picture, the strain energy of the unit cell is expressed as
Ucontinuum

Aeft _'_ijCijkm'_km

=

...eft- Kj
+ A_KiLIij

(2.19)

from which we find
6

c_SS
ijkm -

E

6

n?n([),
[nj (s)(s)
n m R (s)+ nj (s)(s)_(s)
)
'
nm

D_jff --

f=l

_

(s)nj(S)s(S) (2.20)

ni

f=l

where
R(f) = 2E(f)A(f)
s(f) _[_

R~
(f) = 24E(f)I(f)
(s(f))3,f_

co(f) = 2E(f)I(f)
s(f) _/_

(2.21)

Consistent with the assumption of rectangular fiber cross sections (t a × w ), we readily establish
that the ratio 1}/R has a very simple significance in terms of the fiber segment's aspect ratio

=

($)

(2.22)

Now, if we take all the fiber segments to be the same (R (f) - R, etc.), we find
reff
'""1111

eft
C1122

_

_ ' eff
-- C2222-

_

t_eff
'--2211

3(R
_

-

f, eff _-- 3(R+3_)
'""1212
8

~
3_8 (3R + R)

-

R)

F'eff
_1221

-

reff
'-'2112

-

3(R-_)

(2.23)

D;ff _ D2q _ 35s
with all the other components of both stiffness tensors being zero. In other words, we have
elfm =
Cijk

_ij_km _ + _ik_jm A + _im_jkl" [

DTjff _ 8ijF

(2.24)

in which

__=
- n - 3§(R__)

A- 3§(R+3_)

r - 35s

(2.25)

1
Note that the relation C1212 = _(Cl111
contrary to the conclusion in [16]..

- Cl122)

does not hold here, yet the material is isotropic
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The effective bulk and shear moduli are now identified as

KeF =_R3

geff -§-3 (R + R)

(2.26)

which shows that the presence of angular springs does not affect the dilatational response.

Fur-

thermore, it follows that the effective Young's modulus and Poisson's ratio are
,.,.,

,..,

R
1+-

R
1--

E_f_ _ 3R____RR
R
3+R
Again, let us note that these reduce to E eff - R

v_ff =

and

veff

R_
R
3+R

_

(2.27)

1/3 in the case of fibers carrying

axial forces only (R -0).

Regarding the Poisson's ratio, we observe that the introduction of beam-

type effects (i.e., as R/R

increases) has a tendency to reduce it. Furthermore, noting (2.22), the

effective Young's modulus (normalized by E (f) and t a ) and the Poisson's ratio may be expressed
in terms of the fiber aspect ratio w/s

E_ee_

1+
= 24/3 TM

v_ff=

1-

or, given (2.4), in terms of the porosity
1

Eeff

= 2( 1 -dl

taE(f)

- P f)] 1 + 5(
1 1 -dl
3 + 5(1 -dl

2

- Pr) 2
-Pf)

2

v_ff = 3 - (1 -dl
9 +(1 -dl

- Pr ) 2

(2.29)

-Pr)

Formulas (2.29) have been investigated numerically in Figs. 2.4a) and c). First, we observe that
the beam model leads to a gradual increase of E err as compared to the previous model. This may
easily be explained by noting that more energy may be stored in fibers that carry shear and bending
forces than in the fibers that carry axial forces only. This effect is accompanied by the Poisson's
ratio falling off nonlinearly from 1/3 with Pr increasing. It is gratifying to recall the same result
established in [7]: Poisson's ratio tends to decrease with the bonding of the sheet. However, formulas of [7] cannot be plotted in Fig. 2.4 because porosity (i.e., fiber volume fraction) is not present
in that derivation.
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Figure 2.4a) A decrease in pore sizes - from large holes (lattice of slender beams), through a lattice of stubby beams, to a plate perforated with small holes: at P f - 10%, 50%, and 90%; b) the
effective Young's modulus E eff , normalized by the fiber Young's modulus Ef , as a function of
the fiber density P f for: the Cox model (1), the axial-fibers lattice (2), the fiber-beams (BemouUiEuler) lattice (3), the fiber-beams (Timoshenko) lattice (4), and the effective medium theory for a
perforated plate (5); c) the effective Poisson's ratio v f as a function of P f-
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Slender fiber-beams

or stubby fiber-beams?

In the foregoing section, we tacitly employed the model of so-called Bernoulli-Euler beams for
the free fiber segments.

It is well known, however, that stubby beams are more adequately

described by a so-called 7imoshenko beam model. The difference between both models consists
in admitting the shear effects in the Timoshenko beam. More precisely, if a beam's deflection is
described by w(x), a question arises whether the rotation 0(x) of a planar section, initially orthogonal to the beam's axis, is given by the slope w'(x) ( - dw(x)/(dx)
responds to a Bemouni-Euler
that of a Timoshenko beam.
These considerations

). An affirmative answer cor-

beam, whereas the situation of 0(x) being independent of w'(x) is

will now be made more transparent by a problem of a beam fixed at both

of its ends and subjected to a shear displacement at one end, Fig. 2.5. That is, the boundary conditions at the left end are
w(0) - 0

0(0) = 0

w'(0)-0(0)

- 0

(2.30)

while those at the fight end are
w(s) - _l(f)s

O(s) - 0

w'(s)-O(s)

a)

- 0

(2.31)

b)
Fig. 2.5 Shearing of a fiber-beam fixed ("welded") to its two neighbors (a),
and the equivalent mechanical model Co).

It is readily determined from the governing equations
ElO" + GA(w' - O) - 0

GA(w"-
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that a following relation holds between the shear force F (f) and the displacement

_[(f)s

= 12E(s)I(s)q(s)
2

(2.33)

s

where (recall A(f) - taw and I (f) - taw3/ 12 )

_12EI E(wh
GAs 2=

is the dimensionless

Cji,si

ratio of bending to shear stiffness.

(2.34)
Two limiting cases are noteworthy:

--> 0, high shear stiffness and, hence, less deflection owing to shear; the Bemoulli-Euler

slender

beam is recovered;
[_ > 1, low shear stiffness and, hence, deflection owing to shear dominates over that clue to the
Young's modulus E; this is the general case of the Timoshenko beam.
Let us consider a situation of E = 9 G, that is typical of many cellulose fibers [15], and three
aspect ratios:
-W=l

[1-9

w
1
s = 5

[3 - 1

s

w_l

(2.35)

1

7-5

which shows that the shorter the fiber, the more relevant are the shear effects. Observing that (2.33)
replaces (2.18)2, we now proceed to derive the effective moduli so that (2.21) is replaced by
R(f) _ 2E(f)A (f)
s(f) _

k(f)=

24E($)I (f) 1
(s(f)) 34/_ 1 + [_

S($)=

2ECS)Icf)
s(f) _

(2.36)

wherein the ratio R/R is

k

1 + 13

(2.37)

Following the same steps as in the previous section, we see that the effective Young's modulus
and Poisson's ratio are the same as before
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R
1+Eeft - 3R_ R
R
3+R

R

1
velf =

R
~
R
3+R

(2.38)

but expressing them in terms of the fiber aspect ratio and _, we find

Eeff

1+
2 mw4._-

(w) l
2I +[_

s

vest, =

3 + (w) 1 +1 [_

taE(f)

1-

(w) l
2I +[_

3 + (w)

(2.39)

1 +1

or, given (2.4), in terms of the porosity
1
I+

Eeff

2

(1- J1-

1
2
taE(f) = 2(1 - 4/1 - Pf)]
3(1 + [3)
Pf)
3 + 3(1 + _)(1- _]1-Ps)
3
3 - (1 - dl - pf)2 1+13
V eff

=

9 +(1-

J1-Pf)

(2.40)

2 3
1+

The above are also shown in Fig. 2.4b) and c) for the special case E = 9G of equation (2.35).
We see that the consideration

of fiber segments as stubby beams has a minor softening effect on

Eelf relative to the Bemouni-Euler beam model. This may be explained by noting that the admission of the angle of rotation 0(x) as an independent degree of freedom amounts to G being finite,
rather than infinite, in the Timoshenko

beam model. The weak magnitude of this effect, however,

is interesting. The Poisson's ratio falls off nonlinearly from 1/3 with Pf increasing in this model
just as in the original one. Also here, the admission of finite shear m°dulus is weak. Summarizing,
as the E/G ratio increases (decreases), we go to the axial-fibers (Bemouni-Euler beam) model.

In-plane elasticity of a perforated
As

plate model

Pf goes beyond -60%, the aspect ratio w/s increases so much that one can no longer con-

sider the connections between the lattice nodes to be beams. Given the highly anisotropic nature
of fibers and a complex composite structure of fiber systems, a basic question arises: can any simple
explicit model be derived for this low porosity range? Probably not, and this problem is reflected
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in, for example, a recent paper series [8, 9, 10], which had to culminate in a numerical solution of
a somewhat hypothetical

equivalent unit cell. Another avenue is offered by brute force solutions

of complex fiber systems as done later in Part III. Here, for the sake of completeness

of our anal-

ysis, we consider the limiting case of a beam model - namely, a perforated plate.
In the limit of Pf --->1, we have a plate with a regular distribution of triangular-shaped pores,
Fig. 2.4a). This is a so-called "dilute limit" of a locally isotropic material with holes (in either periodic or disordered arrangements),

that has already been solved in [11, 12]. The respective formulas

are

Eeff = 1 - cz(1 - Pf)
taE(f)

v elf - v (f) - o_(v(f) - Vo)(1 - Pf)

(2.41)

The coefficients o_ - 4.2019 and v o - 0.2312 have been computed in the above references, and, in
fact, analogous coefficients are also available there for plates with other than triangular holes
(squares, pentagons, ...). It is noteworthy that:
i) both formulas are uncoupled from one another;
ii) the formula (2.41) 1gives a correctly expected behavior in Fig. 2.4b) for very high values of Pr,
in place of the beam lattice model;
iii) the formula (2.41) 2 for v err depends on the Poisson's ratio v (f) of the plate material, a value
which cannot be specified because the fibers are strongly anisotropic; we therefore do not plot v err
for this model.
One more question remains with reference to Fig. 2.4a): what happens in the range of the Pf
values, which are too high for a beam lattice model to hold and too low for the dilute model to be
truly dilute? Or, can anything be done to smooth out the transition between the two curves 3 and
5 at Pf around 0.8 ? Let us try here a usual device of micromechanics: an effective medium theory.
Following

[11, 12], we adopt a so-called 'differential scheme,' which is given by
E eff
taE(f)

o_
= Pf

eff
v

oc
-

P f (v

(f)
-

Vo) + Vo

(2.42)

For the sake of clarity of Figs. 2.4b) and c), these are not plotted. Summarizing, Eelf is modeled
by an upper envelope of all the curves in Fig. 2b) - i.e., curves 3 and 5.
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Concluding remarks

on in-plane elasticity

Summarizing, it is seen from Fig. 2.4 that, as Pf grows, fiber bending tends to increase the
effective Young's modulus Eeff . In other words, bending effects increase as fibers become widen
On the other hand, in the case of fibers becoming very slender, one can work with segments carrying axial forces only. Thus, beam effects gain in influence as the volume fraction increases, and
lead to an increase of the effective Young's modulus relative to the axial forces model. Finally, as
the holes in the lattice decrease even further, an effective medium theory, such as [12], results in
the Young's modulus of the system being equal to that of the fiber. This case of very low porosity
is of academic interest in the case of paper but is presented here for the sake of completeness.
The present model registers one more difference from the Cox model: the effective Poisson's
ratio v err is not constant but, rather, decreases with changing fiber density. An explanation of
these quite different behaviors can be obtained by noting that the Cox model requires:
(i) fibers to span the entire length of the tested area,
(ii) axial forces only to be carried by the fibers,
(iii) a test domain of sufficiently large size to justify an integration over the entire range of the
angular distribution.
The first two requirements,

along with the assumption of uniform strain, are tantamount to a

situation of no interaction between the fibers, so that the Young's modulus of a zero-porosity
material equals a third of the fiber's.

By contrast, our network model of beam-type fibers natu-

rally forces them to interact via axial, shear, and bending forces under any deformation states. In
the zero-porosity

limit, the model recovers the Young's modulus of the fiber, whereas in the full

porosity limit, the model becomes one of axial force carrying fibers and coincides with the Cox
model.

In fact, systems of axial force carrying members are characterized by the in-plane Pois-

son's ratio 1/3 so that we obtain agreement between all the network models at low porosities.
The third requirement of the Cox model is equivalent, with reference to Fig. 3.1 of Part III, to
having an infinitely large window (i.e., a test domain).
paper, this is physically

impossible,

As discussed in the opening section of this

and thus, a scale-dependent

hierarchy of bounds (3.12)

applies.
Two more things may be said about the beam network model:
i) Timoshenko

beams, although more sophisticated than Bemouni-Euler

principle, one-dimensional

objects

beams, remain, in

- of micropolar type, in fact. Therefore, what they yield is
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about as far as one can get with a beam model. A better approach would have to consider beam
segments as little plates, i.e., 2D objects.
ii) Properties of the Timoshenko beam can be derived from a micromechanical

analysis of fibril

bundles.

Plate-bending

response

We can apply the same approach as above to the problem of determination

of plate-bending

response of the single-layer triangular mat of Fig. 2.6 - within the assumptions of a Kirchhoff
(thin) plate model. To this end we must consider out-of-plane deformations
mat, and thus, the kinematics is described by three functions

of a triangular fiber

- one out-of-plane displacement

and

two rotations (with respect to the axes x_, x 2)
u(x)

v1(x)

v2(x)

(2.43)

which coincide with the actual displacement (u) and rotations (v 1, v2) at the fiiber-fiber intersections. Within each triangular pore, these functions may be assumed to be linear. It follows that the
strain and curvature fields are related to u, v I , v2 by
lCkl- vz,k

7k - u,k + £klvz

x

Fig. 2.6 A perspective view of quasi-single-fiber-layer,
showing the relevant internal loads in a fiber-beam cross sectionl

65

(2.44)

Project
F023

Status
Report

With reference to Fig. 2.5, for a single beam-type fiber, the mechanical (force-displacement

and

moment-rotation) response laws of each fiber segment are given as
M(f)

_ c(f)

K(f)

M(J) - E(f)I(f)_(f)
p(f)=

(2.45)

12E(f)I(f);[(f)
s(f)

where
A(f)

- taw is

i(f)

3
- taW/12

a cross-sectional area of the fiber;
is a centroidal moment of inertia of the cross-sectional area ofthe fiber with respect

to an axis normal to the plane of the fiber mat;
s (f) - 2l (f) is the full length of each fiber (same as before);
C(f) is a torsional stiffness of the fiber;
E(f) is Young's modulus of the fiber (same as before);
M(f) - is an in-plane twisting moment in the fiber;
/¢/(f) - is an out-of-plane bending moment in the fiber;
P(f) - is a shear force in the fiber;
_(f) is a fiber shear deformation; and
r(f) is a fiber curvature.
The strain energy of the unit cell is
V_ ..eft Econtinuum

V- _eff -

= _rij(-JijkIKkl

+ _TiAij

(2.46)

7j

which is consistent with the Hooke's law
mkl-

CijklrkZ

Pk - AkzYz

(2.47)

Here mkz is the tensor of moment-stresses, and Pk is the vector of shear tractions.
Proceeding in a fashion analogous to the in-plane problems, we find
where
S (f)

= c(f)
s(f)

s(f)

= E(f)I(f)

_R (f)

S(J)

= 12E (f)I (f)

2

j(f) (S (f))
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Cijk%-

Z

-ni(f)n(f)_[nJ
(f) nl(f)S(f) +nj(f) nl(f)S(f) )

f=l

(2.48)

6
A7

-

Z
f=l

nl f)-nj($)R(f)

In the case of a triangular lattice, we find
Cijkl

-

{SijfklA

(2.50)

+ _Sik_SjlY + _Silf jkf'2

Aij-

8ijB

in which

A- gl - 3(S-S)
§

y_ 3§(S + 35)
~

B - 3_
5R

(251)
·

N

Three constants (S, S, R ) seen here are related to the fiber mat properties as follows
S = 2C

_ = 2EI

sJ5

_, = 24EI
3

(2.52)

s ,/5

The same type of derivation may be conducted for a square (rectangular) lattice. The important
thing to point out here is that the plate-bending response of paper made of several layers of fibers
would not simply be a superposition

of the responses calculated above but, rather, a combination

of bending and in-plane extension/compression

DISCUSSION:

of each of the component layers.

PART III

SINGLE-LAYER

RANDOM NETWORKS

Is the constitutive

response of paper deterministic

It is well known that paper possesses

OF FIBER-BEAMS

or statistical?

a spatially random fiber structure.

Indeed, much

research effort, dating back to Kallmes & Corte [4], has been and continues to be spent on characterizing the statistics of relevant random geometries,

[2] and the references therein.

Parallel to

these rather purely random geometric investigations there is a line of studies, dating back to Cox
[13], on physical and mechanical properties of paper, broadly known as paper physics.
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feature of almost all of the paper physics developed so far is the deterministic
classically derived structure-property
tioned widely acknowledged

relations.

character of the

This is, essentially, at odds with the above men-

random geometry

of the fiber structures,

and this constitutes the

main motivation of present research.

Fig. 3.1 A sample of a random Poisson line field; a window of size L x L is shown.

In order to clarify this last point, let us consider the geometry of the Cox model [13]. This is,
basically, a planar Poisson line field of intensity _ [ 14], one of whose characteristics

is a statistical

average free fiber segment length (s) - 7eX,Fig. 1. Let us consider a window Ba of size L x L,
cut out of the Poisson line field, whereby

a - L/(s)
is a nondimensional parameter specifying the window size with respect to (s).

(3.1)
It is immediately

observed that on length scales L finite relative to (s) there are fluctuations in the local fiber density per unit area p. The latter quantity may be defined by

Pr-

Itch)In
l(n ) _ Bi
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l(n) is a line, of width w, contained in B_. Clearly, a finite 5 defines a mesoscale, whereas
an infinite one connotes a macroscale.

where

In order to remove the fluctuations in p - equivalent to the fluctuations in the basis weight one has to consider windows of size b --) oo, which is an unwieldy alternative because paper samples of infinite size do not exist. The point is that these fluctuations in the mat's geometric structure, closely related to the flocculation, control the effective physical properties so that the
continuum-type constitutive laws must be stochastic in nature and scale-dependent

-

they

become deterministic only in the limit of infinitely large windows, which is the classical continuum limit [5]. Additionally, random streaks in machine direction are often formed on a paper
machine, a phenomenon which introduces one more scale of disorder above that of the fiocs [6].
This issue leads to a question: How quickly do the fluctuations in local properties tend to zero
as a function of increasing b? In the language of continuum physics, this may be rephrased as follows' what is the approach to a Representative Volume Element (RVE) with b?
Planar models of random fiber networks
Generation via a random Poiss0n line process
In order to generate a field of fibers, we proceed in the following steps.
Step 1' In order to generate a field of round disks, we employ a Poisson point process subject
to a sequentialinhibitionrule: throw Poisson points on a plane and keep only those which fall no
closer than

dmin to

any previous ones. Strictly speaking, the Poisson point process of intensity )_

as specified by
-ZlAI3_lAI
P{N(A) - x} - e
x!
occurs on the

entire

R2

A cR

2

(3.3)

plane, and so its numerical simulation must necessarily be cloneon a

compact subset, which actually leads to a binomial point process. Note that the classical
"car-parking problem" [14] is a simple sequential inhibition process in 1-D.
Step 2: Generate an angle 0 from [0, _] according to a probability density
1
f(O) - _(1 + alcos20 + a2cos40 + ... + anCOS2nO)

(3.4)

where 0 is the line of inclination of the line to the x-axis. In our simulations, we usually take only
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the first term in the cosine series (3.4); in practice, where fitting of experimental

data is needed,

either more terms need to be included or other types of distributions can be considered, e.g., [ 15].
Step 3: A line of length I according to a probability density p(l) is generated.

Note that, in

principle, the subset of R 2 on which the binomial process is conducted should be larger than the
actual window domain which will be tested for effective moduli because the lines that originated
outside the window, up to a distance of I/2, should be accounted for.

Conductivity

of random

networks

Paper is made of networks of finite rather than infinite length fibers. One simple mechanism
for generation of such a random fiber network is based on a planar Poisson point process with
exclusion (i.e., no two points are closer than a certain minimum distance dmin ) whereby a line of
random length, random inclination, and centered at each point is generated. By varying dmin we
can change the degree of flocculation in the network as shown in Fig. 3.2, where two networks with
and without exclusion, yet of the same fiber density, are shown.
Let us now consider the issue of thermal conductivities

of such networks.

Assuming linear

behavior, we have
-)

q - K-VT

(3.5)

where q is the heat flux; K is the conductivity; and VT is the temperature gradient. This equation
suggests that VT is controlled. However, by considering a relation inverse to (3) - VT - R- q
- we would have to take the heat flux as a controllable variable. A question arises: is the resistivity
R an inverse of the conductivity K ? As we shall see below, the answer is no; i.e., the response law
is, in general, nonunique.
In accord with the foregoing twofold interpretation

of the response law, in orde r to define the

in-plane effective properties, we need to introduce two types of boundary conditions:
a) essential:
r - VT-x

(3.6)

¢

which yield a conductivity tensor Ka ('e' stands for essential boundary conditions), where T is the
temperature; VT is the spatial average temperature gradient; and x is a position vector; and
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a)

b)
Fig. 3.2a) A realization of a random, anisotropic fiber network, with small disks of radius dmin 0.24 mm, indicating the mutual exclusion of Poisson points; (l) - 1.2 mm and w - 0.03 mm.
b) A network of the same fibers generated with no exclusion condition dmin - O. Inboth cases,
fiber angles were sampled from the distribution (3.4) with a 1 = 1 and other a's being zero.
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b) natural:
q. n = q. n

(3.7)

n

->

which yield a resistivity tensor Ra ('n' stands for natural boundary conditions); here q is the heat
flux, // is the spatial average heat flux, and r} is the outer unit normal to the window's boundary.
In the above, we employ boldface for a second-rank tensor and an overbar for a spatial average over
the window domain.
The essential boundary condition is equivalently known under the name of a Dirichlet, or temperature-controned
controlled

one, while the natural boundary condition is also known as a Neumann, or flux-

one.

A computer program has been developed to compute effective conductivities

and resistivities

of random fiber networks such as those shown in Fig. 3.2, for window sizes up to ten time s larger
than the fiber length. The program was based on the following assumptions:
i) Convection phenomena in pores were disregarded; this was justified by a consideration

of the

Grashoff number which was estimated m be definitely less than 1000.
ii) Radiation phenomena have a weak contribution to overall conduction compared to the contribution of conduction through the solid fibers - this is especially tree for a network viewed as a
cellular solid of density much higher than 10% [16]; thus, the radiation was disregarded.
iii) Fiber-fiber bonds present no hindrance to the conductivity so that the entire network could be
regarded as a randomly connected two-phase medium comprising fibers of property

r fiber

and

pores of property K v°id.
¢

Solution of any network, such as those shown in Fig. 3.2, results in an observation that Ka is,
n

n -1

in general, different from Ka - (Ra)

. That is, the former one provides an upper estimate on the

effective thermal conductivity of the given specimen, while the latter represents a lower estimate.
Now, we have a variability from sample to sample, and from location to location, and so, we should
consider the ensemble averages.

It follows from the variational principles (e.g., [17]) that the effec-

tive macroscopic conductivity tensor K _ff is bounded by two tensors <K_) and <R_>-1 . Both
ensemble averages, indicated by < >, bound the effective conductivity

the more the scale 5

approaches its continuum limit 5 --->oo so that a hierarchy of 5-dependent bounds on Kelf can be
derived
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_< (g_,)

-1

<_

-1

_<
K erf <_
(f;)_<(f;,)<_ (g_)

v_, <a

= gV

(3.8)
In (3.8), Kv and KR denote the (elementary) Voigt and Reuss bounds, corresponding to windows at the smallest scale (5 = 1). In other words, the effective response depends on the boundary
conditions, and the influence of the latter disappears as the sample becomes infinite.
The order relation employed in (3.8) is to be understood as follows: for two second rank tensors
A andB,B___Ameansthat_

....
B __<} A _ for any vector )t ,_0.
* In the special case of a micro-

structure being characterized by an isotropic statistics Kcfr is isotropic, i.e. Kerf - IK eSSwhere
I is the identity tensor.
The hierarchy of bounds (3.8) is illustrated on a specific example where the conductivity of
the fiber material is on the same order as that of the

voids'

K fiber

-

5

Kv°id. The resulting

bounds are shown as functions of 5 in Fig. 3.3a) below. The fi employed here is redefined from
the one introduced in (3.1) in terms of the mean fiber length (l), namely
5 - L/{1)
Besides the asymptotic convergence of both bounds

(3.9)
to

Kerf with 5 increasing, the other

important thing noticeable from Fig. 3.3 is the anisotropy in the structure due to the assumption of
the angular distribution function. Although, as mentioned in the legend of Fig. 3.2, the latter was
assumed in a very simple formf (0) - (1 + cos20)/re, in principle, any other type of distribution can easily be considered.
¢

It is noteworthy that the medium's response is closer to the estimates (Kll)

and (K22),
n

resulting from the temperature-controlled boundary conditions (4) than to (R_l) and

(R22) ,

resulting from the heat flux-controlled boundary conditions (5). This is especially pronounced in
the situations of very low or negligible conductivities of the voids, which are shown in Fig. 3.4.
This suggests that, effectively and approximately, paper may be considered to be a plate with
holes in which fibers tend to assure a uniform temperature gradient (or strain in case of elasticity)
as opposed to a material reinforced with stiff inclusions where the heat flux distribution (or stress
in case of elasticity) is nearly uniform. However, with high mismatch (1000' 1) of fiber and void
conductivities, such as studied in Fig. 3.4, (i) the uniform temperature gradient is worse, and (ii)
the approach to a homogeneous, deterministic continuum is very slow.
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Fig. 3.3a) Hierarchies of bounds, normalized by

K fiber

--

8
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Elasticity of random networks
The scale dependence of effective thermal conductivity discussed in Part I forms the basis for
analyzing the analogous effects in mechanical response problems.

In fact, in the 5near elastic

response range of paper, the same type of hierarchy of bounds holds with respect to the effective
stiffness tensor C_ff as (3.8) of Part I with respect to K _J¢, namely [18]

_

cR _--(sR)-I

_

_<
ceff _<
(c;>___
<C;,}

n -1 < (S_) -1
__ (Si) -1 < (S6,)

%,

CV

Vf_' <

(3.12)
Here C e and Sn stand for the stiffness and compliance

tensors obtained under essential

(u i - sii. x/) and natural (t i - (_ji' nj) boundary conditions, respectively, whereby eli and (_ji
are mean strain and stress.
The actual determination

of the effective mechanical response of any sample depends on the

choice of a model of a single fiber and fiber-fiber interactions.

As discussed in Part II, there are

basically two choices' (i) fibers carrying axial forces, or (ii) fibers can'ying axial, shear, and bending forces.

Note that choice (i) implies perfect (frictionless) joints at the fiber-fiber contacts,

while the second choice requires welded-type joints.

The latter is a more realistic model prevent-

ing these contacts from being sheared under rotations, and it was already pointed out in Part III
that the choice of any such fiber network model is closely related to the type of a continuum
approximation:

either classical or micropolar.

Guided by the periodic lattice study in Part II, we see that the random fiber network should be
simulated by a system of beam-type finite elements.
scatter, nonuniqueness,

and dependence

The resulting values will show statistical

of the response law on the window size. A paradigm of

scale dependence of effective moduli of random spring networks, albeit of a different (that is,
Delaunay-Voronoi) geometry and cawing

axial forces only, has been reported in [19, 20]. As

discussed earlier, a state of uniform strain, rather than uniform stress, is a good approximation
the actual one in a plate with holes.

of

Thus, relatively small networks under kinematic boundary

conditions can be used to estimate the large-scale effective elastic moduli.
In Fig. 3.6, we give results for effective moduli of a random fiber network of geometry shown
in Fig. 3.2b), which is made of beam-type fiber elements that are perfectly bonded ("welded") at
all the fiber-fiber bonds. The latter ensures that the hydrogen bonding at fiber contacts is realisti-
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caUy being modeled.

In order to make comparisons

to [21], the same fiber parameters were taken

here: fiber length lf - 1 mm, cross-sectional area A - 2.5- l0 -l° m2 , the moment of inertia I 2.10-21m 4 , the axial modulus Ef - 35GPa, the axial Poisson's ratio v a = 0.1, and the transverse
Poisson's ratio vt - 0.04.
With these parameters,

two cases have been investigated:

an isotropic and anisotropic

fiber

distribution. In the second case, (with a 1 - 1 and other a's being zero in (3.4)), four moduli were
obtained: Ex , Ey, Vxy, Vyx; these were then averaged as follows
Eeff _ ( Ex +

2Ey> v SS
- <Vxy+2Vyx)

(313)

to get the effective modulus E_ff and Poisson's ratio v elf . In fact, everything was done as a function of the fiber volume fraction pS in a window of size L - 1.2 mm. Five cases of pS were tried,
in each of which several networks were generated in a Monte Carlo sense and solved.

For each

network, the program carried out three tasks:
i) generation of a specific number of fibers according to three steps outlined earlier;
ii) determination

of connectivities between all the beams - accounting for every fiber-fiber inter-

section;
iii) solution of the resulting planar fiber-beam network problem.
Fibers have multiple connections, and, as their number F in the window grows, the number of
degrees of freedom 3N associated with all the mutual nodes (fiber-fiber intersections) increases
approximately
computationally

as _F 2.5 , see Fig. 3.5. Consequently, the second task above becomes even more
challenging
N

and time-consuming
10000

than the mechanics solution itself (!).

........
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Fig. 3.5 Number of a network's

/

,

,

]U'
1'

degrees of freedom as a function of the number of fibers.
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Fig. 3.7 The average Young's modulus (a) and Poisson's ratio (b) of a random, anisotropic network versus the fiber volume fraction in a test window; error bars show the range of variability.
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Fig. 3.6 The average Young's modulus (a) and Poisson's ratio (b) of a random, isotropic network
versus the fiber volume fraction in a test window; error bars show the range of variability.
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The cases of isotropic and anisotropic angular distribution of fibers are shown in Figs. 3.6 and
3.7, respectively. It is seen from Figs. 3.6a) and 3.7a) that a nearly linear dependence of E _ff, normalized by the fiber modulus E f displays a convex dependence on Pf

-

this is in accord with

Fig. 2.4b). The Poisson's ratio v elf fluctuates strongly around 0.3 and begins to stabilize with
increasing fiber volume fraction; larger networks have to be mn on a computer to determine its
behavior at much higher densities.
of

On one hand, guided by Fig. 2.4c), we will expect a lowering

Veff with Pf increasing, whereas studies on central force networks [19, 20] tell us that the spa-

tial disorder is known to increase the effective Poisson's ratio. This and related issues are presently under study.

Elastodynamics

of random networks:

The discrepancy

in measurements

eigenfrequencies

as a function of geometric disorder

of static and dynamic elastic moduli of paper is well

known. Basic considerations suggest that this may be due to two causes:
i) Rheology of a cellulosic fiber network.
ii) Presence of a random, rather than periodic, fiber network geometry.
At this stage, we have a setting to quantitatively investigate the latter of these. Thus, the static
model of a disordered network of interacting fiber-beams
{f}
just needs to be generalized

- [K](q}

to a dynamic situation: elastodynamics

(3.12)
of a multi-degree-of-freedom

system
{f} - [K](q} + [M](/j}

(3.13)

In the above, we have
(f } = vector of generalized forces;
{ q} = vector of 3N generalized coordinates (displacements and rotations of all N nodes);
[K] = stiffness matrix; and
[M] = inertia matrix.
Now, by considering

a harmonic motion,
qi - Aisin(c°t + tO)

we arrive at
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{0} - [K-Mco2]{A}

(3.15)

The determinant of a characteristic equation of (3.15) will result in 3N eigenfrequencies.
of the lowest of these with respect to the lowest eigenfrequencies

of the unperturbed,

A shift

periodic sys-

tem will give an indication of the effect of spatial disorder on harmonic wave propagation:
poorer the formation of paper, the stronger the effects.

Now, the lowest eigenfrequencies

the

corre-

spond to the longest in-plane waves that can be modeled by the L XL window of the fiber network.
In fact, k (in-plane wavelength) of typical ultrasound applications is on the order of several fiber
lengths, which we can just model with our windows comprising several hundred fibers.
Finally, it appears that the introduction of fiber viscoelasticity into the model (3.13) should be
possible so as to make an additional connection with existing microphysicaUy-based

rheological

models [23].

DISCUSSION'
STRENGTH

PART IV
AND FRACTURE

OF PAPE R

The computer program of networks of fiber-beams described in the previous section is the
basis for an ongoing development

of a program for simulation of paper fracture, where two failure

modes would be present: fiber segment failure and fiber-fiber debonding.

In order to verify this

model, tensile displacement and strength tests on small (2 mm x 2 mm) very thin paper specimens
of Kozo fibers are being set up in a load cell under an optical microscope equipped with video
recording equipment.
determination

Such experiments,

in concert with the computer model, will also permit a

of microscale strength properties, e.g., fiber-fiber bond strength.

roots in a recent study carried out on a very thin polycrystalline
to the practically two-dimensional

This idea has its

aluminum foil [24], where thanks

nature of the system, cracks could be observed very well in the

laboratory, and parameters of the computer model could be calibrated so as to obtain the same
crack pattern.
inferred.

Thus, an otherwise inaccessible

Spring-networks

grain boundary strength criterion

could be

have recently become a powerful tool in studies of fracture of compos-

ites, see, e.g., [25] for a modem update.
Additionally, two-meter-wide

grips (Fig. 4.1) are being developed for strength tests to allow

statistical size/scale effects on very large paper specimens.
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allow an investigation of paper specimens over a very wide (!) range of parameter space' from
2 mm to 2 m with a consideration of CD-profile as well as MD-profile effects. The strength tests
are going to be carried out on Instron and MTS machines, the second one of which will allow
strain-rate-dependent,

rather than quasi-static'

investigations.

In effect, the new tensile tester will

be very much closer (!) to the actual mill-scale than is typically being used.

Fig. 4.1 One set of two-meter-wide

DISCUSSION:
CONCLUSIONS

grips for tensile strength tests.

PARTV
AND FUTURE GOALS

This report continues the study of the adaptation of spring networks to the modeling mechanics
of paper, that was first reported in [ 1]. We started with the simplest, periodic geometries that permitted an explicit derivation of effective properties as a function of the fiber volume fraction
(equivalent to porosity) based on the unit cell concept. Following are the main observations:
i) Triangular networks with axial interactions result in the Young's modulus, which is progessively stiffer than the Cox model with increasing fiber volume fraction, and the Poisson's
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which is the same, i.e., 1/3.
ii) Presence of the bending fiber action (after the Bemouni-Euler

model) in addition to the axial

one has the effect of increasing the Young's modulus and of decreasing the Poisson's ratio clown
from 1/3 with respect to the axial fibers model. A more realistic beam model (of Timoshenko),
accounting for shear effects in fibers, results in a minor softening of the original beam model.
iii) In the case of high fiber density (from 50 to 100%), the beam lattice model could be replaced
by a perforated plate model, which gives the theoretically

correct, although physically unattain-

able, limiting behavior of the Young's modulus. This model is introduced here for the sake of completeness of the study. However, it is more desirable to extend, in the future, a composite laminate
model of Schulgasser and Page [7] so as to inlcude the porosity.
iv) Given the orthotropic character of paper sheets, lattice models can easily be generalized to
anisotropy, both in 2D and in 3D (also modeling the multilayered paper structure).
closed-form

solutions can only be obtained under the approximate

However,

assumption of uniform strain.

v) The beam lattice models - axial lattice models being a special case - can be generalized, via
a computer simulation,
physical properties.

to deal with random geometries of fiber arrangements,

shapes, sizes, and

This is the basis for an ongoing study of elasticity, strength, and transport phe-

nomena in most realistic models of paper. However, no close-form formulas can be derived, and
this is where the periodic models may serve as a guidance, while various types of microstmctural
disorder can be investigated

quantitatively.

vi) Once fully developed, these computer models can be mn to assess the statistical size/scale
effects of fiber network properties and their dependencies

on a wide range of microstmcmral

paramters such as the degree of flocculation, types of fibers used, fiber-fiber bond strength, etc.
vii) Tensile strength tests of very small paper specimens in a load-cell under a microscope are
being conducted to verify the performance

of the computer model.

viii) An experimental setup is being prepared to investigate the statistical size/scale effects in
tensile strength of paper to more closely approximate real loads on a paper web in paper-mill conditions than heretofore possible.
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APPENDIX:
ELASTICITY

TWO-DIMENSIONAL

(PLANAR)

VERSUS

THREE-DIMENSIONAL

Classical elasticity
Measurement of the z-direction strain in tensile tests of paper sheets is a challenge, e.g., [2, 15].
Noting such experimental

constraints as well as the 2D character of a genetic fiber mat model, it is

more convenient to work with a so-caned planar rather than the conventional 3D elasticity. This
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section is thus devoted to a brief exposition of the basic concepts of a planar elasticity (or 2D elasticity) in x 1-x 2 and its relation to the 3D elasticity.
We begin by noting that the constitutive relations for a linear elastic isotropic 3D material are
Ell

1

E3D[(_ll

- V3D(tJ22

+ {J33)]

El2

_ _1
-

together with cyclic permutations 1 --->2 --->3, whereby E3D and

+ V3DtJ12

(A. 1)

E3o

V3D

stand for the conventional

3D Young's modulus and Poisson's ratio. On the other hand, in 2D elasticity, there is no x3 direction so that we have
1
Ell

=

l+v

E [IJll

- vIJ22]

El2

=

"_

O'12

(A.2)

with cyclic permutation 1 --->2. In (A.2), E and v stand for the 2D (or planar) Young's modulus
and Poisson's ratio. Applying the concept of bulk and shear moduli to the above relations, we
readily find that the planar bulk and shear moduli are
E

E

r - 2(1- v)
Furthermore,

It - 2(1+v)

(A.3)

the planar Young's modulus, E, and Poisson's ratio, v, are connected to these by
-4

E

=--+-1

K

1
g

V-

K-B
K+D

(A.4)

It is important to note here that v is seen to range from -1 through +1, in contradistinction to

V3D,

which is bounded by -1 _<V3D_<0.5. For positive values of v and V3D, we have the following
relationships
E=

E3D

v=

1 -v3z2 )

V3D

(A.5)

1-v3D

We refer to [26] for a detailed discussion of relationships

among this planar, the wen-known

plane stress, the well-known plane strain, and the 3D isotropic elasticity.

Micropolar

elasticity

It will be shown below that the presence of beam-type interactions in a fiber network necessitates a consideration

of an additional

degree of freedom besides two in-plane dispalcements,
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namelythe rotation tOabout an axis normal to the plane of the sheet. The force transmission now
occurs not only through the surface force traction, but also through the surface moment traction.
This leads to a so-called micropolar elasticity model, and the corresponding constitutive law is of
the following form

811 =

A+
S(o. 11 + (3,22) -- S_(Y22
4
KZ1 -

S
g12 -- _((Y12 +(3'21)

+ P_((Y12-- (Y21)

I -+ 2

(A.6)

I --> 2

Mg I

with cyclic permutations as shown. In the above, we use lc's to denote torsion-curvatures,

while

eq 's are now asymmetric strains and c_/j's asymmetric stresses. Also, in (A.6), we introduced four
planar compliances

A

=

1
_

=

1
X+g

S-

1
It

1
P = oc

M =

1
T+¢

(A.7)

Observe that (A.7) 1 defines a planar bulk compliance K, different from the 3D one, and (A.7) 2
a planar shear compliance S, which is the same as the 3D shear compliance.

It is noteworthy that

the planar Young's modulus and Poisson's ratio are given through (A.4) as before; see [27] for a
complete exposition of the 3D micropolar theory and [28] for a planar setting. Results of the latter
reference, together with the formulas of Part II of this report, form the basis for a future investigation of optimal paper microstructures.
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Project Title:
Project Code:
Project Number:
Division:
Project Staff:
Project Budget:

PROGRAM

REVIEW

Fundamentals of Ref'ming and Fiber Properties
PROPTY
F0024
Engineering and Paper Materials Division
John F. Waterhouse, Hiroki Nanko, Helena Rislaaki
$100,053

OBJECTIVE
To better understand and characterize changes in fiber structure produced by refining,
especially as they related to paper machine mnnability and paper properties.

SUMMARY
1.

Visited Crane and Company, Dalton, MA; Beloit Jones, Dalton, MA; and Mead
Corporation, Chillicothe, Ohio to present a seminar on re£ming, obtain feedback, on
proposed refining project, and staying in touch with member companies.

2.

Conducted a literature and patent search in the area of ref'ming.

3.

Developing a plan and goals for continuing research in refining.

4.

Working together with Dr. Hiroki Nanko to establish methods for determining
selected changes in fiber structure due to refining.

5.

A Project NewsBrief is being developed dealing with items relevant to the project as
a means of communicating with members of the Paper Physics Committee. The
NewsBrief will occur at fairly regular intervals.

6.

Presenting a paper Whither Refining? to the
Conference, Fiuggi, Italy, March 18-20, 1997.
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VAL UE TO INDUSTRY
1.

Better use and savings in raw materials.

2.

Energy reduction associated with refining and water removal.

3.

Improved papermachine productivity.

4.

Better tools for the characterization of pulps with respect to refining.

5.

Improved understanding and control of the refining process.

PROJECT

GOALS

Precise goals and tasks are still in the process of being developed, however, the following
goal should be seen as a first attempt to meet this need.
To produc e and characterize specific changes in fiber structure
impact on Water removal and paper properties.

and measure

their

According to Page (4), there are nine changes associated with refining. It is proposed that
initially we limit our attention to only three of these changes namely internal changes,
external changes, and fines generation.
Tasks
1. Select and characterize pulp types to be used, e.g., chemical pulps in the yield
range of 40 to 70%
2. Develop methods to selectively produce the above changes in fiber structure.
3. Determine the energy consumed with each of the above changes.
4. Measure the changes (wet and dry state) associated with each change.
5. Measure properties as they might relate to machine mnnability and paper
performance.

Program Structure
Establishment

of Fundamentals

-> Applied Research -> Technology Transfer
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The research program is primarily formulated (in consultation with, and the suppo_x of
member companies) to meet industry needs and should be driven by the following
considerations.
A. Current state of knowledge (IPST + Industry), i.e., how much of our present knowledge,
specifically in the area of refining, is being used and why isn't more being utilized?
B. New experimental/theoretical
above.

program is designed to address NEEDS not met by A
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INTRODUC_ON

Refining or beating (terms used interchangeably)

is def'med as the changes in fiber su-ucture

of a pulp necessary to maximize its paper making potential. We understand the term paper
making potential to mean. achieving the fight balance between critical paper properties and
paper machine mnnability within certain economic restraints.

The purpo se of the .literature review which follows is to briefly examine what progress has
been made in the area of ref'ming and characterization

of changes in fiber structure brought

about by such treatment over approximately the last twenty years, and to highlight those
areas worthy of further attention.
Physics Committee

These findings, together with input from the Paper

and Refining Subcommittee,

will determine the content and future

direction of the research plan associated with this project.

LITERATURE

REVIEW

The literature on refining is quite extensive (1), however, there have been several notable
reviews (2)-(7) during the last twenty years. Furthermore, refining has been the subject of
a number of conferences organized by the Institute of Paper Chemistry and PIRA (Paper
Industry Research Association, Leatherhead, UK) (8)-(11).

<--wetstate
---> <--drystate
--->
RAW MATERIALS _ REFINING _ PAPER MAKING_ PAPER PROPERTIES
virgin, recycled fibers
changes in fiber water removal
surface & bulk
non-wood fibers
structure
genetically modified fibers

The general relationship

between raw materials, refining, papermaking,

and the properties

one is trying to produce is shown in the above diagram. We note that both refining and
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involve wet state variables, while paper properties are mainly in the dry

state.

According to the review by Page (4) there are 9 types of fiber structural change as given
below:

Fiber Structural Changes Produced by Refining

1. Cutting or shortening of the fiber

2. Fines production

3. External Changes in Fiber Structure

4. Internal Changes in Fiber Structure

5. Curling the fiber or curl removal

6. Inducing microcompressions

or removing them

7. Dissolving or leaching out colloidal material.

8. Redistribution

of hemicellulose from the interior to the exterior of the cell wall

9. Surface abrasion at the molecular level to produce a more gelatinous surface

The above changes in fiber structure are mainly produced by mechanical stresses
imparted to the fiber by some type, or combination of refiners.

The extent to which

changes are brought about will depend on a number of factors, i.e., type of fiber, pulp
consistency,pH, presenceof counter-ions,temperature,etc.
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The type of treatment that a fiber needs will very much depend on the desired end use
performance

of the paper being made. In other words them is no one desirable treatment

to fit all paper making and paper property requirements.

In a production refining situation, once the desirable changes in pulp pr°perties have been
identified, the aim is to produce them with the minimum amount of fluctuation, even
though the characteristics

of the incoming pulp may be varying.

Minimizing energy

consumption and down time (say due to plate wear) are also highly desirable.

Changing

refining action, so as to alter the relative balance of the above 9 refining effects is, in most
cases, not an easy matter. Currently, the disk refiner is the most commonly used
production refiner. In addition to the factors mentioned previously, plate design, energy
input, and sizing of the refining system are the main factors controlling refining action.
Continuous measurement

of the changes in fiber structure are still rudimentary,

i.e.,

freeness or drainage changes.

To better understand

[and optimize] the relationship between changes in fiber properties,

the paper making process, and paper properties, some form of modeling is highly
desirable.

One of the goals of paper physics research is to determine these relationships,.

Significant reviews of the refining literature were carried out by Attack in 1977 (2),
Ebling in 1980 (3), Page in 1989(4), and Hietanen and Ebling in 1990 (5). Attack stated
that during the period of his review (20 years) that refining of chemical pulps was
reasonably well understood, but there was still a need to better understand the refining of
high yield pulps. Ebling (3) and later Hietanen and Ebling (5) both carried out an
extensive review of the refining literature. They concluded, and this may be over
simplified, that one of the central problems of refining to be addressed is the break down
of flocs so that fibers can be more readily treated.
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Page's review (4) concludes with seven goals for future beating research which are
summarized

below.

Page's Goals for Future Beating Research

1. More precise physicoehemical

2' Rapid measurement

description

of the structure

of the cell wall matrix.

of fiber length, coarseness, cell wall thickness, and fibril

angle.

3. Better characterization

4. Rapid measurement
microeompressions,

5. Multivariate

of raw materials and pulps.

of beating effects, i.e., fibrillation, cell wall cracks,
kinks, and curl.

analysis of beating.

6. Improved images of beating zone especially to capture individual fiber
movement.

7. Mechanistic
experience,

theory of beating action in terms of the stresses the fibers
and their response to those stresses.

During the past seven years progress has been made towards addressing these goals,
particularly items 2 (fiber length), 4 (kinks and curl), 5. (multivariate analysis), and 7.
(mechanistic

beating theory) which we will now briefly review.

2. (measurement

of fiber length, coarseness)
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is now available for the fairly rapid measurement

of fiber length

distribution and coarseness (12)(13).

4. (measurement of kinks and curl)

The Fiber Quality Analyzer appears to be a fairly rapid method for the measurement

of

fiber kinks and curl (13).

5. (Multivariate Analysis MVA)

Factor analysis has been used by Howard, Poole, and Page (14) to examine a variety of
laboratory beating processes, i.e., Aylesford Beater, Banning-Seybold

Beater, PFI Mill,

Lampen Ball Mill, Valley Beater, and a Noble & Wood Beater involving 9 different pulps
and the measurement

of 9 pulp and paper variables.

The data set was used by the above authors to determine the number of FACTORS or
independent variables involved.

The factors are mathematically

logical reasoning their underlying meaning can be deduced.

derived, and through

It was found in using the

data for all pulps that 3 Factors accounted for 94% of the total variance.

The three factors

were identified from the dependent variables involved to be 1. bonding, 2. fiber length
andfines, and 3. microcompressions.

For example Factor 1, accounting for 49.6% of

the common variance, had a strong positive correlation with burst, breaking length, fold,
and a strong negative correlation with scattering coefficient hence bonding was identified
as the most likely candidate for Factor 1. It should be emphasized that none of these
variables (or related variables) were measured, or part of the original data set on which
the MVA analysis was performed.

Furthermore, it is not known to what extent more

fundamental factors, e.g., internal fibrillation, or external fibrillation, that bonding might
be related.
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The authors in their discussion recommend that an experiment

be designed which would

include a much wider range of treatments and measured variables.

Once factors have

been identified variables termed "marker variables" e.g., fiber strength, fiber saturation
point, fines content, fiber length, and cuff index, would be measured.

Although the above factor identification
interpretations.

seems reasonable there could be alternative

Perhaps what is impressive is that just 3 factors were identified out of a

possible total of 9, although factor 2 did involve both fiber length and fines. Interestingly,
the beating effects identified in Page's review (4) total 9.

7. (Mechanistic Beating Theory)

The more recent research of Kerekes and co-workers (7)(15)(16)(21 )-(25) has attempted
in a systematic way to address in part Page's 7th recommendation.

Central to this work is

the C-Factor concept in which the specific energy of refining E is decomposed

into the

number of impacts a fiber receives in the refining zone N, and the intensity of those
impacts I.
E=Nxl

and if P is the net power input, F is the fiber mass flow then C (or C. Factor) is defined
as the capacity of the refiner to inflict impacts and we have:
N = C/F and I = P/C

I refers to some form of cyclic deformation imposed on the fiber by bar crossings.

[

Cutting

I
Fibrillation

N
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We see from the above diagram (as given by Kerekes) that the same amount of energy
can be imparted to the fibers in many different ways. At one extreme we have a small
number of impacts at high intensity which leads to cutting, and at the other extreme a
large number of impacts of high intensity which leads to fibrillation.

Kerekes (15) has attempted to rigorously derive C-Factor, and the key issue is associated
with the number of impacts a fiber is likely to receive as it pass through the refiner.

F'T D
pulp fiber length 1 t..J'"l...I'"

_

t2_T
I

Now N* is the number of impacts a fiber receives and M is the mass of the fiber and the
rate of impacts is dN*/dt and is proportional to the product nix n2 x cowhere n_, n2, and
to are respectively the number of bars on the rotor, stator, and the angular velocity of the
rotor with respect to the stator. The correct estimate of the proportionality

factor is,

according to Kerekes, a crucial assumption of the analysis, and is estimated according to
the probability of fiber contact with the leading edge of the bar, which is given by I/(l + D
+ T).

Several cases involving fiber length and bar geometry were considered by Kerekes.

Now

the number of impacts per unit time on a fiber are given by:

dN*/dt- [I/(l + D + T)] x [//2m'] x [nln2to]

Case 1' (D + T) << I i.e.bar depth and clearance are small compared with fiber length.

lOO

Project
F024

Status
Report

Case 2' (D + T) << l and I = (W + G), i.e., only one impact at a time on a fiber from the
bar of the opposing plate - dN*/dt = n2to]

Case 3' (D + T) >> I i..e., bar depth and clearance large compared with fiber length dN*/dt -/2nln2 tat2_r (D + T)

C-Factor analysis is perhaps the most rigorous and comprehensive

theory developed to

date, and in essence builds on the theories or models of Brecht (17), Danforth (18), Rihs
(19), and Lumianen (20). It has been applied to a variety of milner geometry's

including

disk, conical, and the PFI mill.

The C-factor is ultimately a function of plate geometry (bar width, depth, length, angle,
and edge geometry), speed, consistency,

fiber length, and coarseness.

The structure of the fiber is modified by a fatigue process, i.e., the average number of
impacts the fiber receives in the refiner N, with a certainly level of intensity I as already
stated. Cutting and fibrillation are treatments identified at the extremes of the treatment
envelope.

What other effects, as discussed earlier, are present, and what happens between

these extremes has yet to be identified.

Refining action is concemed with how to efficiently and effectively impart changes to
the fiber to improve its papermaking and product quality characteristics.

If for the

moment we limit our discussion to bar type refiners, e.g., disk, conical, a variety of
mechanical stresses are applied to the fiber either directly or indirectly.
include: shear, compressive,

tensile, friction, and ploughing.

These stresses

By direct we mean the

individual fibers would be receiving one or more of these stresses, whereas indirect
would mean that the floc would be subjected to one or more of these stresses.

It is also

possible that fibers may be specifically oriented, as in a network to receive fiber
treatment.
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It is perhaps surprising when we consider the size of the softwood fiber, 2 to 3 mm
length, 50 gm in width, that the moving elements of most refiners or beaters are large by
comparison, i.e., 10 to 20 mm bar width. However, disk refiners do not in general act on
individual fibers, but rather on fiber flocs which are very prevalent in the consistency
range associated with ref'ming, i.e., 3 to 7%. It is through these flocs, which are subjected
to the above stresses, that the individual fibers receive their treatment.
'also involved in the prediction and measurement

Kerekes's group is

of stresses that are applied to fiber flocs

(21)-(25).

Steenberg's

refining concepts involving grinding and ore milling (26)-(28) 'also appear to

be relevant to disk refining. In Figure 1we see how the gap or clearance in a milner varies
with the time the material is being treated. In the control situation A the gap will
decrease with time, however, if either long fiber B or fines C are added the gap will
respectively increase or decrease.

In case C presumably the decrease in gap would be

equiv',dent to some point on curve A at the same total equivalent fines content? In case D
polyethylene

oxide is added which dramatically

decreases the gap. This behavior

might

be interpreted as a change in the rheology of the stock, i.e., its effective viscosity; and/or
as Steenberg argues, be related to the condition of the stock, i.e., does it ooze or
consolidate as shown in Figure 1 In an oozing flow regime it would be difficult to refine
the fibers, while in the consolidation flow regime the flocked fibers would be treated at a
consistency higher than that going into the milner.

Interestingly, Steenberg (28) shows

that a roughened surface, e.g. grooves, is necessary to promote the consolidation

Experimental

phase.

Refiners

Disk refining the main means of fiber treatment in the paper industry is a complex
process.

Whether there will be a paradigm shift to a completely different method of

refining remains to be seen. In the meantime there has been a significant effort to
improve the disk milner, at least as is indicated by the patent literature. How much
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control in terms of ref'ming action, and concomitantly

changes in fiber structure we can

ultimately exercise remains to be determined.

A number of novel attempts have been made to refine fibers, some of which have been
designed to produce a specific refining action or change in fiber structure.
shall see include viScometric-rheological
porous devices.

These as we

type devices, ultrasonic methods, abrasive and

Specialized production equipment

has also been developed to produce

more specific changes in fiber structure, including high consistency devices such as the
Chemif'mer (29) and Frotapulper

(30) to produce kinked, curled, and microcompressed

fibers. At the other extreme homogenizers

(31) have used to produce microfirillated

cellulose (essentially fines).

A selection of these devices are shown in Figures 2, 3, 4, 6, 7, 8. The "Shear Refiner"
(32) shown in Figure 2 was designed to measure the rheology associated with refining in
a shear field, the energy consumed, and treatment of enough pulp to make handsheets and
evaluate the refining action.

One critical question was whether turbulent flow was

necessary for effective refining.

As Figure 2 illustrates the flow in the annulus of the

shear refiner was laminar, furthermore,

the energy consumption

than a disk refiner at the same level of slowness.

was considerably

greater

In retrospect one reason for this might

be due to the use of a fixed gap, i.e., constant clearance in the annulus. Strength
properties were developed, but the performance was not equal to that of the Valley beater
(32).

The roll ref'mer Figure 3 was developed by Hartman (33) as a means to produce internal
fibrillation in the fiber structure. In addition he also sought to determine the added influence
of frees, and external fibrillation.
fibrillation

The roll refiner was quite successful at producing internal

as evidenced by transmission

electron photomicrographs

of treated fibers. Roll

refined pulp showed no drop in freeness, although there was an increase in water retention
value WRV.

When compared with valley beating the roll refining of fibers resulted in

handsheets with lower tensile strength when compared at constant apparent density. A 16%
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£mes addition at two levels of Roll Refuting resulted in a strength improvement

'almost

equal to that produced by the valley beater.

External fibrillation was produced in an abrasion ref'mer developed by Higgins (33) a
schematic of which is shown in Figure 4. Hamnan found that roll refining followed by
abrasion refining resulted in only an increase in density without a concomitant increase in
strength.

It is possible that drying effects and pulp type (sulfite) were responsible for the

lack of strength improvement.

An interesting finding in Hartman's thesis (34) was a comparison of the energy consumption
of roll refining and disk refining as shown in Figure 5. It is seen that roll refining reaches a
strength plateau around 40 kwh/t (1.24 HPD/T) while disk refining continues to improve
strength beyond roll refining, consuming around 400 kwh/t (12.4) HPD/T. It is speculated
that internal fibrillation for the roll refiner is close to being over 90% homogeneous,
whereas the disk milner, which was producing a variety of effects, e.g., intemal fibrillation,
frees production etc., was much less homogeneous.

Biasca"s thesis (35) was focussed on internal changes in fiber structure and he developed a
bending refiner, shown in Figure 6 as a means to flex fibers. He also repeated some of the
roll refining experiments

of Hartmann.

Biasca found that refining action in the bending ref'mer was in some ways different to that
produced by the roll ref'mer. For example out-of-plane modulus was significantly increased
with the bending milner over other methods of refining.

However, the roll refiner gave a

better performance than the bending milner with respect to in-plane elastic properties.

What methods produce changes in the external structure of the fiber, i.e., external
fibrillation?

We have already mention the abrasion ref'mer developed by Higgins (33).

Interestingly, if both surfaces of the apparatus shown in Figure 4 are smooth no significant
refining action takes place, i.e., the shear stresses are not affectively transmitted to the fiber
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Grit size was found to play an important role. However, the pulps were dried

prior to refining for the purpose of consistency control, since only small amounts of fiber
were processed, and therefore the extent to which the findings can be generalized is limited.

Cumpston (36) used abraisive grit to generate gelatinized fiber surfaces by fiber-particle
interaction. The use of abrasive surfaces and abrasive particles have also appeared in the
patent literature.

Presumably fiber-fiber interaction will also result in extemfl fibrillation.

It is likely that methods to promote external fibrillation will also result in fines generation.
The relative importance of external fibrillation in the refining of chemical pulps has not yet
been established in the opinion of this reviewer.

Secondary fines generated by refining, i.e., material passing through a 200 mesh screen, can
be generated by a variety of methods.

At one extreme is the production of microfibriUated

cellulose from softwood fibers using an homogenizer (31), as shown in Figure 7. There has
recently been a flurry of activity in understanding

the behavior of f'mes, particularly in the

area of recycling (37)-(39).

As demonstrated by Hartman (33) and other researchers (37)-(39), f'mes can have a
significant impact on many paper properties.
removal are adversely 'affected.

The down side is that drainage and water

Drying generally has a negative impact on fines

contributio n to a number of paper properties (38).

Disk refining is currently central to real world papermaking as mentioned earlier.

It is

therefore not surprising that considerable effort has been expended to better understand this
process, and has been the subject of earlier reviews.

More recently Kerekes and his

coworkers have further contributed to our understanding of this process (7)(21)-(25).

One

focus of their research is to predict and measure the stresses involved in refining.

How

these stresses alter the structure of the fiber and the extent to which they can be controlled
has yet to be detetTnined.

Nevertheless, their results to date are quite impressive and

represent a step forward in refining research.
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Silvy and his colleagues in ongoing research are viewing the refiner as a viscometer (41))(42) in a manner reminiscent of the earlier work of Steenberg (43) and Waterhouse (32). A
schematic of their refiner-viscometer

is shown in Figure 8. Their findings indicate that pulp

behaves as a shear thinning fluid, i.e., that as refining progresses effective viscosity
decreases as shear rate increases, and fiber length decreases.

The optimum properties are

produced at constant load and with minimum energy consumption.

In the consistency range

of 2.5 to 5.0% effective viscosity is correlated with consistency, WRV, SR (schopper
reigler, shear rate, and geometry).

Homogeneity

of Refining

One of the major differences between laboratory refining and production ref'ming is the
homogeneity of treatment. Hietenan (6) in Appendix II of her thesis examines this problem
and as others have concluded finds that flocs can pass through the milner and be untreated.

The Refining Characteristics

of Different Pulp Types

It is well recognized that species, pulp type and bleaching process, and the relative amounts
of thick and thin walled fibers can affect refining.

Work in progress on genetic

modifications, changes in pulping and bleaching, and enzyme use are 'all likely to impact
refining.

The viscoelastic-plastic

behavior of wood and wood fibers is considered to be

particularly important in mechanical pulping and the ref'ming of mechanical pulps in regard
to fiber separation, changes in fiber structure, and energy consumption (44)-(46).

Cellulose may be viewed as a semicrystalline material consisting of crystalline (ordered)
and amorphous (less ordered) regions.

Hemicellulose and the disordered regions of the

cellulose chain contribute to the amorphous content and are important with respect to their
association with water. Lignin when present is another amorphous polymer.
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Page (47) has suggested that differences in the beatability and refining action of kd'aftand
sulfite pulps is due to differences in their viscoelastic behavior. As shown in Table 1 beating
time increases as one progresses from an acid sulfite to a kraft pulp, and is attributed by
Page to an increase in the amorphous content of the pulp.
Table1 Beatin

to45° SR for a 50%YieldS
PULPTYPE

Pul_(47).

BEATINGTIME MINS.

Acid
Sulfite

23

Bisulfite

25

Bisulfite-carbonate

51

Kraft

85

The differences in beating time shown in Table 1 may well be attributable to differences in
their viscoelastic behavior. However, this may not be the fundamental

reason and this issue

requires further attention if a pulps response to ref'ming is to be better understood.

With regard to pulp characterization

it may be useful, in addition to monitoring the

characteristics mention above, i.e., species etc., to measure the % crystallinity as proposed
by Salmen (). He defined it as measured by x-ray diffraction as follows:

integrated intensity of crystalline peaks
% crystallinity =int egrated intensity of both crystalline & amorphous peaks

papermaking

Behavior.- Water Removal

A stated in the objective we are particularly concemed with the impact of refining on paper
machine mnnability and paper properties.
and productivity

Water removal is central to machine mnnability

'affecting drainage, wet pressing, and drying.
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Prediction of a refined pulp's drainage characteristics

is potentially the most problematic.

since wet end chemistry, retention, forming fabrics, and table activity can make predictions
made on the thick stock seem irrelevant.

Nevertheless, we will focus on changes in

drainage behavior occurring after refimng, and hopefully they can be successfully integrated
into models of drainage on the papermachine.

Rapid measures of drainage include CSF, SR, and Williams SloWness. Many regard these
measurements as being useless, in spite of the efforts to better understand them (49),(50).
More fundamental measurements of drainage include filtration resistance, and its resolution
into specific surface area and volume when mat compressibility

behavior has been

determined (51).

How the various changes in fiber structure impact these various drainage measurements is
imperfectly understood.

We have seen at one extreme that internal changes in fiber

structure can occur with no impact on CSF, while at the other extreme fines because of their
largesurfacearea can dominateCSF andotherdrainagemeasurements.
{

Once the web structure has been established water removal and web consolidation
wet press is the next important papermaking step to be considered.
fiber water removal occur in the press section. I_vins

in the

Both intra and inter

and ScaUan (52) have proposed that

fiber saturation point (determined by the solute exclusion) be used as a measure of water
removal in the press section.

Stratton found that whereas hydrodynamic specific surface

area did not correlate with water removal in the wet press, hydrodynamic specific volume
did.

However, in processes such as impulse drying, measurement

of hydrodynamic

specific

surface of the web after pressing is an important parameter in relatingto, and avoiding web
delamination.
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Impact of Refi_ng

on PaperProperties

Basic paper properties fall into three categories namely structure, bulk, and surface
properties, examples of which are given below.

*

STRUCTURE

- Apparent density, R.B.A., and formation

*

BULK - Elastic properties, strength, permeability, and optical properties.

*

SURFACE-

Roughness, strength, pore structure.

A number of models have been established for predicting both elastic and strength
properties (53)-(55), however, their relationship to changes in fiber structure produced by
ref'ming is still imperfectly understood.
for understanding

the effects of refining.

Patent Literature

1976-1996

Nevertheless,

the models do provide a good basis

Patent literature has a variety of functions in addition to protection of intellectual property
rights. It is a valuable source of information not readily available in textbooks or papers, as
well as providing some sense of activity and areas of focus in a given field. Of course not
everyone

reveals their creativity

in patents.

The majority

of patents document

improvements

in a concept e.g. tape recorders, golf ball retrievers, disk refiners; and yet the

improvements

and the claims which are their true basis, should not be obvious to one

skilled in the art. In refining we will see that patent activity has been most productive in the
field of disk refining.

Like an automobile disk refiners are better engineered today, but

without any radical change in concept, e.g., vacuum tube to transistor.

This is not an exhaustive patent search but hopefully we have not missed significant ones.
We have also been very selective in our area of interest with the focus being on new or
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radical concepts in refining or refining action.

In addition we have gained a limited

perspective of international activity in the field of refining.

The patent search strategy found that the total number ofpatents in the time period is 1650,
and was reduced' to just over 1000 by discarding areas which were not of immediate
interest. From a general inspection of the abstracts associated with the selected patents
further sub-categories of refining activity have been defined as shown in Table 2.

Table 2 Categories of Patent Activity in Refining

Refining Action
Uniformity of Refining
Plate or Tackle Design
Energy Reduction
Refiner Control
Plate Materials
Novel concepts of Refining
Additives
Plate clearance control
High consistency refining
Abrasive materials
Steam flow
Inlet flow uniformity
Fractionation
Acoustic and ultrasonic wave generation
Other ...............
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Worldwide patent activity in the above categories is shown in Figure 9. A surge of activity
is noted in 1980 and again in 1988. Could another surge of activity be on the horizon 'after
the low in 19967 Patent activity over the time period is further broken down into the major
contributors USA, Russia and USSR, Japan, Germany, France, and Canada, and the total
contributions are shown in Figures 10 and 11 respectively.
countries have been the USA and Canada.

We see that the most active

Surprisingly, Russia and the USSR have been

the most productive.

In the time and space available it is not possible to review all of the patents, however, we
have tried to select those patents that are most directly concerned with refining action
mainly in the area of chemical pulp reftning.

[*Please note that this section is incomplete]

The Future of Refin'mg

One can envisage two extremes, at one extreme is a radical new concept of refining, and at
the other no refining is required at all!

The latter may be brought about by genetic

engineering, enzyme and chemical treatments, and better blending of raw maten'als.
latter option may simplify the papermaking

The

process and even save energy. Efforts to

improve refining will probably continue from both ends of the spectrum in order to satisfy
current and future needs.
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AND PULP CHARACTERIZATION

of the literature, personal experience and knowledge,

input from stakeholders,

colleagues, and future needs forums, are possible sources from which to formulate future
areas of research in ref'ming and related fiber characterization.

Perhaps the needs are best

stated as questions to be answered, examples of which are given below.

1. How readily (energy, refining strategy,...) do pulps (softwoods, hardwoods, yield, pulp
type, ...) respond to refining treatment to produce desirable changes in fiber structure?

2. What types and levels of cyclic stresses are required to produce certain types of
changes in fiber structure?

3. How does the refining treatment of floc structures compare with the treatment of
individual fibers?

4. Why is the refining process so inefficient?

5. What role, if any, does local water movement, e.g., local floc dewatering, play in the
refining process.

6. Are there effective separation or fractionation

strategies, e.g., fiber treatment,

earlywood and latewood separation, which might improve energy utilization and control
of the refining process.

7. Of what importance is homogeneity of refining treatment and how can it be measured
and controlled?
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8. What are
necessaryto
. the minimum numberof direct (or indirect) measurements
characterizerefining andensurethe correctbalancebetweenpapermachineproductivity
andpaperproductproperties?
9. What are the consequences
of refining for furnishesinvolving recycledfiber?
10.

.

What is needed to more accurately control refining action in a refiner?
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OBJECTIVE

This project is focused on the fundamentals of paper stiffness measurement
ZD and in-plane stiffnesses to on-machine process parameters.
develop commercially

viable sensors and instrumentation

and the relationships of

It supplements the project to

capable of measuring the velocity of

ultrasound in the in-plane and thickness directions of _e paper web as it is being made on the paper
machine.

SUMMARY

In-plane and thickness-direction

(ZD) ultrasonic velocity measurements

and basis weight

measurements are made at cross-direction (CD) intervals as small as 1 millimeter on CD strips in
the laboratory.

These measurements

properties of typical machine-made

are repeatable and show large short-range variations in the
paper samples.

Evaluation of the potential relationships

measured short-range variations in CD strip properties to the nonuniformities,

of the

streaks, and "dry-

line fingers" observed on the forming table (Aidun, 1996) continues.

Various measurement

and correlation techniques

between the ultrasonic velocity measurements
Crash (RC) and short-span compression
Ring Crash demonstrated

have been examined to determine relationships

and compressive

a correlation of R=0.90 for CD linerboard samples.

are observed.

[Ring

(STFI)]. Ultrasonic elastic stiffness measurements vs. CD

improved only slightly when the ZD data was included.
measurement

strength measurements

The correlation was

Fairly large variations in ZD

However, the in-plane values are nearly an order of magnitude

greater than the ZD values and are dominant in the calculations.
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good relationships

with Ring Crush can be obtained using only the in-plane ultrasonic

velocity measurements.

The sensitivity of ZD and in-plane ultrasonic measurements
some samples made on a pilot machine was evaluated.
are significantly

to wet pressing and calendering for

It is apparent that the ZD measurements

more sensitive to these process changes than are the in-plane measurements.

This suggests that on-machine

ZD measurements

may also be more sensitive to certain process

changes.
GOALS

Establish procedure to deal with the large short-range variations in basis weight and fiber
orientation when relating STFI and Ring Crush to in-plane and ZD ultrasonic velocity
measurements.

Determine whether dry line variations coincide with in-plane and ZD ultrasonic velocity
variations observed in CD strips.

Determine relationships
compressive

between in-plane and ZD ultrasonic velocity measurements

strength measurements

and

(Ring Crash and STFI) for samples that include deliberate

process changes, e.g., refining, wet pressing, wet straining, and calendering.

Determine the

sensitivity of the correlation to the ZD data.

DISCUSSION

OF MEASUREMENTS

Review

In a study reported by William Whitsitt in 1985 (Whitsitt, 1985), the following regression
equation was developed using liner samples of several weights from various sources:
CD Ring Crush = a Eyt °'75Ezt°'25+ bEx t°'?5Ez t°'25+ c
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Using the same stiffness functions and the CD data taken at 2-inch intervals on a CD strip of
180g.m 2, we determined the regression equation and obtained an R = 0.815. Whitsitt suggested
smoothing the data somewhat in view of the short-range variability.

Each point was averaged

with its adjacent neighbors (average of 3) and the resulting regression equation gave an R =
0.903.

The CD data was also examined using correlation based upon linear combinations
·

extensional

.

of the

stiffnesses'

Eyt = (VcD)2. BW; Ext = (VMi))2. BW; Ezt = (VzD)2. BW
Again averaging each point with its adjacent neighbors (average of 3) and the regression
equation gave an R essentially the same as that obtained using Equation 1. The correlation is
improved only slightly when the ZD data is included.

Fairly large variations in ZD measurement

are observed; however, the in-plane values are nearly an order of magnitude greater than the ZD
vflues and are dominant in the calculations.
relationships

It appears that for a CD strip, reasonable good

with Ring Crush can be obtained using only the in-plane ultrasonic velocity

measurements.

ZD ultrasonic velocities are expected to respond in particular to refining, consistency,
pressing, wet straining, and calendering.

None of these parameters should vary within a

particular CD strip. It is anticipated that ZD measurements
plane ultrasonic measurements

wet

may be more sensitive than the in-

to these process parameters.

High Resolution Measurements

In-plane and thickness-direction
weight measurements

(ZD) ultrasonic velocity measurements

and high resolution basis

show large short-range variations in the properties of typical machine-made

paper. In-plane measurements

can be made on cross-direction (CD) strips at intervals as small as 1

millimeter.

The transit time and velocity of _trasound

in the thickness direction (ZD) are measured by

mounting CD strips spliced as part of a 12-meter belt on the IPST web handling system.
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transducers mounted in fluid-filled wheels, the transit time of ultrasound through the thickness of
the paper can be determined 50 times a second. This provides a reading at 5-millimeter intervals
for a sample moving at 15 meters per minute.

Hardware and software have been developed to collect measurement

data at a high sampling rate

directly from the sensors in an AccuRay(g) 1190 TM System with the Smart Platform

TM

1200 that

is installed on the IPST web handling system. For a web moving at approximately

15 meters per

minute, the basis weight sampling rate may be sufficient to provide readings at web increments
less than 1 millimeter.

High Resolution in-Plane Ultrasonic Measurements

In-plane measurements on CD strips made at 5- or 10- cm intervals have been presented previously.
However, with the interest in short-range variations of cross-machine properties, the possibility of
making higher resolution in-plane measurements

was examined.

Direct measurement

of the CD

longitudinal velocity would require a transducer spacing of several centimeters, thus limiting the
resolutions of short-range variations.

However, if one uses the relationship (Baum, et al., 1981)

(VsH)
2=0.387
(VMr))(Vcr)),

(2)

it is only necessary to measure the MD longitudinal velocity (VMI)) and the shear velocity (VsH) to
determine a value for the CD longitudinal velocity (Vcr)). Because the shear velocity (VsH) is the
same whether measured in CD or MD, both the longitudinal velocity and the shear velocity are
measured in the MD, and the CD longitudinal velocity is calculated using the above relationship,

Vcr) = 2.58 (Vsi4)2Nnv.

(3)

The IPST robot for in-plane measurements can be programmed to align the transducer pair in the
MD and increment the position of the transducers in steps as small as 1 millimeter along the CD of
a CD strip. Figure 1 presents MD specific stiffness data for a segment of a CD strip determined by
measuring the MD longitudinal

velocity at 1-millimeter intervals by this procedure.
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The application of Equation 3 is presented in Figure 2. MD longitudinal velocity and MD shear
velocity were measured at 2-millimeter intervals along an entire CD strip of 80 g/m 2 kraft.

The

CD longitudinal velocity was calculated using Equation 3. Data are presented in Figure 2 for a
1-meter segment of this CD strip. The MD longitudinal

velocity measurements

at 2-millimeter

intervals along the CD strip were repeated. These data are also plotted in Figure 2 to
demonstrate

the repeatability

of the MD velocity measurements.
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High Resolution

ZD Ultrasonic

Measurements

The transit time and velocity of ultrasound in the thickness direction (ZD) are measured by
mounting CD strips on the IPST web handling system. Using transducers mounted in fluid-filled
wheels, the transit time of ultrasound through the thickness of the paper can be determined.
Figure 3 shows the ZD ultrasonic transit time for a CD strip of 205 g/m 2 liner. The 6.6-meter CD
strip was spliced with other paper to make a continuous loop 12 meters in length. The transit
time was recorded 50 times a second. With the web moving at 15 meters per minute (25
cm/second), a reading is obtained every 5 millimeters. Figure 3 presents data recorded in this
way for two passes of the CD strip. The time scale in nanoseconds for Pass gl (the upper plot) is
on the left, zu_dthe time scale for Pass #2 (the lower plot) is on the right. The plots are offset to
enable one to visually judge the repeatability.
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To further demonstrate

the repeatability

of the measurements,

Figure 4 presents the comparison

of Pass #1 and Pass #2 for a 24-cm section of _e CD strip using the segment of the data ending
at the 100-cm mark of Figure 3.
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Figure 3. ZD ultrasonic transit time for a CD strip of 205 g/m 2 liner. The time scale for Pass # 1 (the upper plot) is
on the left, and the time scale for Pass #2 (the lower plot) is on the right. The plots are offset for visual
comparison.

650

..........................................................................................................................................................................................................................................................
[ o
Pass
#1 l..................

_
=

...................................................................................................................................................................................
[--o'iPass #21..............................
600

o
om

r_

550_.

_

ga

500
450

....
0.0

I
4.0

.
8.0

.
12.0

I

t ....
16.0

t '
20.0

I

,
24.0

Cross-Strip Offset (cm)
Figure 4. ZD ultrasonic transit time measurements over a 24-cm section of a 205 g/m 2 liner CD strip. Comparison
of two passes to illustrate repeatability.

137

Project
F007

Status
Report

High Resolution Basis Weight Measurement
Hardware and software have been developed to collect measurement

data at a high sampling rate

directly from the sensors in the AccuRay® 1190 TM System with a Smart Platform

TM

1200 that is

installed on the IPST web handling system. CD strips or smaller samples may be spliced as part
of a 12-meter belt on the web handler for high resolution measurement.
approximately

For a web moving at

15 meters per minute, the basis weight sampling rate may be sufficient to provide

readings at web increments less than 1 millimeter.

As an example, Figure 5 presents basis

weight data for a 60-cm section of a CD strip at a resolution of 13 points/cm.
2O0

190

180

170

..............................

160

Centimters

Figure

5. Basis weight

of 60-cm

section

of a CD strip at a resolution

of 13 points/cm.

Effects of Wet Pressing and Calendering
The ZD wheels mounted on the test stand in the laboratory were used to collect data for each of
the four paper rolls prepared from the pilot machine runs at Herty on March 28 & 29, 1996. The
transit time of the ZD ultrasonic signal through the paper was determined with the ZD wheels
and the grammage (basis weight) and caliper were measured with the ABB sensors.

The effect of wet pressing and calendering on ZD properties are of particular interest.
combinations

The four

of these conditions for each of the three basis weights are collected in the plots
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included at the end of this report. One plot shows the effects on caliper and ZD velocity
(=caliper/transit time) and the other plot shows the effects on acoustic impedance, Z
(=grammage/transit time). Each point on the plots represents the average of 1000 measurements.
The -\+ symbols indicate whether the wet pressing \ calendering were high or low for the
associated data.

The following table presents the process conditions and an average of the measured values for
each process condition presented in the attached plots. In addition to the measured values of
grammage, caliper, and ZD transit time, the ZD velocity (=caliper/transit time) and the acoustic
impedance, Z (=grammage/transit time) are presented in the table. The table also includes the
CD velocity and the MD velocity measured on cut samples with the IPST robot.
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+
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+

i
!

+ 294.0

Gram
mage
g/m^2

Imped
ZD
CD
MD
ance
Vel !Vel
Vel
BW/t km/sec km/sec km/sec

130.4
129.5
130.6
129.8
162.9
159.4
158.1
165.6
208.9
204.8
199.4

282.1
243.1
336.0
271.7
303.6
251.2
354.0
287.3
221.3
219.4
295.0

0.517
0.385
0.587
0.412
0.530
0.373
0.593
0.400
0.407
0.324
0.523

0.803 1 201.5

250.9

0.368 2.125 2.831

2.291
2.368
2.321
2.332
2.373
2.298
2.406
2.271
2.247
2.089
2.243

In order to evaluate the sensitivity of the ZD and in-plane ultrasonic measurements
pressing and calendering,
were then normalized.

to wet

the ultrasonic velocities were squared and these specific stillnesses

These data are presented in a plot at the end of this report together with

an indication of the high and low conditions of wet pressing and calendering.
the ZD measurements

3.305
3.373
3.338
3.303
3.323
3.209
3.358
3.262
3.057
2.840
2.946

It is apparent that

are significantly more sensitive to these process changes than are the in-

plane measurements.
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Strips several feet long and 7 inches wide were cut from each of the 31 sections of the four rolls
prepared at Herty. In-plane and ZD ultrasonic velocities were recorded for each of these strips.
Samples punched from these strips were weighed for determining
determine Ring Crash and STFI.

basis weight and then used to

CD and MD Ring Crash and CD and MD STFI have been

determined for each of the 31 sections. The correlation relationships
applied to this data. Again the relationships

reviewed previously were

of the ultrasonic data with Ring Crash and STFI

were only slightly improved when the ZD data was included.

Another project at IPST has prepared several hundred samples on the Formette and then impulse
dried them under various conditions.

In-plane and ZD ultrasonic velocities have been recorded

for each of these samples. As part of the project the samples are weighed for determining basis
weight and then cut appropriately to determine CD and MD Ring Crush, and CD and MD STFI.
The evaluation of various combinations

of the ultrasonic velocity measurements

with the

measured data is incomplete.

TOWARD COMMERCIALIZATION

Background

The variations of the elastic stiffnesses of paper with refining, fiber orientation, wet pressing
pressure, wet straining (draws), and drying restraints have been studied and reported (Baum et al.,
1984; Habeger and Baum, 1986). These studies have demonstrated that elastic stiffnesses are
sensitive to changes in furnish and to changes in various process parameters.

Measurement

on the

paper machine of the elastic stiffnesses in both the in-plane and thickness directions along with
the basis weight, moisture, and caliper of the web should provide a means to continuously monitor
product quality and to control the paper manufacturing

process. This will enable more effective use

of raw materials and minimize waste of energy while producing products with improved uniformity
and performance.

The instrumentation

should be applicable to most grades of paper, but will be particularly beneficial

to the heavier weight grades, packaging paper and paperboard, because "strength" properties are of
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primary importance for these products. Energy waste is avoided by minimizing the amount of
substandard production which must be repulped and remanufactured.

F_er

energy savings result

from optimum utilization of energy intensive processes, such as refining and drying (Lantz and
Chase, 1988), and from efficiency improvement in subsequent converting processes as a result of
product uniformity.

It requires the equivalent of approximately 30 million Btu/ton to produce pulp and then paper from
wood. Refining and papermaking

or repulping and remanufacture require about 13.5 million

Btu/ton. The electrical usage for repulping and paper machine operation is approximately 520 kwh
per ton. With approximately

10,500 Btu required to produce one kwh of electrical energy, the

electrical usage is equivalent to about 5.5 million Btu/ton. In addition, steam usage by the paper
machine for drying is approximately 8 million Btu/ton. Thus, a 1000-ton/day machine producing
350,000 ton/year uses 4.725 trillion Btu/year. For each 1% of production that is substandard and
reprocessed at 13.5 million Btu/ton, the 1000-ton/day machine wastes 47.25 billion Btu/year.
Substandard production may be as high as 5 percent. Assuming this technology will reduce
substandard production by 2% (e.g., to 3% rather than 5%); the energy saving would be 94.5 billion
Btu/year or $378,000 (_ $4/million Btu) annually for the 1000-ton/day machine..

Refining requires approximately 200 kWh/ton or 2.1 million Btu/ton (1 kwh = 10,500 Bm). For a
1000-ton/day machine, the annual energy usage for refining is approximately 70.0 million kwh or
735 billion Btu. Assuming the optimization of refining could reduce the energy required by 10%,
this would be equivalent to a savings of 73.5 billion Bm or $294,000 annually.

By decreasing refining, the web produced dewaters more readily, requiring less steam for drying.
The steam required for drying is equivalent to approximately 8 million Btu/ton, or 2.8 trillion
Btu/year for a 1000-ton/day machine. If the moisture of the paper entering the dryer is reduced by
1.0%, the dryer steam required would be reduced by about 3%. This would save an additional 84
billion Btu/year or $336,000 annually.
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Summary for a 1000-ton/day paper machine:
Annual Energy Use = 4.725 trillion Btu = $18,900,000 _ $4/million Btu
Reprocessing savings:
*

Electricity

38.5 billion Btu

*

Steam

56.0billionBtu

Total reprocessing savings

94.5 billion Btu

= $378,000

73.5billionBtu

= $294,000

84.0billionBtu

= $336,000

Refining savings:
*

Electricity

Drying savings:
*

Steam

Total potential savings for 1000-ton/day machine:
*

Electricity

112.0billionBtu

= $448,000

*

Steam

140.0billionBtu

= $560,000

$4/million Btu

= $1,008,000

Total savings/year

252 billion Btu/year

= 5.3%

Additional benefits of the technology are difficult to quantify. The ability to control to stiffness
targets not only minimizes energy waste, but also provides the potential environmental

benefit of

using fewer trees. The specified "strength" for some products would be achieved with less pulp,
and more recycled fiber would be used. The paper manufacturer would be able to monitor the
effect of recycled fiber utilization on product quality and thus could use higher percentages of
recycled fiber with confidence that the product remains within specifications.

Minimizing
consequential

the need to repulp and remanufacture
benefits to the environment.

reduces water utilization and provides

An additional waste that is difficult to quantify is the

"waste" of fiber quality that occurs each time the fibers are dried and rewet. This type of waste is
avoided by making quality paper the first time through the paper machine.
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Commercialization

Status

The Institute has a Cooperative Agreement with the U.S. Department of Energy's Office of
Industrial Technologies
commercialize
linerboard.

(DOE-OIT) for a development

and demonstration

project to

on-line ultrasonic velocity, sensors. The initial target for this application is

The project includes the implementation

of two pilot-scale prototypes and a full-

scale production system with the ability to measure both in-plane and out-of-plane
·

ultrasonic

.

(ZD)

velocity.

The ultimate objective is to provide real-time data for improved control of the papermaking
process.

Extensive on-machine testing and performance demonstration

is anticipated as a

requirement to gain acceptance by the paper industry.

IPST is prime contractor with cost-share participation
Columbus,

Ohio, the Herty Foundation,

by ABB Industrial Systems Inc.,

Savannah, Georgia, and the Georgia-Pacific

Cedar

Springs Mill. We are in the third year of the proposed 4-year development and testing program.

An AccuRay(g) 1190 TM System with a Smart Platform

TM

1200 has been installed on the web

handling system in the laboratory at IPST. A similar system is being installed on a pilot machine
at the Herty Foundation.

A similar system has been shipped to the Georgia-Pacific

Cedar

Springs Mill and will be installed on their paper machine #1 which produces linerboard.
sensor carriage on the scanner contains state-of-the-art

The

basis weight, moisture, temperature,

caliper sensors. The in-plane and ZD ultrasonic velocity sensors will be added after system
startup.
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