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TO: MEMBERS OF THE PAPER PHYSICS PROJECT ADVISORY COMMITTEE '

Attached for your review are the Status Reports for the projects to be discussed at the
Paper Physics Project Advisory Committee meeting. The Program Review is scheduled
for Tuesday, March 23, 1998, at 8'00 a.m. - 5:00 p.m. and the PAC Committee Meeting
will be held on Wednesday, March 24, 1999 from 8:00 a.m. to 12:00 p.m.

Please note that the meeting is being held at the Institute of Paper Science and
Technology.

We look forward to seeing you at this time.

JZ
John Waterhouse

Acting Director
Fiber and Paper Physics Division
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PAPER PHYSICS
PROJECT ADVISORY COMMITTEE MEETING

MARCH 23, 1999

Institute of Paper Science and Technology
Atlanta, Georgia

PROGRAM REVIEW AGENDA

Seminar Room

8:00 a.m. - 8:20 a.m. Opening Remarks and Antitrust Statement John Waterhouse
& Doeung Choi

8:20 a.m.- 8:40 a.m. Welcome from the Vice President of Research Gary Baum

Dimensional Stability and Creep

8:40 a.m.- 9:30 a.m. Project F020 Fundamentals of Dimensional Doug Coffin
' Stability

9:30 a.m.- 10:20 a.m. Project F026 Fundamentals of Accelerated Creep Chuck Habeger

10:20 a.m.- 10:35 a.m. Break

10:35 a.m.- 11:10 a.m. Liquid/Substrate Interactions Wayne Robbins

Micromechanics, Refining and Bonding

11'10 a.m.- 12:00 p.m. Project F023 Fundamentals of Micromechanics Martin Ostoja-
ofFiberNetworks Starzewski

12:00 p.m. - 12:30 p.m. Lunch

12:30 p.m.- 1:20 p.m. Project F024 Improvingthe Refining of Chemical John Waterhouse
Pulps

1:20 p.m.- 2:10 p.m. Project F025 Fundamentals of Interfiber Bonding Hiroki Nanko

2:10 p.m.- 2:30 p.m. Break

Ultrasonics

2:30 p.m.- 3:20 p.m. Project F007 On-line Measurement of Paper Maclin Hall
Properties

3:20 p.m.- 4:10 p.m. Project F008 Fundamentals of Acoustic Pierre Brodeur
Radiation Pressure

4:10 p.m.- 5:00 p.m. Project F031 Paper Stiffness Versus Pierre Brodeur
Papermaking Variables





PAPER PHYSICS
PROJECT ADVISORY COMMITTEE MEETING

MARCH24, 1998

Institute of Paper Science and Technology
Atlanta, Georgia

COMMITTEE DISCUSSIONS AGENDA

Room 173

8:00 a.m. - 8:20 a.m.
· Antitrust Statement/Confidentiality Statements
· Next Meeting Date
· Review of Agenda

8:20 a.m. - 8:35 a.m.
· RAC Liaison's Overview of Research Lines/Roadmaps
· Research Lines/Roadmaps
· Research Ideas List
· Project Review Critique Forms

8:35 a.m.- 10:00 a.m.
· Subcommittee Discussions

Project F020 Dimensional Stability
Project F026 Accelerated Creep

Project F023 Micromechanics
Project F024 Fiber Properties
Project F025 Bonding

Project F007 On-line Measurement of Paper Properties
Project F008 Acoustic Radiation Pressure
Project F031 Paper Stiffness VS Papermaking Variables

10:00 a.m. - 12:00 p.m.
· Full Committee Discussion
· Close Meeting
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Project F007 3 Status Report

DUES-FUNDED PROJECT SUMMARY

Project Title: ON-LINE MEASUREMENTOF PAPER PROPERTIES
Project Code' ONLIN
Project Number: F007
PAC' Paper Physics
Division' Fiber and Paper Physics
Project Staff: Mac Hall, Ted Jackson, Andy Brown
FY98-99 Budget: $94,845
Allocated as Cost Share in CooperativeAgreement No. DE-FC02-95CDE41156
Time Allocation' 20%
Supporting Research:
RelatedExternal Funding has been provided by DOE/Officeof Industrial Technology

RESEARCH LINE/ROADMAP

10. Energy Performance

i2. Sensors and Process Control

PROJECT OBJECTIVE

This project focuses on the fundamentals of paper stiffness measurement using

ultrasonicsand the relationshipsof ZD and in-planestiffnesses to on-machine process

parameters. It supplements the CooperativeAgreement project to develop commercially

viable sensors and instrumentation capable of providing ultrasonic measurements in the

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

machine.

PROJECT BACKGROUND

The variations of the elastic stiffnesses of paper with refining, fiber orientation, wet

pressing pressure, wet straining (draws), and drying restraintshave 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 alongwith the basis weight,

moisture, and caliper of the web should providemeans to continuously monitor product

quality and data to control the paper manufacturing process.

Confidential Information - Not for Public Disclosure
(ForIPSTMemberCompany'sInternalUseOnly)



Project F007 4 Status Report

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 primary importance for these products.

The instrumentation has the potential of providing'

1) Improved First Quality

A. Quicker Grade Changes

B. Less Culls Due to CD "Strength" Variations

C. Less Downgraded Tonnage During the Run

2) Fiber Savings

A. Reduce Fiber Usage While Maintaining "Strength" Targets

B. Use Less Expensive Fiber Sources While Maintaining "Strength" Targets

C. Reduce Ring Crush Variability Creating Opportunity to Operate at Lower Ring

Crush Targets

3) Energy Savings

A. Minimize Refiner Loads While Maintaining "Strength" Targets

B. Reduce Total Steam Requirements Through Better Drainage and Less Fiber to

Dry

4) Increased Production

A. Increase Machine Speed while Maintaining "Strength" Targets

A 1000-tpdmachine producing 350,000-tpy uses approximately4.725 trillion Btu/year.

For each 1% of production that is substandard and reprocessed at 13.5 million Btu/ton,

the 1000-tpd machine wastes 47.25 billion Btu/year. Assuming this technology may limit

substandard production to 2%, the energy saving would be 94.5 billion Btu/year or

$378,000 (@ $4/million Btu) annually for the 1000-tpd machine.

Further energy savings should result from optimum utilization of refining and drying

(Lantzand Chase, 1988). Refining requiresapproximately200 kWh/ton or 2.1 million

Btu/ton (1 kwh - 10,500 Btu). For a 1000-tpdmachine, the annual energy usage for

refining is approximately 70.0 million kwh or 735 billion Btu. Assuming the optimization
ConfidentialInformation- Notfor PublicDisclosure

(For IPST Member Company's Internal Use Only)



ProjectF007 s StatusReport

of refining could reduce the energy required by 10%, this would be equivalent to savings

of 73.5 billion Btu or $294,000 annually.

By decreasing refining, drainage is improved, requiring tess steam for drying the web.

The steam required for drying is equivalent to approximately8 million Btu/ton, or 2.8

trillion Btu/year for a 1000-tpd machine. If the moisture of the paper entering the dryer

were 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.

Summary for a 1000-tpd paper machine:

' Annual Energy Use = 4.725 trillion Btu - $18,900,000 @ $4/million Btu

Reprocessing savings:

* Electricity 38.5 billion Btu

* Steam 56.0 billion Btu

Total reprocessingsavings 94.5 billion Btu = $378,000

Refiningsavings:

* Electricity 73.5 billion Btu = $294,000

Drying savings:

* Steam 84.0 billion Btu - $336,000

Total potential savings for 1000-tpd machine:

* Electricity 112.0 billion Btu - $448,000

* Steam 140.0bill?ionBtu -$560,000

@ $4/miltion Btu - $1,008,000

Total potential savings/year 252 billion Btu/year -5.3%

While designing and developing instrumentation to demonstrate on-machine ZD

measurements in a mill, this project has supported various related studies in the

laboratory. These studies provide background and support for verifying on-machine

sensor performance and on-machine measurement and process relationships.

Someexamplesare'

Confidential Information - Not for Public Disclosure
(For IPST Member Company's Internal Use Only)



ProjectF007 6 StatusReport

Demonstrated repeatable measurements of short-range variations of MD, CD, and ZD
ultrasonic velocities for cross-machine samples of machine-made papers.

Ultrasonic velocity measurements of CD strips show large short-range variations that
appear similar to the nonuniformities, streaks, and "dry-line fingers" observed on the
forming table.

Examined various correlation techniques to determine relationships between ultrasonic
velocity measurements and compressive strength measurements, Ring Crush (RC),
and short-span compressive strength (STFI).

Developed system to make high-resolution measurements of basis weight (using the
ABB Beta gage) and of ultrasound velocity in the ZD (using fluid-filled wheels) for paper
samples mounted on the laboratory web handler.

Demonstrated sensitivity of ZD ultrasonic measurements to wet pressing, refining, and
calendering using samples made on Herty pilot machine.

SUMMARY OF RESULTS (March 98 - February 99)

1. In-plane sensor operational on machine in mill.

2. ZD system tested at ABB and first installed on machine in mill in July 1998.

3. Mechanical interface of wheels to web while scanning successfully demonstrated
with control of wheel speed and steering for a run exceeding 500 miles.

4. Electronics system and software to record and display ZD ultrasonic transit time and
pulse energies developed and operated in mill.

5. Collected ZD data for total of 30 hours on September 8-11, scanning on
approximately 480 miles of web. Displayed data as "waterfall" display with up to
100 scans in display for transit time, reflected energy at transmitter, reflected energy
at receiver, or absorbed energy.

6. FactNet 4.5 software (Pacific Simulation) was used to analyze relationships of
ultrasonic measurements, process variables, and product properties.

PROJECT GOALS FOR FY 99-00

Verify on-machine ultrasonic sensor measurements by comparison with laboratory

instrument measurements.

Confidential Information - Not for Public Disclosure
(For IPST Member Company's Internal Use Only)
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Combine ZD data from "stand alone" E-box with the ABB data processing and display

system. This will provide ZD data for operator and for the mill's PI data recording

system.

Determine relationships between on-machine ultrasonic velocity measurements and

papermaking process variables, e.g., refining, wet pressing, wet straining, and

calendering. Emphasize the sensitivity of ZD ultrasonic measurements to process

variables.

PROJECT DELIVERABLES'

1. Verification of on-machine sensor measurements.

2. Relationships between on-machine ultrasonic measurements, papermaking process

variables, and paper properties.

PROJECT SCHEDULE'

1999 Jan-Mar Apr-Jun JuI-Sep Oct-Dec
1. Combine ZD data with ABB data processing .......................... *

anddisplaysystem
2. Verify on-machine sensors: ........ 1 ......... 2

(1) In-plane; (2) ZD
3. Determine correlation of ultrasonic ............................. *

measurements with mill grade specifications
4. On-machine measurement/process ........................ *

relationships

OBSERVATIONS AND DISCUSSION

In-Plane Ultrasonic Measurements

Confidential Information- Not for Public Disclosure
(For IPST Member Company's Internal Use Only)
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The on-machine in-plane sensor measures the CD longitudinal velocity (VcD)and the

shear velocity (VsH) in the cross direction. We are also interested in knowing the MD

longitudinal velocity (VMD). This can be calculated in the following way.

We startwith the relationship (Baum et al., 1981)

G = p(VsH) 2: [(EMD)(EcD)] 1/2

(1)
2114' (VMDVCD)1/2]

For anisotropy ratios less than 3, the in-plane Poisson ratio, (VMDVCD)I/2, was found by

Baum et. al. to be essentially constant with a mean value of 0.293. Substituting this into

Eq. 1 gives

p(VsH) 2 = 0.387 [(EMD)(EcD)]1/2 (2)

where EMD = ¢(VMD) 2 ( 1 - VMDVCD) and ECD = p(VcD) 2 ( 1 - VMDVCD)

Although small, the Poisson ratio should not be ignored in the relationship between E and

V. Substituting these into Eq. 2,

(VsH) 2 = 0.387 (VMD)(VcD) ( 1 - VMDVCD), where VMDVCD= (0.293) 2 (3)

or (VsH)2= 0.354 (VMD)(VcD) (4)

Thus, the MD longitudinal velocity (VMD) may be calculated if one has a measure of the

CD longitudinal velocity (VcD) and the shear velocity (VsH),

VMD = 2.82 (VsH)2/VcD. (5)

The IPST robot for in-plane measurements has been used to measure the VMD, VCD, and

VsH along the CD of CD strips of several linerboard grades. The relationships of the

Confidential Information - Not for Public Disclosure
(For IPST Member Company's internal Use Only)
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measured velocity values were found to be consistent with a proportionality constant of

approximately 2.8.

Status of On-Machine Demonstration

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

of Industrial Technologies (DOE-OIT) for a project to develop and demonstrate

commercially viable on-line ultrasonic sensors. The project includes systems with the

ability to make both in-plane and out-of-plane (ZD) ultrasonic measurements.

IPST is prime contractor with cost-share participation by ABB Industrial Systems Inc.,

Columbus, Ohio; the Herty Foundation, Savannah, Georgia; and the Georgia-Pacific

_ Mill in Cedar Springs, Georgia. We are in the fifth year of a 5-year development and

testing program.

An AccuRay_ 1190TM System with a Smart PlatformTM 1200 has been installed on the

web handling system in the laboratory at IPST and on a pilot machine at the Herty

Foundation. A similar system is installed at the Georgia-Pacific Cedar Springs Mill. It

has been operating on Georgia-Pacific's paper machine #1 (PM#l) since April 1997.

The sensor carriage in each of these scanners contains state-of-the-art basis weight,

moisture, temperature, and caliper sensors. The sensor carriage in each of these

scanners also accommodates the installation of in-plane and ZD ultrasonic sensors.

ABB has built and installed in-plane sensors at IPST, at Herty, and at the Cedar

Springs Mill.

IPST has designed and built a ZD ultrasonic sensor using transducers mounted in fluid-

filled wheels. After an initial test at Herty, it was decided to redesign the wheel

mounting modules so that the wheels could be steered during scanning. The

redesigned modules were tested on a web handler in ABB's Lab in Columbus, Ohio, on

July 6-9, 1998. The system was first install on PM#1 at the Cedar Springs Mill during

outage on July 28, 1998. Following short tests on machine, the modules have been

removed to correct problems and reinstalled. Access to the sensor carriage on the

ConfidentialInformation- Notfor PublicDisclosure
(For IPST Member Company's Internal Use Only)
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scanner has been limited primarily to the one-shift-a-month outage of PM#1 for
maintenance.

A number of changes have been made to the ZD system since it was first installed in

the mill' an air conditioner was added to the E-Box; cooling air was directed at the

wheels; the wheels where overhauled with new bearings, seals, and connectors;

silicone rubber tires were substituted for polyurethane tires; the fluid in the tires was

changed to a special fluid for high-temperature ultrasonic coupling; two co-axial cables

and two air hoses were installed in both the top and the bottom auxiliary flex tracks of

the scanner for communication with the ZD modules; the solenoid air valves were

replaced; and the modules were rewired. The position of the in-plane and the ZD

sensors in the carriage was switched so that the center of gravity is closer to the center

of support in the scanner frame. The ZD modules are now downstream and the in-

plane system upstream in the sensor carriage.

Detailed plans have been prepared for both step tests and end-of-reel tests to

determine relationships between in-plane stiffness measurements, sheet properties and

process variables for PM#1. The process variables to be manipulated, the scanned

profiles to be collected, and the tests to be performed on collected samples are outlined

below.

Process Variables to be Manipulated:

1. Basis Weight
2. Machine Speed
3. Base Refiner Load
4. Rush/Drag
5. Broke Flow
6. DLK Flow

Scanned Profiles to be Collected'

1. Basis Weight
2. Percent Moisture
3. Caliper
4. Temperature
5. Shear Velocity Squared

ConfidentialInformation- Notfor PublicDisclosure
(For iPST Member Company's Internal Use Only)
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6. CD Longitudinal Velocity Squared

Tests to be Performed on Collected CD Strip Samples at G-P:
..

1. CD Ring Crush
2. L&W TSI CD, TSI MD, & MD/CD Ratio
3. Mullen, felt side & wire side
4. STFI
5. Basis Weight
6. Percent Moisture
7. Caliper
8. MD Tensile
9. MD and CD Tear

In addition to the CD strips to be collected for testing at the mill, two CD strips for IPST

will be obtained for each test reel. A complimentary set of off-line measurements will

be performed at IPST.

The data will be transferred to Excel spreadsheets and analyzed using FactNet 4.5

software. The time stamps for the ABB, G-P, and IPST systems need to be the same.

Care will be required to match samples with the profiles and data to ensure spatial

alignment between collected data and actual strips. The trials are scheduled for late

February and the first set will be with 55 lb/1000 ft2 (USP 120) iinerboard. The second

set at a later date will be 69 lb/1000 ft2 linerboard.

The above plan has been designed primarily for evaluating the in-plane system.

However, IPST will collect scanned data with the "stand alone" ZD system during the

tests. Combining the ZD data with the in-plane and process data recorded in the PI

system will be cumbersome and potentially inaccurate in matching time and position.

However, it should provide useful information.

In order to provide a better basis for evaluating the sensitivity of ZD measurements to

process changes and to determine the potential value of ZD data to the operator, a

second ZD system design is currently in progress. This system will provide ZD data to

the ABB Smart Platform to be processed along with the ABB data. ZD data will then be

available to the operator and to the PI system.
Confidential Information - Not for Public Disclosure

_ (For IPST Member Company's Internal Use Only)
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The plan for combining the ZD system with the ABB scanner, 1190 and Advant display

involves no additional electronics on board the ZD modules in the sensor carriage. A

separate electronics cabinet (E-Box) with air conditioning would continue to be used.

This E-box will operate the ZD modules and collect ZD ultrasonic data similar to the

present system.

The ZD E-box will forward two streams of preprocessed ZD data to the end column of

the Smart Platform. The data will then be handled by the ABB system similar to the

way data from the other sensors in the scanner are processed and forwarded for

storage and dispJay.

REFERENCES

Baum, G.A., Brennan, D.C., and Habeger, C.C., "Orthotropic Elastic Constants of
Paper," 7'appiJ. 64 (8):97(1981).

Baum, G.A., Pers, K., Shepard, D.R., and Ave'Lallemant, T.R., "Wet Straining of
Paper," TappiJ. 67 (5):100(1984).

Habeger, C.C., and Baum, G.A., "On-line Measurement of Paper Mechanical
Properties," TappiJ. 69 (6): 106(1986).
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DUES-FUNDED PROJECT SUMMARY

Project Title: FUNDAMENTALS OF ACOUSTIC RADIATION
PRESSURE

Project Code' FARPE
Project Number: F008
PAC: Paper Physics
Division' Fiber and Paper Physics Division
Project Staff

Faculty/Senior Staff: Pierre Brodeur
Staff: Joseph Gerhardstein (Associate Engineer)

Feler Bose (Assistant Engineer)
Mee Choi (Postdoc)
Jimmy Jong (Postdoc)
Brian Pufahl (Assistant Engineer)

FY 98-99 Budget: $107,746
Allocated as Matching Funds' $107,746
Time Allocation

Faculty/Senior Staff: Pierre Brodeur (12%)
Support: Joseph Gerhardstein (19%), Feler Bose (24%),

Mee Choi (5%), Brian Pufahl (10%), Jimmy Jong (15%)
Supporting Research

M,S, Students: None
Ph,D. Students: None
Related External Funding:

· Project #4183 "Acoustic Separation Technology"-
Sponsored by Department of Energy and Beloit Corporation

· Project #4190 "Closed Water Treatment in Pulp Mills Using
A Dual Flocculation/Ultrasonic Clarification Method"-
Sponsored by State of Georgia Traditional Industry Program
in Pulp and Paper- In collaboration with Prof. Yulin Deng
(IPST Engineering and Papermaking Division)

RESEARCH LINES/ROADMAPS: 4, 7, 11, 12, and 13

PROJECT OBJECTIVES'

· Investigate fundamentals of acoustic radiation pressure (ARP) effects on fiber
suspensions

· Demonstrate selected pulp and paper industry-related applications of acoustic radiation
pressure

· Determine economic viability of acoustically-based processes

IPST Confidential information - Not for Public Disclosure

(For IPST Member Company's Internal Use Only)
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:::_ PROJECT BACKGROUND'

Project F008 was initiated in July 1992 to explore various effects of acoustic radiation

pressure on water-suspended wood pulp fibers and other particulate matter. Since then,

considerable work has been accomplished to develop a structured research program,

develop specialized test equipment (e.g., 450 I/min acoustic separation system), perform

preliminary demonstrations (e.g., transverse deflection of fiber suspensions subjected to

traveling and standing ultrasonic wave fields in laminar and turbulent flows, acousto-optical

method to determine wet compactibility of fiber suspensions), and seek external funding to

supplement IPST's funding effort. Combined funding from all sources enables the

following nonproprietary activities'

· Acoustic separation of vessel elements and hardwood fibers (#F008)
· Development of automated image analysis method to quantify the presence of

vessel elements in hardwood furnishes (#F008)
· Demonstration of dual chemical flocculation/ultrasonic clarification method

(#4190)
· Theoretical/numerical analysis of acoustic radiation force acting on wood pulp

fibers under different flow conditions (#4183)
· Separation technology development (#4183)
· Safety analysis (#4183)
· Economical, technical, and energy assessments of technology (#4183)
· Technology transfer (#4183)

As indicated above, project F008 currently focuses on the proof-of-concept of
vessel/hardwood fiber separation.

SUMMARY OF RESULTS (March 98- March 99)'

· Much of the emphasis has been on the improvement of a semi-automated image
analysis test method to measure the size distribution of vessels in hardwood furnishes.
However, as superior as it is believed to be when compared to conventional testing
procedures used in the industry, the test method failed to provide repeatable results
when no power was applied to the transducers. Sample preparation remained
problematic and time consuming. This is very unfortunate because it prevented us from
making any significant progress in the vessel separation method itself. Different series
of experiments were performed as a function of consistency, frequency, acoustic
intensity, flow rate, and divider blade position. Each time, several weeks were needed

IPST Confidential Information - Not for _blic Disclosure
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to process samples collected in just a few hours, only to conclude that not only was
there some evidence of separation, but also inconsistent trends. It was decided in
January 1999 to put on hold the separation application and refocus the project starting
in FY99-00. For the remainder of FY98-99 (February to June), it is planned to determine
shortfalls of the test method for vessel analysis and validate it using different furnishes
and measurements obtained using a conventional approach (vessel counting using a
microscope). The goal is to transfer the test method to IPST Member Companies by
June 1999.

° A teaming agreement between IPST and Beloit Corporation was finalized in January
1999. This is a significant milestone, which will drive the future of project F008, which is
the cost share to DOE Agenda 2020 "Acoustic Separation Technology" project (IPST
project 4183).

PROJECT GOALS FOR FY 1999-2000'

° Project goals for FY99-00 will be redefined in collaboration with Beloit Corporation. A
new set of goals will be proposed to the Paper Physics PAO during the review meeting
in March. These goals will focus on some fundamental issues of acoustic radiation
pressure vs. fiber suspensions.

PROJECT DELIVERABLES'

· Semi-automated image analysis test method for vessel counting and vessel size
distribution (June 1999).

PROJECT SCHEDULE:

Tasks FY 97-98 FY 98-99
Jul Sep Nov Jan Mar May Jul Sep Nov Jan Mar May
Audi Oct Dec Feb Apr Jun Audi Oct Dec Feb Apr Jun

Equipment Purchasing .........

System Upgrading ............
!

' i

Microscopy/Staining Work i ......... i

Vessel Analysis Method ' - ............................

Prelim. Trials (Training) ......
Vessel Separation Experim.* ..................

_ Application Assessment* !

Final Report --- ;

* Vessel separation experiments and application assessment put on hold in January 1999.

i
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1. Introduction

This status report presents an overview of the progress accomplished so far in project

F008. First, in order to appreciate current research activities, background information

from the early days of the project is provided in Section 2. Section 3 provides a

description of the experimental setup used to demonstrate the separation of vessel

elements and hardwood fibers. Section 4 delves into the economic analysis of the
;i

acoustic separation technology. Section 5 provides an introduction to tho

theoretical/modeling research effort on fibers interacting with an ultrasonic wave field.

Section 6 provides a brief review of accomplishments about the separation of vessels

and hardwood fibers. Section 6 also shows the results of the runs done in the last few

months as well as the summary of research activities concerning the development of

the automated image analysis method for vessel detection.

2. Background

Project F008 began in July 1992. This project was set up to study the fundamentals of

acoustic radiation pressure effects on fiber suspensions and investigate potential

applications in the pulp and paper industry. In essence, when water-suspended wood

pulp fibers interact with an ultrasonic wave field, they are subjected to an acoustic force

which results in fiber migration [Brodeur, 1991; Brodeur, 1989; Garceau et al., 1989;

Dion et al., 1988]. There is also an acoustic torque which reorients fibers. Both

acoustic force and torque are nonlinear effects. These effects are very attractive

because they enable the noncontact mechanical manipulation of flowing fibers.

Although several studies have shown that fluid-suspended particles can agglomerate

IPST Confidential Information - Not for _blic DisClosure
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when submitted to traveling or stationary ultrasonic wave fields, very little is known in

the context of prolate spheroids (cigar-shaPed particles) or cylindrical particles. Also,

the study of fiber suspensions interacting with an ultrasonic wave field in laminar and

turbulent flows is not documented in the literature. An understanding of acoustic

manipulation of fibers at large flow rates is of primary importance.

Very early in the project, a basic experimental apparatus was built to investigate the

acoustic force on nonmoving and flowing fiber suspensions. A special acoustic cell

mounted in an unpressurized vertical pipe of square cross section was devised to

deflect an input stream of fibers interacting with a traveling ultrasonic wave field

(unidirectional field) normal to the flow direction. The cell is composed of a 2 x 10 cm

active area piezoelectric ceramic transducer operating at 150 kHz and a sound

absorber of equivalent area. In this arrangement, fibers flow against gravity and deflect

toward the absorber position when the sound field is turned on. The transducer-

absorber separation distance is 2 cm.

Preliminary experimental observations confirmed that the acoustic force could

potentially be used to separate/fractionate fibers based on fiber width [Brodeur, 1994].

Consequently, an in-flow divider blade was installed above the acoustic cell in such a

way as to separate highly deflected fibers (coarse fibers) from weakly deflected or

undeflected fibers (slender fibers and/or fines). This would lead to at least two output

streams' a coarse fiber-enriched stream and a coarse fiber-depleted stream.

Literature/patent searches did not reveal evidence of past work in this area. A patent

application was filed by IPST in 1996 and was granted in Sep. 1998.

IPST Co_dential Information- Not for Public Disclosure
(For IPST Member Company's Internal Use On!y)



ProjectNo.F008 20 StatusReport

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 [Ma, 1995]. Rayon

fibers were used as they best simulate wood pulp fibers. Separation efficiency was

indirectly determined by measuring the cleanliness efficiency of the weakly deflected

fiber output stream, i.e., by analyzing the percentage of fibers remaining in the "clean

stream." Cleanliness efficiency [CE] is defined as follows'

CE = 100(1 - fc/fF) [2-1]

· where fc and fF refer to the percentage by weight of solids oven dried for the clean and

feed streams, respectively.

Results supporting the hypothesis that fiber migration is a function of fiber width are

shown in Figures 2-1 and 2-2. While the cleanliness efficiency increases as a function

of intensity for all test samples (at constant flow rate), indicating an increased migration

rate from the transducer to the absorber, the cleanliness efficiency increases more as a

function of fiber width in Figure 2-1 and is less affected by fiber length in Figure 2-2.
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Figure 2-1. Cleanliness efficiency as a function of acoustic intensity for constant
width/variable length rayon fibers. Fiber dimensions were determined a
priori using a microscopy method.
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Figure 2-2. Cleanliness efficiency as a function of acoustic intensity for 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 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 2-3. Clearly, the efficiency increases as a

function of fiber length (related to fiber width in this case).
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Figure 2-3. Cleanliness efficiency for samples of never-dried hardwood fibers.

Compacted
Fiber Suspension ClarifiedWater

Acoustic Force
Direction

Absorber Transducer
Position Position

Figure 2-4. Pulp thickening effect [2 cm (horizontal) x 10cm (vertical)].

Another series of observations was obtained using softwood fibers under zero-flow

conditions to study the compactibility of fiber suspensions. Figure 2-4 shows a

compacted fiber suspension for an initial pulp consistency of 1% (white indicates water

and blackindicatesfiber).The acoustic intensity is 0.3 W/om 2. One can easily see a

pulp thickening effect. A new test method, acoustic wet fiber compactibility, has been

proposed to control the refining process and predict the apparent density of paper

[Brodeur and Runge, 1996].

IPST Confidential Information - Not for Public Disclosure
(For IPST Member Company's Internal Use Only)



ProjectNo.F008 23 StatusReport

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 L/min (18 gal/min) using never-dried softwood fibers (at max. pump

, capacity; Re _ 6000 - turbulent regime). Results are shown in Figure 2-5 (black

· indicatesfiber). 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/om 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
Flow Force

Direction Direction

Figure 2-5. Video recordings under turbulent 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;

(3) Observations using OCC fibers show that the fiber fraction migrates but the fines do

not; and
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(4) Observations using mixtures of fibers and ink particles attached to air bubbles show

that the air bubbles are less 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 a reflector instead of an absorber. The reflector was made of stainless

steel. Providing that the separation distance between the transducer and the reflector

corresponds to n (,_/2),where 2 is the acoustic wavelength (10 mm at _= 150 kHz in

water), interference between the transmitted and reflected wavefronts produces a

standing wave field pattern. Since the transducer-reflector separation distance was 2

cm, four nodal pressure planes were created. Observations using wood pulp fibers

showed that the fibers quickly migrate toward pressure planes when the acoustic field is

turned on, thus leading to the formation of four parallel agglomeration planes. This is

illustrated in Figure 2-6.

AgglomerationPlanes 1

Flow
Direction

Absorber Transducer
Position Position

Figure 2-6. Agglomeration of 5.9 mm rayon fibers at 1% consistency in a standing
wave field. Four layers are produced. The Reynolds 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 existing equipment led to the

decision in 1996 to design and fabricate a larger-scale experimental setup. The

separation system was functional in March 1997, but with limited capabilities. It was

used to gather preliminary measurements on the separation of vessel elements and

hardwood fibers [Oakland, 1997]. Additional equipment to drive transducers and

determine power consumption was purchased during the fall of 1997. Details of this

apparatus are reported in the next section.

In parallel to the development of the larger-scale experimental setup and the vessel-

fiber separation study, an investigation of ultrasonic refining of pulp suspensions using

a 20-kHz ultrasonic processor was performed by John Blanz [Blanz, 1997]. The most

interesting finding was that high power ultrasonics can potentially be used to decurl

fibers.

Finally, a patent was issued on the separation technology in September 1998 [Brodeur,

1998].
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· 3. Ultrasonic Separation Apparatus (Joseph Gerhardstein)

The separation apparatus currently used for experiments is shown schematically in

Figures 3-1 and 3-2.

200 liter Tank

Variable Speed
Centrifugal Pump

500 liter
Feed Tank

Figure 3-1. Flow system for the laboratory prototype acoustic separator (drawingnot
to scale).

Briefly, the flow cell consists of a 1.9-meter flow development section, an acoustic

section containing three 5 x 10-cm piezoelectric transducers above it, and is topped by

an atmospheric pressure mechanical separation system. The flow cell is rectangular in

cross section, with one dimension fixed at 5 cm, and the other variable from 5-15 cm (in

5-cm steps). A 450 I/min (maximum) variable speed centrifugal pump is used to

produce flows in the cell with Reynolds numbers between 400 and 140,000. A 500-liter

stock tank is used to feed the pump, and a pair of 200-liter stock tanks are on the

output of the flow cell (one on each side). The cell is typically run in a close loop mode,

where the stock flows from the 500-liter tank, through the pump, into the flow cell where
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it is acoustically processed, then out into one of the 200-liter tanks and back to the 500-

liter tank (it can also be run in batch mode where the sample is entirely collected in the

200 liter tanks). Samples are usually taken from the 200-liter tanks while the cell is

running in closed loop mode. A mechanical flow straightener was added to the 1.9-

meter flow development section to solve some problems with non-uniform flow when

using the maximum wall spacing of 15 cm.

Slender Fiber- Coarse Fiber-
enriched Fraction enriched Fraction

Separation 40,cm .e Divider
Section Blade

, Acoustic 30 cm
Section _ Acoustic___--_

Transducer Absorber Ra_ation _--_

Array Array Force_
Flow

Development 190 cm f { Flow Direction
Section Movable

Wall
Input Fiber Stream

Figure 3-2. Schematic diagram of the laboratory prototype AST system (drawingnot
to scale). Separation using a traveling wave field (unidirectional) is
shown.

Figure 3-3 shows the electrical setup for the acoustic cell. Three separate channels are

used, one for each transducer, to provide flexibility in how the system is run. A

computer controls three function generators via a GPIB network. These function

generators can be phase locked so that the waves are synchronized. The output from

the function generators is fed into three power amplifiers, which boost the signal

strength to the amplitude necessary to drive the transducers. Various amplifiers with

powers up to 1500 watts and bandwidths from 20 kHz to 10 MHz are used. As the

_ IPST Confidential Information- Not for Public Disclosure
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output from the power amplifiers is at 50 ohms, and the transducers have a much larger

input impedance, a set of matching networks is used to perform th e transition. Inline

power meters are positioned between the matching networks and transducers to

provide closed-loop control of the power going to the transducers.

Computer I_:iTransducer //l--

Functi°n iiilI!_,_Functi°n?___!l!i GeneratorFUncti°n II _I_Generatol'_!i.__ Generatorll !

.owerI:il.owe. .ower
, Amplifier ii! Amplifier il

I!_ _ I!/_ Amplifier
[_!_ii . :_ Flow

Matching Matching [!_ Matching Direction

Network ['a_i_ Network iii Network_[

_:_,®_:_,,_,:_.,._,__-:_,_,_,_,_,_._'J_i Fibers

.ower[il .owerIll! .ower
: MeterteIr ...'}i!I Meter i! Meter

Absorber

Array

Figure 3-3. Electrical setup for the acoustic cell.

A picture of the transducers is shown in Figure 3-4. Transducers of three different

frequencies are currently used in the flow cell' 1.5 MHz, 150 kHz and 60 kHz. All are 5

x 10 cm in shape and are easily interchangeable. The transducers are designed to

handle temperatures up to 100°C.
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........._:_' '_:_'_:_:?'?iii:i-iill;ii('._:':' ....

1.5MHz 150kHz 60kHz

Figure 3-4. Transducers used in flow cell, 1.5 MHz (left), 150 kHz (center) and 60 kHz
(right).

Heating in the transducers and matching networks is caused by inefficient power

conversion. In order to determine where electrical power is being lost, an oscilloscope

with high frequency current and voltage probes is used to measure power along the

electrical path from the wall outlet to the transducer as shown in Figure 3-5.

Measurements will be done between the wall outlet and the power amplifier (amount of

power the amplifier consumes), between the power amplifier and the matching network

(amount of power output by the amplifier), and between the matching network and the

transducer (power delivered to the transducer).
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'"Tektronics TDS-520C]Oscilloscope

Voltage Current[
Probe Probe

,_, ..'fi'.
--"./- _'"_

i_j_ Power _ Matching _,_ , I
:i._' I Amplifier v - Network - _ Transducer II[ I

Figure 3-5. Measurement of electrical power usage from wall to transducer using new
oscilloscope and high frequency probes. Oscilloscope is shown
measuring power between Power Amplifier and Matching Network.

Electrical-to-acoustic efficiency of the transducers is measured using an energy balance

method, as shown in Figure 3-6. An oversized absorber is hung underwater from a

balance. The transducer to be evaluated is ngidly supported above the absorber.

When power is applied to the transducer, the radiation pressure is transmitted to the

absorber and read on the balance. A calibration factor of 6.8 g per watt of acoustic

power is used. An optional anti-streaming membrane can be inserted between the

transducer and absorber to eliminate streaming effects.
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Transducer Absorber

!ii: i:/:i_i!!!iiiiiii!;ziiiiii

Optional Absorber
anti-streaming

membrane Balance

(a) (b).

Figu,re 3-6. Energy balance method for determining transducer efficiency. (a)
Conceptual schematic showing transducer, absorber, balance and water
tank. (b) Picture of actual setup.

4. Economy Analysis of Acoustic Separation Technology

This section looks at a specific application for the Acoustic Separation Technology,

dewatering of stock. Experiments were performed on IPST's laboratory scale

separation system using a bleached softwood kraft pulp. The pulp was run through the

acoustic apparatus at various flow rates (from 0.05 to 0.4m/s) and various consistencies

(0.01 to 1.0% C), and the angle of deflection of the pulp under the acoustic field was

measured as a function of acoustic intensity. From these data, the amount of acoustic

power (P) to deflect the pulp flowing at 1000 gallons per minute (GPM) half way across

a pipe was calculated using the following formula:

P-IA, (4-1)
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where £ is the acoustic intensity (power per unit area going into the transducer) and At

is the area of the transducer, which can be written as the product of the length (£) and

width (w) of the transducer:

.4, - £ w (4-2)

For an arbitrary acoustic section depth d, and a pulp deflection angle of O,the length of

the acoustic section to achieve a 50% deflection, i.e., to double stock consistency, is

given by

£: d/2 (4-3)
tan(O)

The width of the acoustic section can be calculated from

Q=vA=v dw (4-4)

or

_i Q
w - (4-5)

vd

where Q is the volume flow rate, v is the flow speed in the acoustic section and A is the

cross section of the acoustic section (d w). Hence, substituting equations 4-3 and 4-5

into equation 4-2, the area of the transducer (At) can be expressed as

' {g/21(_--_ Q (4-6)At = ta'_t?),) = 2 v tan(O)

and an expression for the power necessary to deflect the pulp half way across the

acoustic cell is then given by combining equations 4-1 and 4-6:

p = I Q (4-7)
2 V tan(0)

Note that this equation is independent of the depth d of the acoustic section.
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Figure 4-1 shows surface mesh plots of the data at initial consistencies of 0.1% and

1.0%. The power necessary to double the consistency for a nominal flow rate of 1000

GPM (equation 4-5) is shown as a function of the ftow speed and the acoustic intensity.

o 40

; _ _'_i' ...._.:'_'_,:.... _ 8oo
o o 30 ,..

o_-- _- 6oo

20 '_

,c 57:'"'"_5,%' _ ,4 g
2 ?X

o 10 ,,.._'

0.05 o.

0.20, "'_ 4 &' =, 0.20
I%w $. o.2s

/Jeeo,(m/s) 0.30 0
-.d_'eedr,.., 0.30

' 0.40 _ ua/S) 0.35 0.40

(a) (b)

Figure 4-1. Power consumption to double stock consistency as a function of flow
speed and acoustic intensity for 150 kHz; a) 0.1% C doubled to 0.2% C;
b) 1.0% C doubled to 2.0% C.

From Figure 4-1, the optimal conditions to minimize the operational cost of the acoustic

apparatus can be determined. In general, the lower the acoustic intensities and the

higher the flow speed, the lower is the operational cost of the acoustic separator.

Several key improvements in the operational cost of the acoustic separator are

expected to be seen, which would reduce the power consumption seen in Figure 4-1

significantly:

· Move to a higher frequency, such as 1.5 MHz. Preliminary results using a set of 1.5

MHz transducers in the Jaboratory acoustic separator at IPST have shown that
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between 2 and 5 times less power is required at 1.5 MHz to see the same deflection

compared to 150 kHz. This would result in direct energy savings of 50-80%.

· Use single frequency amplifiers instead of broadband amplifiers. Currently, the

laboratory acoustic separator uses commercially available broadband RF amplifiers.

Due to their broadband nature, these amplifiers have Iow efficiency (estimated

around 50%). The !ow efficiency shows up as power at harmonics and

subharmonics of the transducer driving frequency. The transducer is very narrow

band, and hence the power at the harmonics and subharmonics is not used (it is

reflected or turned into heat). Switching to a higher efficiency single frequency

amplifier (such as a Class D amplifier) will improve energy efficiency to between 75

and 90%.

· Drive transducers in a pulse mode rather than in a continuous mode. Observations

have shown that when transducers are operated in a pulse mode, the acoustic force

acting on fibers may be larger (at the onset of excitation). If this is indeed the case

(additional testing needed to confirm these observations), less power would be

required to drive the transducers (e.g., 50% on, 50% off).

· Collect acoustic power which is not used in the apparatus. The stock in the acoustic

separation apparatus does not absorb all of the acoustic power put into the

separation apparatus. A portion of this energy goes completely through the stock

and is currently absorbed on the back side of the apparatus using a silicon

absorber. By replacing the absorber with a receiving transducer, the unused

acoustic energy can be converted back into electrical energy that can be recycled

back into the system.
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From the first two improvements, power consumption is estimated to be reduced from

10% to 33% of the current power consumption.

Figure 4-2 shows the area of the transducer necessary to double the pulp consistency

as a function of flow speed and acoustic intensity. As can be seen, higher flow speeds

and higher acoustic intensities generally result in smaller transducers.

}i
, ' ....!*_i _; ii :ii t % i i .'. /'_",',,_. o o

-, t :_:_-_'_--____"---'_'"'!.iì!'..... _ - ,

i '" 0.20o.2_1_ '_o.2_
o._o_ _o._o
0.40

AcousticIntensity(W/cra') 0.40 AcousticIntensity0N/cr_'')

(a) (b)

Figure 4-2. Transducer area required to double pulp consistency for a 1000 GPM flow
at 150 kHz, as a function of flow speed and acoustic intensity; (a) 0.1% C
doubled to 0.2% C; (b) 1% C doubled to 2% C.

Table 4-1 shows the cost of building an acoustic separation cell with an area of 1 m 2.

The 1999 column is based upon recent quotes from the current transducer

i manufacturer. As the transducers used in the acoustic separation apparatus at this

time are custom made, significant savings can be realized by switching to a larger scale

production facility once the apparatus designs are finalized. The 2002 column is what

we believe is obtainable once production is switched to a larger facility. Table 4-1,
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combined with Figure 4-2, allows the calculation of the cost of building an acoustic

separation apparatus.

Table 4-1. Cost of building an AST system.

1999 2002 (estimate)
Transducer Fabrication, 1 m;' $60,000 $20,000
Housing $10,000 $2,000
RFpowersource(upto 2 $40,000 $20,000
W/cm2)
Total cost to builda l-m_ $110,000 $45,000
acoustic cell, including power
amplifiers and housing.
Cost per cm_ $11.00 $4.50

For example, for an acoustic separation apparatus to increase the consistency of 1000

GPM of stock from 0.1 to 0.2%, a transducer with an area of approximately 0.4 m 2

running at 2 W/cra 2 and 0.4 m/s could be used. At 1999 costs, this would require an

initial investment of $44,000 to build. In 2002, the production Cost is estimated to be

approximately $18,000. From Figure 4-1 a), this acoustic separator would require

approximately 12 kW to operate (reduced to 1-4 kW i:n 3 years due to increases in

efficiency).

An acoustic separator used to increase the consistency of 1000 GPM of stock from 1%

to 2% could use a transducer with an area of approximately 2 m2, running at 6 W/cm 2

and 0.4 m/s. At 1999 costs, this would require an initial investment of $380,000 (higher

than indicated in Table 4-1 to compensate for larger RF power source). In 2002, the

production cost is estimated to be approximately $164,000. From Figure 4-1 b), the

energy requirement s would be approximately 110 kW (reduced to 11-37 kW in 3 years

due to increases in efficiency).
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Based upon equations 4-6 and 4-7, tho transducer area and power consumption scale

,, linearly with the flow rate. A flow rate of 100 GPM would require a transducer 1/10th the

area and use 1/10 th the power of the ones described above. It should also be noted

that increasing consistency another factor of two would theoretically only require half

again as much energy as the first factor of two. For example, to go from 0.1% C to

0.2% C for a 1000 GPM flow required 11 kW. To go from 0.1% C to 0.4% C would

_ require 16.5 kW, and to go from 0.1% C to 0.8% C would require 19 kW.

5. Theoretical/Modeling Research Program (Mee Choi)

The acoustic field in the medium can be described by the following parameters:

pressure p (local disturbance of the medium), density ,o,and velocity vof the fluid

particles. The acoustic field carries the energy density Eoin the propagation path. The

time-averaged total energy density E0can be written by p2ax12poC2where Pmaxis the

maximum value of the pressure for one cycle, Pois the density of the medium under the

equilibrium, and c is the sound velocity in the medium.

We consider the transducer as the source of the sound wave. However, in the real

situation, the ultrasonic beam radiated by the extended source should be considered

equivalent to a large number of point sources. Therefore, unlike the exponential decay

of the intensity, we would see the peaks and dips in the pressure for a distance from

the transducer due to diffraction. It was reported by Beissner [1987] that a field

distribution of the focused beam from a piston is not the same as a plane wave. We

have not taken this into consideration, instead we have treated the source simply as a
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traveling wave. Any discrepancy between the experimental and theoretical results may

come from this simplified assumption.

5.1 Acoustic Radiation Pressure

The acoustic rad:iationpressure (ARP) is the time average of the pressure acting on an

object in a sound field. In a linear approximation, the force is periodic and when

averaged over time, it sums to zero. The radiation pressure comes from using higher

order terms. The radiation force becomes significant only when the amplitude is high

enough. Using hydrodynamics, the acoustic radiation pressure is equal to the time

average momentum flux across the surface of the object. The equation of state

accompanying the hydrodynamic equation has the form

p'=p c2+ 2 /2.2

where p', p' are the second order variations of the pressure and density respectively,

and c is the sound velocity.

5.1.1 ARP Acting on a Single Particle

Various theoretical results of the force acting on an object of a particular geometry are

available. Forces acting on a sphere, a disk, and a cylinder are given by King [1934]

(sphere), King [1935] (disk), Awatani [1953 and 1955] (cylinder), Zhuk [1986] (cylinder),

and Hasegawa [1988] (cylinder). All derivations above are done by treating the medium

as ideal. As a first approximation, a wood pulp fiber can be considered as a rigid

cylinder.

IPST Confidential Information - Not for Public Disclosure
(For IPST Member Company's Internal Use Only)



ProjectNo.F008 39 StatusReport

A review of the different derivations for the acoustic force applied to rigid and elastic

cylinders was undertaken. Derivations by Awatani [1955] and Zhuk [1986] (infinitely

long rigid cylinder in traveling wave field with axis perpendicular to the sound field) and

Hasegawa et al. [1988] (infinitely long elastic cylinder in traveling wave field with axis

perpendicular to tho sound field, including internal reflections and scattering) are

compared in Figure 5-1.

a (gm) [assumes f- 150 _z]

i 10 100 1000
le+O : , , , _ i _ ,,I , _ , , I _, _1

- i ,,.,-._le-1 -:':. Awatani .,. ""
: Hasegawa, et. al. _/"/

le-2 _ · · · Zhuk ,,,'_

S .: ...... /_, le-3

le-4 - ,/,"/

[.T., -

le-5: '/

le-6 .

le-7 , ,,, ........ , ........ ,
0.01 0.1 1

ka (-)

Figure 5-1. Pict of dimensionless acoustic radiation force vs. ka (also dimensionless)
for the case of a traveling wave field as obtained using equations from Awatani
[1955], Hasegawa [1969] and Zhuk [1986]. Upper axis is cylinder radius, a, in
mm for a 150-kHz acoustic wave in water. Awatani and Zhuk give nearly
identical results, hence the overlap.
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In Figure 5-1, the dimensionless force (force per unit length L, per unit surface area S,

and per unit acoustic energy density E) is plotted as a function of the parameter ka

where k is the wave number and a is the cylinder radius. Assuming water as the

suspending medium with a density of 1000 kg/m3and 150 kHz as the wave frequency,

k becomes 628 m'_. It can be seen that in the range of ka of interest to us (ka - 0.01 to

0.1), the derivations agree very well with each other. From Figure 5-1, increasing ka will

cause an increase in the dimensionless force. Increasing ka one order of magnitude

(say from 0.01 to 0.1) will cause an increase in the dimensionless force of

approximately 2.5 orders of magnitude. This could also be interpreted as' an increase

of one order of magnitude in ka will reduce the acoustic energy density (E), and

therefore electrical power, by approximately 2.5 orders of magnitude. Hence, it appears

that working in aka range of 0.01 is not as efficient as working closer to aka of 1. The

value of ka can be increased by two ways: an increase in the cylinder radius (a); or an

increase in the acoustic wave frequency (increase in k). As the fiber dimensions are

already determined (a), it would be preferable to increase the transducer frequency (k).
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a (pm) [assumes f- 150 kHz]
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Figure 5-2. Comparison between acoustic radiation force for traveling and standing
wave field for both a rigid sphere and a rigid cylinder, from Awatani [1955]. The
acoustic force for a traveling wave field is significantly larger in both cases.

Figure 5-2 shows a comparison of the force between a traveling wave and a standing

wave field for both a rigid sphere and a rigid cylinder, as derived by Awatani [1955]. For

a nominal fiber of 25-mm radius in water exposed to a 150-kHz sound field (ka =

0.0157), a standing wave will produce a force approximately 5000 times greater than

the traveling wave. Figure 5-3 plots the ratio between the standing wave force and the

traveling wave force. As/ca approaches 1, the traveling wave and standing wave forces

converge. For Iow values of ka, the standing wave will produce a significantly stronger

force than the traveling wave.
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Figure 5-3. Ratio of Standing Wave acoustic force to Traveling Wave acoustic force,
based on Awatani [1955]. For a fiber with a 25-mm radius at 150 kHz, the ratio
is approximately 5000'1.

,_ 5.1.2 ARP Acting on an Acoustic Absorber

The acoustic radiation pressure acting on an absorbing object can also be used to

deduce the total acoustic power. When an ultrasonic beam travels through a liquid

medium and an absorbing material intercepts the entire beam, the Langevin radiation

pressure can be used to evaluate the total acoustic power [Rooney and Nyb°rg, 1972].

The experimental setup for total power measurements was previously described in

pSection 3 and the apparatus was shown in Figure 3-6.
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From the relationship

W
F= (5-2)

C

where F'is the force acting on the absorber (it can be divided by the gravitational

constant g to get an equivalent mass), W is the acoustic power, and c is the sound

velocity through the medium. As the power goes up, we will expect the force measured

to go up proportionally. We, therefore, determine the acoustic pressure from the force

F. The acoustic radiation pressure can also be related to the energy density in a

perfect absorbing medium [Hamilton and Blackstock, 1998]. The force acting on an

absorber in terms of the energy density of the sound wave, i.e., Eo,is

F= 2E0 (5-3)

This can be utilized for measuring the acoustic field intensity.

The absorber generally spans the entire cross section of the field, and, therefore, the

radiation force acting on the absorber is independent of the absorber dimensions.

5.1.3 Measurement of Local ARP and Total Power Associated with ARP

A hydrophone is used to measure the local acoustic radiation pressure. To measure

the total power, we set up an imaginary plane parallel to the transducer. We then

divide this plane into small segments (i.e., a grid) and measure the local pressure in

each of the small segments. The total power associated with ARP (W) is then obtained
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by

N p2
W = y' rrnsdA, (5-4)

i=1 19o C

where Prms is the RMS value of the reading of the pressure, dA is the area of a small

segment, and the total number of segments is N. The upper bound of the total power

ii associated with ARP is limited to the electric power. We expect a linear relationship

between the total acoustic power and the electric power within a reasonable range.

However, at large electrical powers, nonlinear effects such as cavitation and acoustic

streamingmay occur.

5.2 Acoustic Streaming

It has been conjectured that there are other phenomena along with the acoustic

radiation pressure such as acoustic streaming (the flow motion of the fluid due to

gradual absorption of the sound field), cavitation (bubble activity in a high intensity

sound field), and the interrelationships of all of the above.

5.2.1 Calculation for the Acoustic Streaming Based on Nyborg [1965]

Theory of acoustic streaming is based on hydrodynamic equations for viscous

compressible fluid. We only consider the motion from a traveling wave in an

unbounded medium here. When an ultrasound beam travels in any bounded medium,

the presence of the boundaries may affect the streaming. Nyborg [1965] gives a

comprehensive literature survey on acoustic streaming. Streaming is reported to occur

due to the attenuated effect of the wave as it travels through the medium. His
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calculation was based on the approximation of the hydrodynamic equations up to the

second order and did not consider nonlinear propagation.

The first-order velocity of the traveling wave, u_,is written as,

Ul= uaoe-('_+ik)x (5-5)

where Udois the unattenuated acoustic velocity, {zis the attenuation coefficient and k is

the wave number. The time-averaged force per unit volume responsible for the flow is

written as

2 -2_x (5-6)Fx- aPuaoe

and can be rewritten using the power W,

2aW
Fj-_2 (5-7)c

where d is the dimension of the transducer. The velocity u2for one dimensional axial

streaming at position x is given by

AW
u_=- (5-8)

4 _,acd

AW - 2aW(x)dx (5-9)

where ,4W is the energy lost in the acoustic wave while travelling a distance dx. The

flow direction inside the acoustic beam will be in the positive direction. Conservation of

mass requires that there be a flow in the negative direction outside of the acoustic
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beam. We can obtain the distance from the acoustic beam at which the flow changes

direction from positive to negative. This depends on the ratio of the radius of the

source and that of the bounding medium.

5.2.2 Calculation of Acoustic Streaming Based on Eckart [1948]

According to Eckart [1948], three types of streaming are known. The first type is

streaming in a viscous boundary layer near obstacles, and the second type is streaming

outside the boundary. Both of these have vortex structures. The third type of

streaming occurs in a free, non-uniform sound field where the streamingscale is larger

than the acoustic wavelength. Eckart [1948] obtained a stationary solution for a long

acoustic beam with a radius of r. The typical streaming velocity is

U b 2(kr)2 (5-10)--- _ V 0

4tlc

where b= 4/3 r/+ r/' (where r/is the shear viscosity and r/'is the bulk viscosity), k is the

wave number, and Vois the acoustic velocity. This equation shows that the flow motion

arises due to both types of viscosity (shear and bulk).

5.3 Cavitation

No systematic theories have been developed describing what effect cavitation bubbles

have on solid objects under ultrasonics, since it would be a very complicated interaction

involving three phase media. The bubbles are known to be created when the acoustic

pressure amplitude is high enough (so that the time varying amplitude creates pockets

of negative pressure) to break the tensile strength of the liquid. Under this condition,

the bubbles grow due to the surrounding dissolved gas. This behavior yields interesting
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phenomena, such as sonoluminescence, cavitation erosion, chemical reactions, etc.

[Apfel 1989, Neppiras 1980]

The effect of cavitation °n the acoustic radiation pressure is not well understood. We

currently rely on experimental observations of the phenomena. Usually the sound

intensity decreases when the acoustic energy is used to create bubbles in a cavitation

zone. Therefore, we would expect to observe Eckart type fluid motion.

Some interesting results by Prosperetti [1984] show that the insertion of air bubbles into

the medium under ultrasonics can significantly increase the streaming effect. The exact

mechanism of this phenomenon is not well understood. Analytical results on cavitation

bubbles are currently limited to the study of a single bubble, while in a realistic situation,

many bubbles are found in each stream.

5.4 TotalAcoustic Force

The total force acting on any object in an acoustic field is the sum of the force due to

ARP, streaming and cavitation bubbles. At this time, the force due only to ARP and

streaming is considered on two different objects (i.e., cavitation is neglected).

5.4.1 Total Force Acting on an Absorber

If we assume that the sum of the energy density of the sound field and the flow kinetic

energy is constant, the average force acting on an absorber can be written as

W
F- F/+F_ = (5-11)

C
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where Fi is the force due to the acoustic radiation pressure, Fsis the force due to the

streaming, and W is the equivalent power of the sound energy. We do not include the

energy which may be lost due to the formation of cavitation bubbles. Our result from the

balance experiment (Section 3) shows discrepancies at different frequencies, as we

vary the intensity of the power. The reason is probably due to cavitation bubble losses

in the medium.

5.4.2 Total Force Acting on a Fiber Mat

The force acting on a porous medium under ultrasonics would be very hard to calculate,

since the frequency dependence of scattered sound waves can generally depend on

the internal structures of the porous medium. Also, since the shapes are random, a

closed form solution to the acoustic radiation force is difficult to obtain. We can treat the

fiber mat as an absorbing object and consider the force acting on the surface. We can

use Equation 5-11 to get the upper bounds of the force.

Based on observations, the total force acting on the fiber mat is larger than this

estimate, possibly due to the strong water motion which is intensified due to the bubble

activities. A speculation would be that when the bubbles collapse, they induce fluid

motion which is similar to Eckart [1984] type streaming. This water motion can even be

comprised of layers of turbulent jets. For a simplified picture, if the flow velocity is vf,

the additional force acting on the surface of the mat will be

1
F td: _ Cav_pA (5-12)

where Cdis the drag coefficient for the surface of the mat and A is the area of the

porous medium.
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6. Separation of Vessel Elements and Hardwood Fibers (Feler Bose and Brian
Pufahl)

6.1 Introduction

Hardwood fibers are utilized in printing and writing papers to provide a smooth surface

with enhanced mechanical properties. However, hardwood stock contains a large

number of vessel elements, which can be removed from the surface of the paper during

printing. This removal, known as vessel picking, causes a print defect at the point of

vessel removal as well as a repetitive print defect where the vessel adheres to the print

blanket [Shallhorn and Heintze, 1994]. At this time, no single commercial method has

been developed to sufficiently prevent or mask the picking phenomenon, although
Z

several have been tried including market-pulp drying [McGovern, 1977] and the use of

hydrocyclones [Ohsawa et al., 1984]. For this reason, the most effective method to

reduce picking is to monitor the number of vessel elements present in stock and adjust

the grade being produced accordingly.

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. Also, refining is used to reduce the size of these particles but at the expense of

unnecessary hardwood fiber treatment. At the Fall 1996 Paper Physics Project Advisory

Committee meeting, it was recommended that an investigation of the use of acoustic

radiation pressure principles to separate vessel elements and hardwood fibers be

undertaken.
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A preliminary study of acoustic separation of vessels and hardwood fibers was

performed by Michelle Oakland (M.S., June 1997) during FY 1996-1997 [Oakland,

1997]. Eucalyptus bleached kraft pulp (100%) from dry lap sheets was used for all

experiments. As no standard test method was available for counting vessels within a

pulp, a considerable amount of time was redirected to the development of a fast and

reliable test method to quantify the number and size of vessels. After several

improvements over current test Practices in the industry, the test method developed by

Michelle Oakland remained inadequate and prevented her from making significant

progress in the vessel/hardwood fiber separation method. It was made Clearthat

additional research work needed to be dedicated to the development of a more

advanced test method.

Section 6.2 reports on the details of a semi-automated image analysis-based method

for vessel size distribution. This method was first reported in March 1998. Significant

improvements were made during the past year. Section 6.3 describes the design of a

series of acoustic separation experiments to demonstrate the concept of

vessel/hardwood fiber separation. Section 6.4 presents results as well as a discussion.

6.2 Automated Detection of Vessels in Hardwood Furnish (Brian Pufahl)

6.2.1 Introduction

A new method of quantifying hardwood pulp vessel content is presented in this section.

This met:hod relies on a CCD imager in conjunction with custom software to determine

size distribution of vessels. Operator interaction is limited to the preparation of samples

and placement of slides under the imager. This method has been found to be very

IPST Confidential Information - Not for _blic Disclosure
(For IPST Member Company's Internal Use Only)



ProjectNo.F008 51 StatusReport

robust and provides high accuracy while greatly reducing the analysis time over

traditional measurement methods.

6.2.2 Sample Preparation and Imaging

This system relies on batch-mode processing and requires some preprocessing of the

stock solution. During preprocessing, the consistency of the stock sample is measured

and adjusted to 0.1% (0.015% for lower consistency stock). The stock is then pipetted

with 2.5 mi or 2.5 mg (5 mi of lower consistency stock or 0.75 mg) placed on each of 6

4 x 5-cm slides (providing an order of magnitude increase in area over the traditional

slide). A 2 mm opening on the end of the pipette is critical to prevent large objects from

plugging the opening. The samples are then dried on a hot plate and dyed with Victoria

Blue to enhance optical contrast. Without the staining step, the vessels tend to adhere

to the slide during drying and provide very little contrast. The slides are then provided

with a cover slip to enhance optical transmission and to prevent foreign material from

interfering with the measurements.

The slide is transferred to an automated XY stage mounted below a digital CCD camera

with 10-bit grayscale accuracy. The use of a fully digital CCD camera provides an

artifact-free image that requires much less pre-processing of the image than standard

analog cameras. All camera settings and table positioning commands are controlled by

a single Intel Pentium-based computer (see Figure 6-1). A total of 30 images with a

spatial resolution of 9.05 x 9.05 microns (square) are taken of each slide. A manually

adjusted 5 x 5-cm fiber optic backlight provides transmitted light for the detection of

objects while a fluorescent ring light enhances surface details of detected objects. To

ensure proper size measurements throughout the camera's field of view, a telecentric
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