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temperature, flow rate, and contaminants, as well as for maintenance and reliability. The
accuracy of the on-line instruments is determined by direct comparison with measurements
taken under controlled laboratory conditions with reliable off-line viscometers used as
reference. This document reports extensive results of the evaluations as well as
recommendations for design modifications and for the installation of the instruments in
industrial pulping mills for further field evaluations in Phase III of the project. The report
also documents relevant details of the final design of the pilot flow loop used to support the
experiments.

Four of the six original on-line designs considered were thoroughly tested in this
study. In particular, the following three designs were deemed as adequate viscometers for
black-liquor applications and were recommended for further evaluation on industrial sites
during the ensuing Phase III of the project: (i) a Brookfield coaxial rotational viscometer,
(ii) a Micro Motion coriolis capillary viscometer, and (iii) a Nametre torsional vibratory
viscometer. In addition, an experimental Magnetic Resonance on-line viscometer prototype
developed by Southwest Research Institute and Quantum Magnetics was subjected to a
preliminary evaluation with the objective of gathering data for instrument design purposes.
Although it was determined that the latter instrument holds good potential as a black-liquor
viscosity sensor, the instrument is still in its early development phases and is not yet ready
for field deployment.

The final recommendations for pairing of sensors with pulping mill sites during
Phase III of the project is as follows. First, the Brookfield instrument has been
recommended for use in the Georgia Pacific Corporation mill in Palatka, Florida. The
recommendation is based on the observation that this site processes liquors with viscosities
varying from the low and to medium values, a range for which the Brookfield instrument is
best suited. Second, the Micro Motion sensor is recommended for trials at the Canadian
Forest Products site in Prince George, British Columbia. This site is currently firing liquor
with high solids contents, a condition of suitability to the Micro Motion sensor, which is
particularly accurate at the higher viscosities. Finally, the Nametre sensor is recommended
for trials at the mill of the Chesapeake Paper Company in West Point Virginia where the
solids content of the black liquor at the evaporators and at the ring header may experience
significant variations due to solids precipitation effects,. The Nametre instrument is

adequate for use in this site because it features the widest range of viscosity applicability,
and because multiple sensors can be used with a single electronics package.




TABLE OF CONTENTS

CHAPTERS

1 INTRODUCTION ....vuuitiueeeineenenentatnentecteerneacnseasasansnsnsssnsnnns 1
1.1  Participating On-Line Prototype VisCOMeters.....ccvvuenenrnnennnns 1
1.2  Experimental OVEIVIEW.....ocvuiuiiiiiiiiniiiiiiiiieiiiininraencenes 2
1.3  Organization of the Report .......coevvviiiiiiiiiiiiiniiiiiiiienninnns 3

2 EXPERIMENTAL DESIGN ....cuviuitiiiiiiiiiiereineinenieraenenrenennns 4
2.1  Experimental Plan........cccooieiiiiiiiiiiiininiiiiniiriinenininnnenns 6
2.2  Experimental Method .......cccoviiiininiiiiiieniiiiiininenennnenes 8
2.3 Laboratory Characterizations.......ccoeeeueeereeenenreeneenencnennces 13
2.4  Evaluation of On-Line Prototype Viscometers......cvvuveeerennnnns 14

3 BROOKFIELD COAXTAL ROTATIONAL VISCOMETER............... 17
3.1  Principles of Operation .......ocveeeinieveieiiinieienicniniiencnnacnes 17
3.2  Experimental OVEIVIEW ... .ouviuiiueeieeaneanenerereanseneenconcnsens 19
3.3  Selected Experimental ResultS......ceieiieiennrneninnineiannrnennns 20
3.4  Summary of ObServations.........cceevviuiuiiniinienenrenenrrcencences 30
3.5  Extensive Experimental Results .......ccceevviiveniniiinniennnnnen. 32

4 MICRO MOTION CORIOLIS CAPILLARY VISCOMETER ............ 233
4.1  Principles of Operation ........ocveeveieninreienienieeniienecencnns 233
4.2  Experimental OVeIVIEW......coveiuiiniiniiiiiiiniiniiiininiirncenes 235
4.3  Selected Experimental ResultS ......ccoeieeniiiiniieiiniierieenenaenns 237
4.4 Summary of ObServations......cecveeeiereenieeeneenneeneseneeeneenns 246
4.5  Extensive Experimental Results .......ccoeveieinniiciniiiinnnenanns 252

5 NAMETRE TORSIONAL VIBRATORY VISCOMETER................. 441
5.1  Principles of Operation ........ceceeeeerrurrenernrereruereeeecencncanns 441
5.2  Experimental OVeIVIEW.....ccueuiuiueninrieienneeenenecncceecnsncnnns 443
5.3  Selected Experimental Results......ccceiuieeiieiiiiiiiiinennennnnns 444
5.4  Summary of ObServations........ccceeueeveeierueennreenneneecancnenans 455
5.5  Extensive Experimental Results ......coevevieiieinenienininiencnennns 457

6 SOUTHWEST RESEARCH INSTITUTE-QUANTUM
MAGNETICS MAGNETIC RESONANCE VISCOMETER.............. 568
6.1  Principles of Operation ........ccceveevureeereneeruennncnencocoeneonens 568
6.2  Experimental OVEIVIEW.....vveiniienireiernreeneneeenenenncnscanses 572
6.3  Selected Experimental Results .....cocoeieiiieiieiieiiiieieiennenanns 573




10

i .
6.4  Summary of ObsServations.........ccoeviuiuiininiininiiininininniine, 578
CAMBRIDGE APPLIED SYSTEMS SLIDING ELEMENT
VISCOMETER .....civiuiiieeurnenereniiaiieniaeiniiratiicaiineesnsenens 579
7.2 Principles Of OPEration .........cevueeeeenreuueeennenunecnnennneeannns 580
7.3  Experimental OVeIVIEW...ccovviiiiiiiemiiiiiiiiiiiiiiiiiiiieineeennes 581
7.4  Selected Experimental ReSUltS ......covveiniiiiniiiiiiiiiinineenenns 582
7.5  Summary of ObServations........ccveeeeiiiiiuienininiseenienencnens 582
STEVENS INSTITUTE CAPILLARY VISCOMETER.................... 585
8.1  Principle of Operation........ccccvevreveneriniiieninerineerencuneenes 585
8.2  Summary of ObSErvations........ccccvevvenreniniinieninreneriesensaees 586
FINAL DESIGN OF THE PILOT FLOW LOOP.......cc.ectveiuruinnneens 587
9.1  DeSign OVEIVIEW cueveerreneenrneeraenteiareeneeereeencasacnsscromssnes 587
9.2  MainLine..c.ouveeueeiiniereriaiiiiiiieiiieiiire e aran e e 588
0.2.1 Main PUMP..iiceuiireiieiiiiniiiiriiiriiieitieiarenaeneenes 589
9.2.2 Main Holding Tank .......oeeeeireirineninenecenarnennncnnes 590
0.2.3 Main Line Streaml. . co.vevenrnenenrrenneninirecnineeneneoncncnns 591
0.3  SampleLine....cceeeieiurniiuiieiniiiiiniiiiiiiiiiiiieiineienean, 591
9.3.1 Heat Exchanger SECton .....coveevreeiriieaiurnriernnacenes 591
9.3.2 Viscometer Lile ..c.oovvurneninerurneneieieeninernieiaracnenns 592
9.4  Data ACQuiSition SYStEML. .ccueurnrninrieininiiereneiniriinreesnrncnnes 594
9.4.1 Instrumentation OVEIVIEW......ccuveiurrininininerernnnneenes 594
9.4.2 National Instrument Hardware.........ccccceuiinennenncne, 595
9.4.3 LabVIEW Software .....ccceveiieninenininiiiriirunennnenes 596
CONCLUSIONS AND RECOMMENDATIONS .......ccoveiniinenenen. 598
10.1  CONCIUSIONS. .ueueueernureereenesanoeroencsessersusassessenssnsasesnnne 598
10.1.1 Brookfield Coaxial Rotational VisCOMEer.....couvueenenns 598
10.1.2 Micro Motion Coriolis Capillary Viscometer............... 599
10.1.3 Nametre Viscoliner ViSCOMEIEr....cuvvurereririrnenvenennnns 601
10.1.4 SWRI/Quantum Magnetics MR Viscometer................ 602
10.1.5 Cambridge Applied Systems Sliding Element
VISCOMELET +evvuuenrnernrienerninrncienrencsessraesasaesnsens 602
10.1.6 Stevens Institute Capillary Viscometer........coveieeenen. 603
10.2 RecommendationS.....ceeecereeereencrerernreiecenmecncrenenssnsnnes 603
10.2.1 Brookfield Coaxial Rotational Viscometer ................. 604
10.2.2 Micro Motion Coriolis Capillary Viscometer............... 604

10.2.3 Nametre ViscOlner ViSCOMEeer..ovvirerrrrereerererreeraeens 605




1 INTRODUCTION

This report documents the results of the evaluation of the on-line prototype

viscometers for Kraft Black Liquors carried out at the Pilot Plant facilities of the University

of Florida. The work reported in this document is sponsored by the US Department of

Energy under DOE Cooperative Agreement DE-FC02-93CH10564 and satisfies the goals

of Phase II and Phase ITA of the project.

1.1  PARTICIPATING ON-LINE PROTOTYPE VISCOMETERS

The original plan called for the evaluation of five prototype on-line viscometers

along with laboratory bench versions. At a later stage in the project an additional

experimental prototype under development at Southwest Research Institute was added.

The on-line viscometers considered were the following:

L.

Brookfield TT-100 coaxial rotational viscometer. Manufactured by Brookfield
Engineering Laboratories, Inc., Stoughton, MA.

Micro Motion CMF025 coriolis capillary viscometer. Manufactured by Micro
Motion Inc., Boulder CO.

Nametre 2010MX Viscoliner torsional vibratory viscometer. Manufactured by
Nametre Company, Metchen, NJ.

‘Southwest Research Institute/Quantum Magnetics Magnetic Resonance

Viscometer. Experimental prototype under development at Southwest Research
Institute, San Antonio, TX.

Cambridge Applied Systems Sliding Element Viscometer. Manufactured by
Cambridge Applied Systems Inc., Medford, MA.

Stevens Institute Capillary Viscometer. Manufactured by the Stevens Institute,
Hoboken, NJ.




Of the instruments listed above, the first four manufacturers were able to deliver
functional on-line prototypes that underwent extensive testing and evaluation. The
Cambridge instrument (fifth in the list) was delivered only in its off-line (laboratory) form.
Although it was not suitable for on-line utilization in an industrial environment, the
laboratory Cambridge instrument nevertheless underwent a preliminary test of performance
in the experimental pilot flow facility.

In addition to the Cambridge laboratory unit, two other manufacturers indicated in
the list above were also able to deliver off-line (laboratory) versions of their on line

instruments. More precisely, the laboratory units used in the study were the following:

1. Brookfield TT-PVS rotating cup viscometer for laboratory use. Manufactured
by Brookfield Engineering Laboratories, Inc., Stoughton, MA.

2. Nametre 2010MX Viscoliner torsional vibratory viscometer for laboratory use.
Manufactured Nametre Company, Metchen, NJ.

3. Cambridge Applied Systems Sliding-Element Viscometer for laboratory use.
Manufactured by Cambridge Applied Systems Inc., Medford, MA.

1.2 EXPERIMENTAL OVERVIEW

The viscosity of black liquor is dependent not only on temperature but also on the
type of liquor (wood species and cooking conditions) and the solids concentration. The
experimental plan was to examine the performance of the on-line prototype viscometers
under various process conditions to determine the range and suitability of each instrument
in typical mill environments. Four different types of black liquor were utilized after

concentrated to various levels of solids content:

1. Canadian Forest Products LTD., Prince George BC, Canada
Chesapeake Paper Products Company, West Point VA, USA
Georgia Pacific Corporation, Palatka FL, USA

Sl A

Canadian Forest and Georgia Pacific Mixture




Each prototype on-line viscometer was evaluated in a pilot flow-loop facility
running the different types of black liquors at different levels of solids content and at
varying flow rates and temperatures. The accuracy of the of the viscosity measurements
produced by the prototypes was determined by comparing the measurements to those
obtained by laboratory measurements taken under well-controlled conditions. The
laboratory instruments utilized as references included the three off-line versions of
instruments acquired from the instrument manufaéturers participating in the project as well
as standard laboratory viscometers, such as a Haake Rotovisco RV12 rotational
viscometer. The range, accuracy, and repeatability of the measured response were
examined at various temperatures and flow rates under steady state conditions. The time
response, sample acquisition, and preparation were additional performance variables that
were also under consideration. Finally, the reliability and maintenance of the instruments
were long term factors that were considered in the evaluation.

Extensive data were acquired during the evaluation phase using all four black liquor
types at 13 different solids concentrations under various temperature and flow rate
conditions. The experiments tested the accuracy and the reproducibility of the on-line
instruments under steady state conditions, and also tested the speed of response of the
instruments through transient-response experiments. The steady-state data were mostly
reported in plots of the viscosity as a function of flow rate, and the transient-response tests

data were plotted as viscosity as a function of time.

1.3 ORGANIZATION OF THE REPORT

Chapter 2 of the report discusses the experimental design of the testing phase. The

experimental plan and methodology are discussed in detail along with the specifics of the

laboratory characterizations.




Chapters 3-6 respectively discuss the experimental evaluations of the Brookfield,
Micro Motion, Nametre, and Southwest Research Institute/Quantum Magnetics on-line
instruments.

Chapter 7 discusses data gathered with the Laboratory Cambridge Viscometer. The
instrument was installed in the pilot flow loop to carry out a conceptual evaluation of its
capabilities with low-solids black liquor and to measure the instrument’s response time.
No information is given on the on-line prototype because no instrument was delivered for
evaluation. Chapter 8 discusses the Stevens Institute Viscometer in concept only, since
neither an on-line prototype or a laboratory bench version were delivered. No experimental

data was gathered for this system.

Chapter 10 closes the report with a number of conclusions on the performance of
the individual viscometer evaluations and offers recommendations for design modification

and for the ensuing mill-site trials for Phase IIL




2 EXPERIMENTAL DESIGN

This section describes the matrix of experiments that are carried out to evaluate the
performance of the prototype viscometers in terms of (i) instrument variables such as
accuracy and response time, and (ii) process variables such as flow rates and temperature.

A list of relevant variables considered are shown in Table 2.1

Table 2.1. Process and instrument variables of interest.

(1) Process variables (11) Instrument variables
Temperature Accuracy and repeatability
Solids content Range of applicability
Liquor source Response time
Flow rate Sample acquisition and
conditioning
Contaminants Reliability and maintenance

Of the process variables listed on the first column of Table 2.1, the temperature and
the solids content of the liquor have a dominant effect on the viscosity of black liquor are
(Fricke, 1987; Zaman, 1993; Zaman and Fricke, 1994b). Therefore, the experimental plan
for evaluating the prototype viscometers includes subjecting the prototype viscometers to
operation regimes at various temperatures and solid concentrations that are representative of
pulping-mill conditions. Black liquors obtained from different sources—such as a liquor
produced at the Palatka site of Georgia Pacific in Florida, or the liquor from Chesapeake
Paper Company produced at the West Point site in Virginia—have different viscosity
behavior because the sources use different wood species and different pulping recipes. The
experimental program includes testing black liquors provided by three different sources of

different geographical locations. It is now well known that black liquor behaves mostly as




a Newtonian fluid (Zaman and Fricke, 1991; Zaman and Fricke, 1994b), hence, the on-line
viscometers should produce viscosity measurements that are independent of flow rate.
Therefore, it is important to evaluate the viscometers under different flow rate regimes in
order to determine if the design of the instruments permits them to effectively cope with the
effects that a varying flow may have on the probes and other sensing elements. Finally the
presence of contaminants and additives in the liquor may adversely impact the performance
of an on-line viscometer. Contaminants such as fly ash augment the concentration of
particles in the flow, and hence increase the likelihood of fouling in the sensors, as well as
of causing malfunctions due to obstructions and interactions between the solid particles and
the sensors.

The instrument variables shown in the second column of Table 2.1 include
prominently the accuracy and the repeatability of the instrument. Accuracy refers to the
agreement between the viscosity measurement produced by the on-line instrument and the
viscosity measurement produced by a reliable instrument under laboratory conditions. On

the other hand, repeatability (or precision) refers to a situation where the on-line instrument

produces the same measurement after repeated readings under the same process conditions.
Ideally one would want the viscometers to be both accurate and precise; however, often in
processing operations it is sufficient to obtain a precise measurement because a repeatable
measurement permits the deployment of effective process control strategies. Another
instrument variable of interest is the range of applicability of the viscometers. For example,
it may be possible that the principle of operation of a viscometer makes it reliable at low
viscosities, but not reliable at high viscosities. Hence, the range of applicability is a critical
variable of interest. Different viscometers acquire black-liquor samples from the flow
stream using different techniques, such as passing the flow through a rotating cup, through
a pair of bent capillary tubes, or through a sampling chamber. Furthermore, conditioning
of the flow may also be done, such as adjustment of the temperature. The experimental

evaluation study includes an assessment of the suitability of the different sampling methods



used by the prototype viscometers considered.  Finally, a primary concern with all

prototype viscometers is their reliability and their maintenance requirements. Obviously, an

instrument that operates without malfunctions and without need for maintenance for a long

period of time is highly desirable.

2.1 Experimental Plan

The testing plan was designed to examine factors affecting performance of the
prototype viscometers under various process conditions. Three different types of black

liquor have been acquired for the evaluation phase from the following pulping-mill sources:

e Canadian Forest Products LTD., Prince George, Canada
o Chesapeake Paper Products Company, West Point VA, USA
o Georgia Pacific Corporation, Palatka FL., USA

A forth type of black liquor type was generated at the University of Florida by combining
Georgia Pacific and Canadian Forest black li(juors in an approximate 50%/50% mix. This
mixture was made with the objective of obtaining a liquor with high solids content.

Five hundred gallons each of Canadian Forest and Chesapeake Paper black liquors
were shipped to the pilot flow loop with a concentration of approximately 50% solids. A
total of 700 gallons of Georgia Pacific black liquor was received at concentrations of
approximately 34% and 42% solids. It was necessary to have on site such large samples of
black liquor so that they could be concentrated to higher solids contents using the
University of Florida evaporation system.

For each of the black liquor types, a range of solids concentrations was chosen to
represent different locations where the viscometers might be placed within a pulp and paper
mill. Once a black liquor type at a fixed solids concentration was loaded into the pilot flow

loop, experiments were performed at various temperatures. Typically the temperature was




progressively increased in the main tank from run to run so that the loop was thermally
equilibrated; however, since the main holding tank is at atmospheric pressure, the highest
temperature was limited to 10-20°C below the boiling point of the black liquor. At least one
run was performed using the heater in the sample loop so that temperatures above the
atmospheric boiling point of the black liquor could be tested. Higher temperatures are more
likely to represent the operating conditions of a pulp and paper mill.

At each temperature, several runs at different flow rates were made. These included
one batch (or zero flow) run in which the viscometer line was isolated from the flowing
stream. The flow rate range used depended upon the limits of the pilot flow loop. In
general, the flow rates in a run were set in a sequence of steps. Typically, the first step
was a run at 0.5 gpm. The second and subsequent steps consisted of an increase in the
flow rate by 0.5 gpm, as shown in Table 2.2, until a maximum Sustainable flow rate was

attained. Finally, the zero-flow run was made.

Table 2.2. Flow rate steps examined in experimental runs

Step Flow rate (gpm % 0.25)

1 0.5
2 1.0
3 1.5
4 2.5
S 0.0

Overall, five flow rate runs were performed within each temperature run. The upper limit
of flow rate for these runs were dependent upon the output of the main progressive cavity
pump at its maximum operational limit of 150 psig. In general, however, the main line
pressure was kept at 70 psig so as not to stress the main pump to its maximum.

Two modes of operation were also examined: Steady state and transient. A
majority of the experimental runs were at a thermal and flow steady state. Several thermal
transients were examined to determine response times from the instruments. Thermal

transient experiments were done by introducing step changes in the opening of the steam
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control valve of the heater to induce a viscosity step change resulting from a step change in
temperature.

Once the experiments for a given black liquor type and solids concentrations were
completed, the black liquor was off-loaded from the loop into transfer tanks. Then the
Viscometer Line was cleaned first with low-pressure steam, and then with circulating hot
water. The black liquor in the transfer tanks was taken to the evaporator and loaded into
the evaporator feed tank. The black liquor was concentrated to the next solids
concentration of interest using a wiped-film evaporator operating at a jacket pressure of 115
psig of saturated steam and process pressure of 0.5 atmosphere. Under these conditions,

the average evaporation rate is approximately 15lbm,,q, /hr. Once the evaporation was

completed the black liquor was then loaded back into the pilot flow loop for further

experiments.

2.2 Experimental Method

During the evaluation phase, we used a comprehensive experimental plan to
examine various black liquor solids concentrations ranging from 34% to 73% with four
different types of black liquor (Figure 2.3). Of the four black liquor types, the Georgia
Pacific was the easiest to handle and work with because of its low level of air entrainment
and ease of evaporation; therefore, more experiments were performed with this black
liquor. Although the Canadian Forest and Chesapeake Paper liquors were not evaporated
to high solids contents, two runs were made at low temperatures to simulate the high-
viscosity behavior that these liquors would have displayed at higher solids concentration.

A main problem experienced with the handling of the Canadian Forest and
Chesapeake Paper black liquors was the formation of crystalline particles. Crystals
formed in stagnant flow portions in the Main Holding Tank T1 (¢f. P&ID diagram in

Figure 9.1), and were eventually pumped throughout the loop where they collected and




created blockages in the lines. There is a strainer with a 40 mesh screen installed in the
Viscometer Line to protect the viscometer from larger particles. The viscometers tested

were not affected by particles smaller than 40 mesh.

Table 2.3. Black liquor types and solids concentration

examined.
wﬁeorgia Pacific  Canadian Forest é“hesapeake Paper  GP & Canadian Forest Mix
34.14% 47.96% 49.39% 67.71%
42.24% 57.78% 59.28% 71.38%
48.29% 73.40%
55.84%
65.51%
68.37%

The Chesapeake Paper black liquor created more difficulties due to air entrainment,
which made laboratory characterization, especially density correlations, extremely difficult
to perform. The air entrainment in the loop is normally insignificant due to the high
operating pressures and would not be a problem in actual mill operation. The effects of air
entrainment can be determined by examining the density measurement as a function of flow
rate with the Micro Motion instrument at a constant temperature. Black liquor can be
assumed to be an incompressible fluid, therefore its density is independent of pressure.
Since the flow rate in the Viscometer Line is a function of the Main Line pressure, the
density of the black liquor is independent of flow rate. Significant aeration of the black
liquor would give an artificially low density measurement with the Micro Motion device,
and the density would increase as the flow rate increases; however, the density

measurement of the Chesapeake Paper black liquor was unaffected by flow rate and

remainéd constant at a constant temperature.

Once the Pilot Flow Loop was loaded for the current black liquor run, the Main
Holding Tank and the flow loop were kept at a nominal temperature for several hours to
ensure that the black liquor was thoroughly mixed and homogeneous. Flow in the loop

was stopped briefly and a 1-liter sample was withdrawn for laboratory characterization.
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This procedure was followed to prevent flashing of the liquor when the laboratory sample
was withdrawn, since the sample point was upstream of the heater, and the main tank was
well below the boiling point at this point. Flashing is an undesirable effect because the loss
of water and organics makes the sample appear more highly concentrated. If possible, the
experimental runs were delayed until laboratory characterizations were completed so that an
immediate check could be performed on the viscometers before testing.

In preparation for an experimental run, various instruments and sensors needed to

be zeroed or calibrated.

o The flow loop was turned off momentarily and the Main Line Flow Meter FT1

(cf. PI&D diagram in Figure 9.1) and the Sample Line Flow Meter FT2 (cf.
PI&D diagram in Figure 9.1) were zeroed at zero flow.

e Valves V4 and V16 were closed so the differential pressure cells (DP1 and
DP2) across the Heater E1 and Cooler E2 could be zeroed.

o The Viscometer Line is bypassed by directing flow through the bypass using
the Viscometer Line Isolation Valves (V7 and V8) so that the Brookfield and

Micro Motion viscometers could be zeroed.

Once the preliminary equipment and instrumentation checks and calibrations were
completed, the main line flow was set to approximately 3;0-40 gpm at a pressure of 70 psig
and the flow was passed through the sample and viscometer lines to establish thermal
equilibrivm. In the control room, the National Instruments LabVIEW software and Micro
Motion Prolink package were turned on concurrently with the DAQ computer and the data
files were initialized. The values recorded by LabVIEW and Prolink were verified against
the displayed values of indicators and controllers on the control panel. For the final step in
preparing the data acquisition system, the Southwest Research Institute/Quantum Magnetics

computer was then setup to acquire its own data.




For the first flow rate run at the first temperature of interest, the Sample Line
Controller FC1 (cf. P&ID diagram in Figure 9.1) was manually adjusted until the desired
flow rate was attained. The Viscometer Line was 2!lowed to achieve steady state, with the
Cooling Water Controller TC2 (cf. P&ID diagram :n Figure 9.1) set fo manual at 99.9%
open. Once at steady state, the Southwest Research Institute/Quantum Magnetics data
acquisition system is turned on first, followed by Prolink and then LabVIEW. For each
flow rate run, three different Brookfield rotational speeds were usually examined. The
LabVIEW program paused while the Brookfield rotational speed were changed. In the
meantime, the other systems were left running. LabVIEW was restarted after the rotational
speed had been changed and the new calibration factors were entered into the LabVIEW
program. Once all the data for the current flow rate had been acquired, all the DAQ
systems were turned off, and flow through the Viscometer Line was increased to the next
flow rate of interest. After steady state was achieved once again the data acquisition
process was repeated.

The final flow rate run was always the zero-flow (or batch run) condition which
was handled in two steps. In the first step, the same procedure was followed as in the
other flow rate runs except that the Southwest Research Institute/Quantum Magnetics
system was turned off. On the second step, the Southwest Research Institute/Quantum
Magnetics instrument was run alone in the batch mode, since the Southwest Research
Institute/Quantum Magnetics DAQ system can control the Viscometer Line Isolation Valves
(V7 and V8). The Southwest Research Institute/Quantum Magnetics instrument in the
automatic mode first opened the viscometer line for a predetermined time, and then closed
the Viscometer Line and analyzed the black liquor sample. When the test was completed,
the isolation valves were opened and a new sample was loaded into the line. This was
repeated until the Southwest Research Institute/Quantum Magnetics DAQ system was

turned off.
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When the first temperature run was completed, the temperature in the main holding

tank was increased using the Tank Temperature Controller TC1. After the flow loop has

reached a new thermal equilibrium, the flow rate step runs were duplicated as described
above. The procedure was repeated for the later temperature runs until the last run, in
which the sample line heater was utilized to raise the temperature up past the boiling point
of the black liquor sample. The flow rate runs were handled in the same manner, except
that more care was needed to maintain a constant flow rate and temperatore. The Process
Heater Output Controller TC2, the Sample Flow Rate Controller FC1, the Main Line
Pressure Controller PC1, and the Main Pump Speed Control were adjusted manually until
the desired temperature and flow rate were achieved. At this point, The Sample Line Steam
Tracing Controller PC2 is set to approximately to 25 psig to help offset heat losses in the
sample line. Once steady state was attained, the flow rate run was initiated. This procedure
was followed for the remaining flow rate runs.

For the transient heater runs, the flow through the viscometer line was fixed with
the Process Heater Output Controller TC2 set manually to 0% open. Only the LabVIEW
software was used for transient experiments, since LabVIEW preempts Prolink when
multitasking with the DAQ computer. Although Prolink works well in the background of
LabVIEW under steady state conditions, it does not respond quickly enough to rapidly
changing variables. The LabVIEW software was turned on and then the Process Heater
Output Controller TC2 was set to manually open the valve by small increments. The
sample line flow rate could not be held to an absolutely constant value, but an approximate
value could be maintained by adjusting the Motor Speed Controller. Once the viscometers
had reached steady state, TC2 was stepped open to a new value. This procedure was
repeated until the process output was saturated.

The set of data were collected as ANSI files from three locations; LabVIEW,

Prolink and the Southwest Research Institute/Quantum Magnetics. The data were then
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transferred into Excel 5.0 files for analysis. Later, the data is divided for analysis of

individual instrument and then analyzed.

2.3 Laboratory Characterizations

Well mixed representative black liquor samples from the pilot flow loop were
characterized In the laboratory to develop viscosity, density, and heat capacity correlations .

The laboratory characterization included measurements and correlations of:

e Viscosity
e Density
e Heat Capacity

e Solids Content

Boiling Point Elevation

The viscosity for each black liquor sample was measured over the operating temperature

range of the pilot flow loop using, at a minimum, three laboratory viscometers. The
laboratory models (the Lab Cambridge, the Lab Nametre, and the Lab Brookfield) operated
with the same principles and specifications of their on-line counterparts. The Haake
Rotovisco RV12 Rotational Viscometer is a standard concentric cylindrical rheometer. In
the laboratory, two types of units are employed: One is the open cup viscometer for use at
low temperature for high viscosity samples, and the other is a pressure cell that was
modified unit for use at high temperature and high pressure.

The viscosity data for each laboratory viscometer is gathered as a function of

temperature and fitted to the form

b c
N(cP) = exp(a + T + T(K)2) (2.1



14

where a, b, and c are the correlated parameters (Zaman, 1993; Zaman and Fricke, 1994a).
Afterwards, the smoothed correlations from at least three viscometers are compared with

one another over the operational range to provide a separate and independent verification of

the data, and to determine the upper and lower ranges of the laboratory. reference.
Generally, these correlations are within 5% of one another, which is the normally
experienced agreement between instruments in the laboratory. Even though the black
liquor samples were expected to be Newtonian at the solids content and viscosity ranges
that were being tested, the viscosity was determined as a function of shear rate to provide
verification.

Similar procedures are utilized in developing correlations of density and heat
capacity as functions of temperature, as well as boiling point rise as a function of the solids
content of each black liquor type. Density correlations of black liquors as a function of
temperature are determined using the AccuPyc 1330 Pycnometer to measure the density of
the sample at a fixed temperature and dilatometer to measure thermal expansion of the black

liquor sample. The density correlation have the form of a second order polynomial
p(cP)=a+bT(°C)+cT*(°C) (2.2)

where a, b, and c are calibration constants (Fricke, 1987; Fricke, 1990).

2.4 Evaluation of On-Line Prototype Viscometers

In evaluating the experimental results from the on-line prototype viscometers, the
viscosity measurements recorded on-line at the flow loop were compared with the
laboratory reference viscosity measurements. The laboratory reference viscosities were
calculated using the corresponding Viscometer Line temperature that was recorded on-line.

Table 2.4 show the specific temperature sensors that were used to determine the
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temperature of each on-line viscometer during the on-line experiments. The locations for

each temperature sensor is given in Figure 9.1.

Table 2.4. Temperature sensor used for laboratory reference

for each instrument.
““On-line Viscometer Temperamgg_ Sensor
Brookfield TT7
Micro Motion TT7 & Internal
Nametre TT4 & Internal
SWRI/QM TT7
Lab Cambridge Internal

The Micro Motion, Nametre, and the laboratory version of the Cambridge possess internal
temperature sensors, as shown in the Table 2.4. The Micro Motion internal temperature
sensor is located on the outer casing and not in the flowing fluid. This reading is not
accurate for the transient temperature run, but is suitable for steady sate analysis. Near the
end of the instrument evaluations program the Nametre internal RTD failed and the external
Viscometer Line RTD TT4 was used due to its proximity to the instrument.

It is important to remember that the laboratory reference for a liquor is a function of
temperature only since the liquor is Newtonian at a constant solid concentration. In
practically all the runs carried out, the viscosity versus flow rate plots show a downward
trend of viscosity as the flow rate increases; however, this is not due to increases in shear
stress but to increasing temperatures. As the flow rate increases, the net loss of heat in the
viscometer line decreases and consequently the temperature in the viscometers increases.
The approximate constant temperature attained in any given run can vary by as much as
+5°C. This was especially true for the high temperature runs in which the heater is
employed, since maintaining a constant temperature with the fluctuations of black liquor
flow rate and steam flow was very difficult.

For the transient temperature response runs, the flow rate is maintained at a low

flow rate (~0.75 gpm) by manually adjusting the Sample Line Flow Rate Controller FC1
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and the Motor Speed Controller. The Process Heater Controller TC2 is manually opened in
small increments to introduce a temperature step change in the Viscometer Line utilizing the
Heater E1. The flow rate is kept constant as best as possible though there are some shifts
in the flow rate as the temperature increases. Once the temperature in the Viscometer Line
reaches steady state, another step change is introduced by manually adjusting the Process
Heater Controller Output. The Viscometer Line RTDs are assumed to instantaneously

measure changes in the Viscometer Line during the transient temperature response runs.

The time delays of the instruments are calculated from the moment the nearest RTD

responses to the Viscometer Line temperature change.




3 BROOKFIELD COAXJAL ROTATIONAL VISCOMETER

The Brookfield Prototype Viscometer is an On-Line Coaxial Cylinder Rotational
Viscometer which is designed to operate in a fully-flooded process stream under pressure

or vacuum. The specific configuration tested is as follows:

e Sensor: TT100SD Rotational Viscometer

e Control Unit: 64-C0795 Rev A

The basic idea of the design is the use of a rotating-cup configuration. The process
stream flows into a sample chamber where it contacts a measuring annulus comprised of a
rotor and a stator. The laminar viscous drag of the process fluid generated by the constant
rotation of the rotor is resisted by the stator (Brookfield, 1992; Brookfield, 1995, Zaman,
1993). This drag is transmitted as an angular deflection to the rotary transformer from a
flexure element and torque tube. This signal is then processed into a 4-20 mA current
which is proportional to the viscosity range. The control unit outputs the viscosity as a 4-
20 mA linear signal which is proportional to the viscosity of the fluid. The unit also

outputs a 0-30 mVac signal that is related to the rotational speed of the rotor.

3.1 Principles of Operation

The Brookfield Viscometer utilizes a direct measure of force for a fixed rate of

shear. For Newtonian fluids the dynamic viscosity of the process fluid is related to the

shear stress and shear rate as follows:

3.1)

<2 [a
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where

T
- 3.2

T L (3.2)
y=—22 (3.3)

shear stress at the wall
shear rate

torque

radius of the rotor
radius of the stator
velocity of the rotor
dynamic viscosity

where

Sepmm=a
[T I A 1

The Brookfield Viscometer is calibrated with a torsion bar which sets the calibration
constant for the range of viscosity of interest and at a fixed rotational speed. The
instrument tested had a dual-range capability for improved response in the low viscosity
range. To determine viscosity with the current control unit, first the rotational speed would
need to be calculated from a calibration correlation of rotational speed as a function of
motor voltage. Then the viscosity range can then be calculated at that a fixed rotational
speed (usually at 300 rpm) using the torsion calibration constant. The viscosity output at
300 rpm is calculated by (Brookfield, 1995)

100 C
@300 =11 ———-100 34
T(@3007pm) 300 72 (3.4)
where C = torsion bar constant
x = Viscosity output in mA

The 4-20 mA response from the control unit is linearly proportional to the calculated

viscosity range, which is calculated by

0 o 35;9-17(@ 300 rpm) (3.5)

where R is the rotational speed measured in rpm.
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3.2 Experimental Overview
Table 3.1 following lists solids compositions of the black liquor used with the
experimental runs that were performed on the Brookfield Viscometer. In total, the

instrument was tested on 13 different black liquor concentrations, ranging from a 42.20%
Georgia Pacific liquor to a 73.40% liquor obtained by mixing a Georgia Pacific liquor with

Canadian Forest liquor.

Table 3.1. Black liquor types and solids content tested with

the Brookfield Viscometer.
mﬁeorgia Pacitic . Canadian Forest . Chesapeake GP & Canadian
~ Forest Mix
42.24% 47.96% 49.39% 67.72%
48.29% 57.73% 59.58% 71.38%
55.84% 73.40%
58.38%
65.51%
68.38%

In addition to temperature and flow rate, the rotational speed of the viscometer was
another variable investigated during the experimental trials for this instrument. For each
flow rate, three different rotational speeds were normally run, although speeds were
sometimes limited by the viscosity range of the instrument, especially at high viscosities.
Due to the drift in the rotational speed voltage, very low rotational speeds may introduce
large offsets; therefore, for a voltage range of 0-30 Vac, the minimum rotational speed
examined was 50 rpm (or 5.4 Vac), with an 9:1 gear ratio. At low range, this viscometer
has a viscosity range of 0-15.57 ¢P in the low-range setting, and 0-70.23 cP in the high-
range setting. For the very high viscosity runs, the instrument was modified by changing
the gear ratio to 18:1, which allowed lower rotational speeds (18 rpm) at a higher voltage
setting.

The control unit has two outputs, namely a torque and a rotational speed signal.

The torque signal is sent to the UF Data Acquisition System (DAQ). The rotational speed
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voltage is not sent to the UF DAQ System, but is monitored off-line by an attached
multimeter. Because the Brookfield Control Unit available does not have any displays, to
insure that the viscosity signal was being retransmitted properly, a multimeter was placed in

series with the output line to measure the signal current. The viscosity is calculated using

the relationship (Brookfield, 1995)

n= 300 n(@300rpm) (x—4

R 16 ) (3.6)

With the present control unit, rotational speed transients (which are important for non-
Newtonian fluid viscosity measurements) are difficuit to coordinate with inputting the
proper rpm value into the UF DAQ System and simultaneously adjusting the rotational

speed on the control unit simultaneously.

3.3 Selected Experimental Results

The selected data presented in this section represent typical results for the

Brookfield instrument. Extensive data are given in Section 3.5. The data presented is
comprised of 4 steady-state runs of viscosity versus flow rate at different temperatures and
solids compositions, and 2 transient response of the instrument to temperature changes.
Figure 3.1 shows a low viscosity run at 300 rpm with Georgia Pacific 58.38%
solids black liquor at approximately 125°C. This is a steady-state run, and the results are
presented on two plots. The upper plot shows the viscosity values measured by the
instrument, and are indicated by the diamond-shaped markers. The continuous line joining
the markers is included as a visual aid to track the data trend, and is obtained through
arbitrary curve-fits. The upper plot also shows a laboratory reference band of viscosity
values defined by two dash-dot lines. The band is constructed using viscosity correlations
produced for the various laboratory instruments described in Section 2.4. In particular, the

upper curve of the band corresponds to the highest viscosity prediction produced when
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considering all the laboratory correlations at the temperature of the flow rate in question.
Analogously, the lower curve of the band corrésponds to the lowest viscosity prediction.

Any measurements that fall inside the reference band are considered to be consistent with

the laboratory measurements.

The lower plot in Figure 3.1 is a measure of the relative difference between the
viscosity measurement (77) produced by the instrument and the viscosity (77,.) predicted by
a correlation produced using data acquired with a reliable laboratory instrument and valid
for the particular solids-content of the black liquor used in the test. Hence, the relative
difference is defined as follows:

Relative difference = = Ty (3.7

Mer

We typically used a Haake Rotovisco RV12 Rotational Viscometer or a Cambridge Sliding
Element Laboratory Viscometer as the reference laboratory instrument. Note that, for
example, a relative difference of 0.08 indicates that the instrument viscosity differs from the
reference measurement by 8%. We consider an instrument to be accurate if it realizes a
relative difference of +10%. A relevant remark concerning this figure is that the
temperature is not strictly constant during the run; in fact, as the flow rate varies, the
temperature also varies, though it remains close to the approximate value reported in the

figure title. For this particular figure the viscosity, flow-rate, and temperature information

for 10 selected flow rates is as follows:
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Table 3.2. Flow-rate, temperature, and viscosity data for

Figure 3.1.

“Flow Rate (gpm)  Temperature (°C)  Viscosity (cP)
0.88 118.45 13.99
0.80 118.17 14.18 4
0.81 118.08 14.26
0.79 118.08 14.25
0.74 119.56 14.75
1.06 118.82 14.78
1.05 117.89 14.76
0.98 117.62 15.02
0.00 108.46 20.2
0.00 108.36 20.4

Analysis of Figure 3.1 shows that the Brookfield Viscometer produces
measurements with excellent accuracy because the measured response from the instrument
lie within the boundary of the laboratory reference band. Note that the instrument tracks
well with the changes in viscosity that occur due to the change of the temperature caused
with the.variation of flow rates. The lower plot was generated using the laboratory

reference correlation

l0g 1,,, (cP) = 24.6362 - 20322.9/ T(K) + 4594277/ T(K)* (3.8)

The instrument tracked within the laboratory reference bounds with a relative difference of
approximately 10% throughout the volumetric flow rate range investigated, the maximum
flow rate for this run was 1.15 gpm.

Figure 3.2 is a mid-range viscosity run at 50 rpm with Georgia Pacific 65.51%
solids black liquor at approximately 95°C. The instrument again tracked within the
laboratory reference bounds with a £5% relative difference from the laboratory resuits.
The maximum flow rate for this run was increased to almost 2.5 gpm. The instrument
started to demonstrate a slight downward trend in the viscosity measurement at the higher
flow rates.

Figure 3.3 is a high-viscosity run at 50 rpm with Georgia Pacific 65.51% solids

black liquor at approximately 90°C. The instrument tracked within +10% of the laboratory
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reference. At the upper end of the flow rate range, about 2.0 gpm, the instrument began to
demonstrate a slight downward trend in the viscosity measurement. This is represented by
the -10% relative difference at the high end of the flow rate.

Figure 3.4 is a high viscosity run at 100 rpm with Georgia Pacific 68.38% solids
black liquor at approximately 95°C. In this case, the instrument tracked the laboratory
reference bounds between 0 to -10% relative difference with a slight downward trend in
viscosity as flow rate increases.

Figure 3.5 (A) plots viscosity as a function of time to examine the transient
response of the Brookfield Viscometer with a GP and Canadian Forest Mix 67.46% black
liquor. In this experiment the temperature of the flowing black liquor steam was changed in
a step-fashion by manually opening the steam valve controlled by the Process Heater
Output Controller (instrument TC2 in the P&ID diagram in Figure 9.1). The step changes
were made in discrete increments, as shown in the legend of the figure, until the output
from the Heater became saturated. The four markers (circle, square, triangle, and cross) on
the figure denote the instants when the valve opening is changed. The dotted line
represents the viscosity determined using a laboratory correlation of viscosity versus
temperature, and the continuous line represents the measurement by the instrument.
Further details on the execution of this may be found in Section 2.4. Initially, the viscosity
of the black liquor was above the maximum torque for this instrument and a response was
not given until the viscosity dropped to 400 cP at ~20 minutes. At the second step change
(TC2 was opened 20%) there was a small delay in the temperature response from
Viscometer Line RTD TT7 (¢f. P&ID diagram in Figure 9.1). After the temperature step
change is picked up at TT7, there was a short time delay from the measured response from
the Brookfield instrument. By comparing the slopes from the viscosity transition between
steady-states after the second step input, there appears to be negligible dynamics in the

response or an insignificant time constant for this instrument. The transient response in the




P2 ° ’ T

instrument is what is important in this plot, not the offset in the instrument to the absolute
value, because the instrument could not be zeroed prior to the run.

Figure 3.5 (B) plots viscosity as a function of time to examine the transient
response of the Brookfield Viscometer with GP and Canadian Forest Mix 67.46% black
liquor. Obtaining small transients while changing the rotational speed is an important
feature if the Brookfield instrument is to be used for measuring the viscosity of non-
Newtonian fluids. By this fashion, the effects of different shear rates on apparent viscosity
can be examined in rapid succession without having to vary the flow rate. For the first step
change, the base rotational speed was maintained at 50 rpm and then the rotation speed was
shifted to 100 rpm and allowed to reach steady state. Once steady state was achieved, the
rotational speed was shifted again. The time delays shown in Figure 3.5 B are not an
accurate representation of the capabilities of this unit. The actual time delay is much
shorter, and this is due to the cumbersome procedure followed to adjust the control unit.
To change the rotational speed of the Brookfield with the current control unit requires that
the operator first adjust the motor speed voltage to the proper value, then input the
calibration factor into the UF DAQ System in the Pilot Plant. This accounts for the spikes
in viscosity on the plot when the rotational speed is changed and for a large fraction of the

delay.
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Figure 3.1 Brookfield Viscometer at 300 rpm with Georgia Pacific 58.38% Solids
Black Liquor at ~125°C.
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Figure 3.2 Brookfield Viscometer at 50 rpm with Georgia Pacific 65.51% Solids
Black Liquor at ~95°C.
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Figure 3.3 Brookfield Viscometer at 50 rpm with Georgia Pacific 65.51% Solids
Black Liquor at ~90°C.
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Figure 3.4 Brookfield Viscometer at 100 rpm with Georgia Pacific 68.38% Solids
Black Liquor at ~95°C.
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3.4 Summary of Observations

The general trends observed with the Brookfield Viscometer experiments are

summarized as follows:

e The instrument tracked within £10% of the laboratory reference.

e There was no evidence of fouling during the trials.

o The instrument readings were unaffected by particles smaller than 40 mesh.

e The rotational-speed transition has a very small time delay; hence the instrument
is adequate for use for non-Newtonian measurements.

¢ The instrument does not require laboratory calibration for operation.

e At higher flow rates, the instrument viscosity reading tended to be lower than
the laboratory reference.

o The current control unit demonstrated an offset in both the torque and rotational

speed outputs that need to be manually compensated for by the operator.

A decrease in viscosity when the flow rate is increased is expected. As the black
liquor enters the measuring cell, the flow is diverted from the stator and torque tube by the
spinning rotor. Under low flow conditions, the annulus has essentially static flow and the
measurement is made at essentially drag flow conditions; however, as the flow rate
increases, some flow develops across the stator which reduces the torque generated by the
viscous drag of the spinning rotor. Due to the limitations of the viscometer line, it was not
possible to evaluate thé upper flow rate limits of the instrument. With flow rates less than 3
gpm, the flow effects are relatively minor and there are no problems anticipated with
installing the instrument in a slip stream at a mill site.

With the current set up, the lower viscosity limit with the geometry and the 13:1
gear ratio used for this instrument is about 12-20 cP, and the upper limit, is approximately

600 cP. Increasing the bob length by nearly a factor of two will yield an instrument that
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can measure viscosities of 3.5 cP with a £10% accuracy, if an auto-zero is built into the
control unit. With current mill recovery furnaces, it is unlikely that there will be situations

in which viscosities above 400 cP will be exceeded.

During the trials there was no evidence of fouling or build up in the instrument.
This conclusion tends to be supported by the fact that, on several occasions, the viscometer
line was steam purged with 80 psig saturated steam with practically no change in the
instruments performance. The measuring chamber in the viscometer was physicaily
opened and inspected after long exposure to black liquor, and no significant build up was
noticed.

Several electronic repairs were attempted to correct the offset drift in the torque and
rotational speed signai with no success. The ground connections on the electronics unit,
and the instrument were inspected regularly, and additional chassis grounds were also
applied at the suggestion of Brookfield personnel; however, the offset drift remains.
According to the Brookfield representatives, this problem has not been experienced with
any other installation. The problem is not related to the data acquisition system used in the
pilot plant because the problem persisted after isolating the control unit, and the system
grounds were connected to several grounding rods and to the water pipes. The only
possible non-Brookfield source of this offset drift may be from the line current, which is
not isolated.

The original unit included a prototype single flush seal to reduce maintenance on the
viscometer; however, the seal failed and the standard double-flush seal was installed. The
double-flush seal requires a slight positive pressure on the side of the seal flush fluid. In
the pilot flow loop, water under air pressure was used as the flush fluid. In mill
installations, oil may be required as a seal fluid. The double-flush type of seal requires
more maintenance than the single seal design.

The Brookfield Control Unit would benefit from a number of upgrades. With the
current unit, the viscosity calculation is handled off-line by the UF DAQ System at a fixed
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rotational speed. Not only would this situation not be practical in a mill environment, this
control unit does not take advantage of the capability of this viscometer in handling non-
Newtonian measurements. In order to improve the usefulness of the-system, the output
from the control unit should be based on viscosity, not torque, with the calculations
handled on-line with digital displays of viscosity and rotational speed. In addition, an auto
zeroing function for the viscosity and rotational speed signals would reduce errors caused
by drifts and offsets.

The recommendations based on our experience with the Brookfield Viscometer are

summarized as follows:

¢ The control unit needs to be upgraded.

e A temperature sensor should be added to the instrument for accurate
measurement validation with a laboratory reference.

o The viscometer should be used only in a slip stream for flow rate control

through the instrument and to protect the sensor from debris in the process line.

With proper sizing of the cylinder and the torque range, the instrument is capable of

satisfactory operating over the expected ranges to be encountered in a mill.

3.5 Extensive Experimental Results

Included in this section are graphical representations of the results of the on-line
viscometer trials performed with the Brookfield instrument. The figures describe the data
gathered for all the black liquors listed in Table 3.1. Figures labeled as “a” represent the
viscosity as measured by the instrument as a function of flow rate and the figures labeled as

“b” show the relative difference of the measured response from the laboratory reference as

a function of flow rate.
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Figures 1-3 represent results for the Canadian Forest 47.96% Solids at 30°C for
speeds of 100, 200, and 300 rpm. The relative difference is virtually constant with respect
to flow rate, and is well within a difference of £10% from the laboratory reference.
Figures 4-12 present results in a similar fashion for the same liquor at various test
temperatures up to 125°C. Note that for temperatures up to 75°C (viscosity of 9-11 cP), the
instrument performed very well, with a relative difference within acceptable limits, and no
apparent effects due to flow rate (up to 3 gpm), or rotor speed. The only problem observed
was an occasional shift in the base signal output. Figures 10-12 are data for this liquor at
the higher temperature of 125°C (viscosity of 3.5-2.5 cP), where the instrument was
generally tracking the viscosity change; however, the error was too large and the problems
with the zero offset were magnified. At 200 and 300 rpm (Figures 11 and 12), the
instrument was tracking changes satisfactorily

Figures 13-21 represent similar results for Canadian Forest 57.73% Solids at
temperatures between 50-125°C (viscosities of 20-280 cP), and at varying flow rates and
rotor speeds. The instrument tracked viscosity acceptably; however, the accuracy was poor
due to the ~1 Vac zero shifting offset. In addition, there was no obvious effect of flow rate
on these results.

Figures 22-32 represent results for Chesapeake Paper 49.39% Solids at
temperatures between 35-120°C (viscosities form 5-100 cP), and at varying flow rates and
rotor speeds. This liquor was noticeably “dirtier” than the Canadian Forest or Georgia
Pacific liquor. The performance at 35°C (Figures 22 and 23) is very good while
performance at S0°C and 80°C (Figures 24-28) is acceptable; however, the effect in the zero
shift is obvious at 300 rpm in the 80°C data (Figure 29). At 120°C (Figures 30-32), the
viscosity is at the limit of the range for this configuration, there is questionable tracking of
viscosity change, and the zero offset error is large, in general. There were no noticeable
difficulties resulting from particulates in the liquor that passed a 40-mesh screen. The black

liquor characteristics changed somewhat during these tests due to precipitation of solids or




association changes in the liquor. The liquor was recharacterized in the laboratory a
number of times in order to account for any time-dependent variations.

Figures 33-41 represent results for Chesapeake Paper 59.29% Solids at
temperatures from 65-120° (viscosities from 17 to 200 cP), and at varying flow rates and
rotor speeds. Tracking of viscosity is good up to 90°C (Figures 33-35); however, at these
temperatures there are problems with the zero shift. At the low viscosities (~120°C),
performance was erratic at rotor speeds below 300 rpm (Figures 39 and 40) and the
performance was marginal at 300 rpm (Figure 41), with the difference probably due
primarily to the zero shift.

Figures 42-48 represent results for Georgia Pacific 42.20% Solids at temperatures
from 35-85°C (viscosities from 4-20 cP) and at different flow rates and rotor speeds.
Performance at 35°C was acceptable (Figure 45). While the tracking was acceptable at
60°C (Figures 42 and 43) and 85°C (Figure 46-48), there was a large offset. At 85°C, the
viscosity measurement is at the lower range for this configuration.

Figures 49-56 represent results for Georgia Pacific 48.29% Solids at temperatures
from 30-125°C (viscosities from 3-90 cP), and at different flow rates and rotor speeds.
The results at 30-85°C (Figures 49-54) are generally acceptable for tracking and
reproducibility, but the offset differences are large. During this series, the single-flush seal
on the instrument failed and was replaced. At the same time, the instrument electronics
were replaced and the sensor was recalibrated.

Figures 57-62 represent results for Georgia Pacific 55.84% Solids at temperatures
from 55-95°C (viscosities from 35-200 cP), and at different flow rates and rotor speeds.
At 55°C and 75°C, the instrument tracked well with marginally acceptable differences
(Figures 57-59). There were erratic static readings at 75°C and 100 rpm (Figure 58) which
were more than likely caused by the zero voltage drift. At 95°C (Figure 60), the
performance was poor at 100 rpm. There were problems with the data acquisition system

in the pilot plant during this time, which could explain the erratic readings.
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Figures 63-71 represent results for Georgia Pacific 58.38% Solids at temperatures
from 60-125°C (viscosities from 10-230 cP) and at different flow rates and rotor speeds.
Data taken up to 85°C were excellent (Figures 63-68) except for some drift at zero flow rate
in Figure 65. There was very good tracking, accuracy was acceptable, and there was no
noticeable effect of flow rate. This was also true for data at 125°C for rotor speeds above
100 rpm (Figures 69-71).

Figures 72-79 represent results for Georgia Pacific 65.51% Solids at temperatures

from 95-125°C (viscosities from 30-310 cP), and at different flow rates and rotor speeds.

At 85°C to 95°C (Figures 72-76), the instrument tracked well, with what perhaps may be a
small effect of flow rate on the relative difference. At 125°C, there was a “glitch” during
the 100 rpm and 200 rpm runs. This may be due to problems with the data acquisition
system in the pilot plant which were experienced with some frequency during these runs.

Figures 80-89 represent results for Georgia Pacific 68.38% Solids at temperatures
from 85-125°C (viscosities from 30-340 cP), and at different flow rates and rotor speeds.
Data at the 85°C and 95°C (Figures 80-82) were restricted due to the limits on the torque.
In general, the instrument tracked viscosity change with an offset, and comparison of
results at 50 rpm (Figure 81) and 100 rpm (Figure 82) would indicate this is only a scaling
problem for the torque. Tracking at 110°C (Figures 83-85) was perfect and relative
differences were small at all rotor speeds and flow rates. Tracking was good at 125°C
(Figures 86 and 87) with an offset. At 300 rpm (Figure 88), tracking and accuracy were
good. This liquor contained particulates and showed evidence of solids build up in the
strainers. The Viscometer Line was drained and steam purged, and then runs at 125°C
were repeated at 200 rpm. Tracking and accuracy were not affected (Figure 89). In a
number of cases, the instrument was steam cleaned in a similar fashion with no noticeable
change in performance.

Figures 90-93 represent results for Georgia Pacific and Canadian Forest Mix

67.46% Solids at temperatures from 110-140°C (viscosities from 100-500 cP), and at




different flow rates and rotor speeds. The data gathered represent both transient and steady
state temperature runs with this instrument. During these trials, the instrument was
operating at the maximum torque limit at 110°C. At 110°C, the instrument had excellent
tracking and accuracy while operating at a very low rotational‘speed (Figure 91). At
140°C, there was a good amount of scatter in the data, probably due to the difficulty in
maintaining thermal stability in the Viscometer Line (Figure 92). However, the instrument
tracked reasonably well considering the thermal variations present. The offset is due in
large part to operating at a very low rotational speed where the zero shift would be most
evident. ‘

Figures 94-98 represent results for Georgia Pacific and Canadian Forest Mix
71.38% Solids at temperatures from 110-140°C (viscosities from 100-700 cP), and at
different flow rates and rotor speeds. To operate at lower rotation speeds, the gear
reducers were changed from 9:1 to 18:1. The data gathered represent both transient and
steady state temperature runs with this instrument. Operating at these viscosities was very
difficult with severe problems with the zero shift. At 110°C, the reading were erratic due to
the zero shift error (Figure 94). At 130°C and a repeat run at 110°C, tracking was much
better as the zero shift was somewhat brought under control (Figures 95 and 96).

Figures 99-100 represent results for Georgia Pacific and Canadian Forest Mix
743.40% Solids at temperatures from 110-140°C (viscosities from 150-1000 cP), and at
different flow rates and rotor speeds. The data gathered represent both transient and steady
state temperature runs with this instrument. At 135°C, the instrument exhibited reasonable
tracking with a significant offset (Figure 99). The offset was due to in part to the zero
shift, but also to difficulties in characterizing this sample in the laboratory due to the high

viscosity of the sample.



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960130B1
Figure No. 1a

Brookfield (100 rpm) with Canadian Forest 47.96% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96013081
Figure No. 1b

Brookfield (100 rpm) with Canadian Forest 47.96% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96013081
Figure No. 2a

Brookfield (200 rpm) with Canadian Forest 47.96% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960130B1
Figure No. 2b

Brookfield (200 rpm) with Canadian Forest 47.96% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR
Viscometer Test Run 960130B1

Figure No. 3a

Brookfield (300 rpm) with Canadian Forest 47.96% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960130B1
Figure No. 3b

Brookfield (300 rpm) with Canadian Forest 47.96% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960130B2
Figure No. 4a

Brookfield (100 rpm) with Canadian Forest 47.96% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960130B2
Figure No. 4b

Brookfield (100 rpm) with Canadian Forest 47.96% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR
Viscometer Test Run 960130B2

Figure No. 5a

Brookfield (200 rpm) with Canadian Forest 47.96% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960130B2
Figure No. 5b

Brookfield (200 rpm) with Canadian Forest 47.96% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96013082
Figure No. 6a

Brookfield (300 rpm) with Canadian Forest 47.96% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96013082
Figure No. 6b

Brookfield (300 rpm) with Canadian Forest 47.96% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B3
Figure No. 7a

Brookfield (100 rpm) with Canadian Forest 47.96% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B3
Figure No. 7b

Brookfield (100 rpm) with Canadian Forest 47.96% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B3
Figure No. 8a

Brookfield (200 rpm) with Canadian Forest 47.96% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96013183

Figure No. 8b

Brookfield (200 rpm) with Canadian Forest 47.96% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B3
Figure No. 9a

Brookfield (300 rpm) with Canadian Forest 47.96% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B3
Figure No. 9b

Brookfield (300 rpm) with Canadian Forest 47.96% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B4
Figure No. 10a

Brookfield (100 rpm) with Canadian Forest 47.96% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B4

Figure No. 10b

Brookfield (100 rpm) with Canadian Forest 47.96% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B4
Figure No. 11a

Brookfield (200 rpm) with Canadian Forest 47.96% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B4
Figure No. 11b

Brookfield (200 rpm) with Canadian Forest 47.96% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B4
Figure No. 12a

Brookfield (300 rpm) with Canadian Forest 47.96% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960131B4
Figure No. 12b

Brookfield (300 rpm) with Canadian Forest 47.96% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960409B1
Figure No. 13a

Brookfield (50 rpm) with Canadian Forest 57.73% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960409B1
Figure No. 13b

Brookfield (50 rpm) with Canadian Forest 57.73% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960409B2
Figure No. 14a

Brookfield (50 rpm) with Canadian Forest 57.73% Solids at ~55°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960409B2
Figure No. 14b

Brookfield (50 rpm) with Canadian Forest 57.73% Solids at ~55°C

1.00-

o
o)
T

Relative Difference [(brkfld-lab)/lab)]
S & o o ©
HE DD O N H

Y OO{"O e

o ]
0.60

2 -0.60]

o
o)
T

-1 .00 | ¥ T l ] ] ] l ] ] ¥ L} I ] ] ] T
0.00 0.50 1.00 1.50 2.00 2.50
Volumetric Flow Rate (gpm)

¥9



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B3
Figure No. 15a

Brookfield (100 rpm) with Canadian Forest 57.73% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B3
Figure No. 15b

Brookfield (100 rpm) with Canadian Forest 57.73% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96040983
Figure No. 16a

Brookfield (200 rpm) with Canadian Forest 57.73% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960409B3
Figure No. 16b

Brookfield (200 rpm) with Canadian Forest 57.73% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B3
Figure No. 17a

Brookfield (300 rpm) with Canadian Forest 57.73% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B3
Figure No. 17b

Brookfield (300 rpm) with Canadian Forest 57.73% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B4
Figure No. 18a

Brookfield (100 rpm) with Canadian Forest 57.73% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96041084
Figure No. 18b

Brookfield (100 rpm) with Canadian Forest 57.73% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B4
Figure No. 19a

Brookfield (200 rpm) with Canadian Forest 57.73% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B4
Figure No. 19b

Brookfield (200 rpm) with Canadian Forest 57.73% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B4
Figure No. 20a

Brookfield (300 rpm) with Canadian Forest 57.73% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960410B4
Figure No. 20b

Brookfield (300 rpm) with Canadian Forest 57.73% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960412B5
Figure No. 21a

Brookfield (200 rpm) with Canadian Forest 57.73% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960412B5

Figure No. 21b
Brookfield (200 rpm) with Canadian Forest 57.73% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960207B1
Figure No. 22a

Brookfield (100 rpm) with Chesapeake Paper 49.39% Solids at ~35°C

120

1009 e o

- e e w ow

Viscosity (cP)
(o} 00}
o (e
I I

N
T

4 l 3 ! l LB L) ] I L L L I L L '

i ) 1 L 1 ) l I ¥ )
0.00 0.50 1.00 1.50 2.00 2.50 3.00
Volumetric Flow Rate (gpm)

6L



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960207B1
Figure No. 22b

Brookfield (100 rpm) with Chesapeake Paper 49.39% Solids at ~35°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960207B1
Figure No. 23a

Brookfield (200 rpm) with Chesapeake Paper 49.39% Solids at ~35°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96020781

Figure No. 23b

Brookfield (200 rpm) with Chesapeake Paper 49.39% Solids at ~35°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960207B2
Figure No. 24a

Brookfield (100 rpm) with Chesapeake Paper 49.39% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960207B2
Figure No. 24b

Brookfield (100 rpm) with Chesapeake Paper 49.39% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96020782
Figure No. 25a

Brookfield (200 rpm) with Chesapeake Paper 49.39% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960207B2
Figure No. 25b

Brookfield (200 rpm) with Chesapeake Paper 49.39% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960207B2
Figure No. 26a

Brookfield (300 rpm) with Chesapeake Paper 49.39% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960207B2
Figure No. 26b

Brookfield (300 rpm) with Chesapeake Paper 49.39% Solids at ~50°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B3
Figure No. 27a

Brookfield (100 rpm) with Chesapeake Paper 49.39% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR
Viscometer Test Run 960208B3

Figure No. 27b

Brookfield (100 rpm) with Chesapeake Paper 49.39% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B3
Figure No. 28a

Brookfield (200 rpm) with Chesapeake Paper 49.39% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B3
Figure No. 28b

Brookfield (200 rpm) with Chesapeake Paper 49.39% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B3
Figure No. 29a

Brookfield (300 rpm) with Chesapeake Paper 49.39% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B3

Figure No. 29b

Brookfield (300 rpm) with Chesapeake Paper 49.39% Solids at ~80°C

1.00

r—

)

o
o]
o

0.60
0.40
0.20
0.00-

-0.20-

-0.40-

10.60-

N

-0.80]

-1.00-

Relative Difference [(brkfld-lab)/lab

0.00

L) L L] ] L) L) L}
0.50

1 LB llll‘—li‘

L I ] L ] 1 r ) l ¥ 1 ]
1.00 1.50 2.00 2.50 3.00
Volumetric Flow Rate (gpm)

6




ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B4
Figure No. 30a

Brookfield (100 rpm) with Chesapeake Paper 49.39% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B4
Figure No. 30b

Brookfield (100 rpm) with Chesapeake Paper 49.39% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B4
Figure No. 31a

Brookfield (200 rpm) with Chesapeake Paper 49.39% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B4
Figure No. 32a

Brookfield (300 rpm) with Chesapeake Paper 49.39% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B4
Figure No. 32b

Brookfield (300 rpm) with Chesapeake Paper 49.39% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960217B1
Figure No. 33a

Brookfield (50 rpm) with Chesapeake Paper 59.28% Solids at ~65°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960217B1
Figure No. 33b

Brookfield (50 rpm) with Chesapeake Paper
59.28% Solids at ~65°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960217B2
Figure No. 34a

Brookfield (100 rpm) with Chesapeake Paper
59.28% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96021782
Figure No. 34b

Brookfield (100 rpm) with Chesapeake Paper
59.28% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960217B2
Figure No. 35a

Brookfield (200 rpm) with Chesapeake Paper
59.28% Solids at ~80°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960217B2
Figure No. 35b

Brookfield (200 rpm) with Chesapeake Paper
59.28% Solids at ~80°C

1.00
= 0.80
0.60
0.40
0.20

901

-0.20
10.40-
-0.60-
-0.80-]

-1 -00 : ¥ ¥ ¥ ¥ I ¥ ¥ ¥ ) l 1] 13 ] L} r L) Ll ¥
0.00 0.50 1.00 1.50 2.00 2.50 3.00
Volumetric Flow Rate (gpm)

Relative Difference [(brkfld-lab)/lab
(@]
o
T

Ll l LI T ] , T 1 T 1



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960208B4
Figure No. 31b

Brookfield (200 rpm) with Chesapeake Paper 49.39% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96021983
Figure No. 36a

Brookfield (100 rpm) with Chesapeake Paper
59.28% Solids at ~90°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96021983
Figure No. 36b

Brookfield (100 rpm) with Chesapeake Paper
59.28% Solids at ~90°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96021983
Figure No. 37a

Brookfield (200 rpm) with Chesapeake Paper
59.28% Solids at ~90°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96021983
Figure No. 37b

Brookfield (200 rpm) with Chesapeake Paper
59.28% Solids at ~90°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96021983
Figure No. 38a

Brookfield (300 rpm) with Chesapeake Paper
59.28% Solids at ~90°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960219B3
Figure No. 38b

Brookfield (300 rpm) with Chesapeake Paper
59.28% Solids at ~90°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96022084
Figure No. 39b

Brookfield (100 rpm) with Chesapeake Paper
59.28% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96022084
Figure No. 40a

Brookfield (200 rpm) with Chesapeake Paper
59.28% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96022084
Figure No. 40b

Brookfield (200 rpm) with Chesapeake Paper
59.28% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960220B4
Figure No. 41a

Brookfield (300 rpm) with Chesapeake Paper
59.28% Solids at ~120°C

- . e
- e,
=~ .
—

N
o

-
—
- .
)
———

------

Viscosity (cP)
>
I
]

1 ] 4 i i v . ¥ l ¥ ¥ i L I ¥ ¥ 1) T l ] ] ) 1 ) 1 1 ]
0.00 0.50 1.00 1.50 2.00 2.50 3.00
Volumetric Flow Rate (gpm)

LIt



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96022084
Figure No. 41b

Brookfield (300 rpm) with Chesapeake Paper 59.28% Solids at ~120°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 950912B1
Figure No. 42b

Brookfield (200 rpm) with Georgia Pacific 42.20% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 95091282
Figure No. 43a

Brookfield (200 rpm) with Georgia Pacific 42.20% Sclids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 950912B2
Figure No. 43b

Brookfield (200 rpm) with Georgia Pacific 42.20% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 95091283
Figure No. 44a

Brookfield (100 rpm) with Georgia Pacific 42.20% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 950912B3

Figure No. 44b

Brookfield (100 rpm) with Georgia Pacific 42.20% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 951102B1
Figure No. 45a

Brookfield (100 rpm) with Georgia Pacific 42.20% Solids at ~35°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 951102B1
Figure No. 45b

Brookfield (100 rpm) with Georgia Pacific 42.20% Solids at ~35°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 951116B4
Figure No. 46a

Brookfield (100 rpm) with Georgia Pacific 42.20% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 951116B4
Figure No. 46b

Brookfield (100 rpm) with Georgia Pacific 42.20% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 951116B4

Figure No. 47a

Brookfield (200 rpm) with Georgia Pacific 42.20% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 951116B4
Figure No. 47b

Brookfield (200 rpm) with Georgia Pacific 42.20% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 951116B4
Figure No. 48a

Brookfield (300 rpm) with Georgia Pacific 42.20% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 951116B4
Figure No. 48b

Brookfield (300 rpm) with Georgia Pacific 42.20% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B1
Figure No. 49a

Brookfield (100 rpm) with Georgia Pacific 48.29% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B1
Figure No. 49b

Brookfield (100 rpm) with Georgia Pacific 48.29% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B1
Figure No. 50a

Brookfield (200 rpm) with Georgia Pacific 48.29% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B1

Figure No. 50b

Brookfield (200 rpm) with Georgia Pacific 48.29% Solids at ~30°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B2
Figure No. 51a

Brookfield (100 rpm) with Georgia Pacific 48.29% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B2
Figure No. 51b

Brookfield (100 rpm) with Georgia Pacific 48.29% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B2
Figure No. 52a

Brookfield (200 rpm) with Georgia Pacific 48.29% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B2

Figure No. 52b

Brookfield (200 rpm) with Georgia Pacific 48.29% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B3
Figure No. 53a

Brookfield (100 rpm) with Georgia Pacific 48.29% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B3
Figure No. 53b

Brookfield (100 rpm) with Georgia Pacific 48.29% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B3
Figure No. 54a

Brookfield (200 rpm) with Georgia Pacific 48.29% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960113B3
Figure No. 54b

Brookfield (200 rpm) with Georgia Pacific 48.29% Solids at ~85°C

1.00+

o 9o
o o
© O
I 11 lll

0.40:3\6»———0% —>— g

0.20-]
0.00-
-0.20-]
10.40-

-0.60-]

elative Difference [(brkfld-lab)/lab)]

R
o
o]
T

]
"1.00 rrT T JjJrJ75rnrnfrrrryrrrrrrprrr et 7
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

Volumetric Flow Rate (gpm)

T LI l ¥ ¥ ¥

144!



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960114B4
Figure No. 55a

Brookfield (100 rpm) with Georgia Pacific 48.29% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960114B4
Figure No. 55b

Brookfield (100 rpm) with Georgia Pacific 48.29% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960114B4
Figure No. 56a

Brookfield (200 rpm) with Georgia Pacific 48.29% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960114B4
Figure No. 56b

Brookfield (200 rpm) with Georgia Pacific 48.29% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960503B1
Figure No. 57a

Brookfield (50 rpm) with Georgia Pacific 55.84% at ~55°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960503B1
Figure No. 57b

Brookfield (50 rpm) with Georgia Pacific 55.84% at ~55°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960503B2 ;
Figure No. 58a '

Brookfield (100 rpm) with Georgia Pacific 55.84% at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960503B2
Figure No. 58b

Brookfield (100 rpm) with Georgia Pacific 55.84% at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960503B2
Figure No. 59a

Brookfield (200 rpm) with Georgia Pacific 55.84% at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960503B2
Figure No. 59b

Brookfield (200 rpm) with Georgia Pacific 55.84% at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96050483
Figure No. 60a

Brookfield (100 rpm) with Georgia Pacific 55.84% at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96050483
Figure No. 60b

Brookfield (100 rpm) with Georgia Pacific 55.84% at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960504B3
Figure No. 61a

Brookfield (200 rpm) with Georgia Pacific 55.84% at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96050483
Figure No. 61b

Brookfield (200 rpm) with Georgia Pacific 55.84% at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960504B3
Figure No. 62a

Brookfield (300 rpm) with Georgia Pacific 55.84% at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96050483
Figure No. 62b

Brookfield (300 rpm) with Georgia Pacific 55.84% at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960211B1
Figure No. 63a

Brookfield (50 rpm) with Georgia Pacific 58.38% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960211B1
Figure No. 63b

Brookfield (50 rpm) with Georgia Pacific 58.38% Solids at ~60°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B2
Figure No. 64a

Brookfield (50 rpm) with Georgia Pacific 58.38% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B2
Figure No. 64b

Brookfield (50 rpm) with Georgia Pacific 58.38% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B2
Figure No. 65a

Brookfield (100 rpm) with Georgia Pacific 58.38% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B2
Figure No. 65b

Brookfield (100 rpm) with Georgia Pacific 58.38% Solids at ~75°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B3
Figure No. 66a

Brookfield (100 rpm) with Georgia Pacific 58.38% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B3
Figure No. 66b

Brookfield (100 rpm) with Georgia Pacific 58.38% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B3
Figure No. 67a

Brookfield (200 rpm) with Georgia Pacific 58.38% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96021 3B3
Figure No. 67b

Brookfield (200 rpm) with Georgia Pacific 58.38% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B3
Figure No. 68a

Brookfield (300 rpm) with Georgia Pacific 58.38% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B3
Figure No. 68b

Brookfield (300 rpm) with Georgia Pacific 58.38% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B4
Figure No. 69a

Brookfield (100 rpm) with Georgia Pacific 58.38% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B4
Figure No. 69b

Brookfield (100 rpm) with Georgia Pacific 58.38% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B4
Figure No. 70a

Brookfield (200 rpm) with Georgia Pacific 58.38% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B4
Figure No. 70b

Brookfield (200 rpm) with Georgia Pacific 58.38% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96021384
Figure No. 71a

Brookfield (300 rpm) with Georgia Pacific 58.38% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960213B4
Figure No. 71b

Brookfield (300 rpm) with Georgia Pacific 58.38% Solids at ~125°C

© © ©
T2

elative Difference [(brkfld-lab)/lab)]
o
TN P ) 117 TR I WS
¢

o
gy

S & & o
2. &R

f o ]

1
-l

] L) L] ¥ I L) ) ¥ l 1 L) 1] I 1 1 ] ) T )
0.2 0.4 0.6 0.8 1 1.2
Volumetric Flow Rate (gpm)

o

8L1



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960520B1
Figure No. 72a

Brookfield (50 rpm) with Georgia Pacific 65.51% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96052081
Figure No. 72b

Brookfield (50 rpm) with Georgia Pacific 65.51% Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96052082
Figure No. 73a

Brookfield (50 rpm) with Georgia Pacific 65.51% Solids at ~90°C

250

Viscosity (cP)

0 | ] ] ¥ l ] L) ) I ¥ T ) I L4 ] 1 l 1] L) i l L] 1 v l 1 1 T l ' 1 ) l ¥ ) ) I ¥ 1 )
0.00 020 040 060 080 100 120 1.40 1.60 1.80 200
Volumetric Flow Rate (gpm)

181



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960520B2
Figure No. 73b

Brookfield (50 rpm) with Georgia Pacific 65.51% Solids at ~90°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96052082
Figure No. 74a

Brookfield (100 rpm) with Georgia Pacific 65.51% Solids at ~90°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960520B2
Figure No. 74b

Brookfield (100 rpm) with Georgia Pacific 65.51% Solids at ~90°C

1.00-
0.80-]
0.60]
0.40
0.20-

oof——r0 O -
-0.20

-0.40-
-0.60-]
-0. 801

1 00 llllll ) 1] ¥ ¥ ' ) l7l ) ] ¥ l LB l ) LN l ) | SIS 4
0.00 020 040 060 080 100 1.20 1.40 1.60 1.80 2.00
Volumetric Flow Rate (gpm)

Relative Difference [(brkfid-lab)/lab)]
o
o

P81



ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96052083
Figure No. 75a

Brookfield (50 rpm) with Georgia Pacific 65.51% Solids at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960520B3
Figure No. 75b

Brookfield (50 rpm) with Georgia Pacific 65.51% Solids at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960520B3
Figure No. 76a

Brookfield (100 rpm) with Georgia Pacific 65.51% Solids at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96052083
Figure No. 76b

Brookfield (100 rpm) with Georgia Pacific 65.51% Solids at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960521B4
Figure No. 77a

Brookfield (100 rpm) with Georgia Pacific 65.51% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960521B4
Figure No. 78a

Brookfield (200 rpm) with Georgia Pacific 65.51% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960521B4
Figure No. 78b

Brookfield (200 rpm) with Georgia Pacific 65.51% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960521B4
Figure No. 79a

Brookfield (300 rpm) with Georgia Pacific 65.51% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960521B4
Figure No. 79b

Brookfield (300 rpm) with Georgia Pacific 65.51% Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960301B1
Figure No. 80a

Brookfield (50 rpm) with Georgia Pacific 68.38 % Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR
Viscometer Test Run 960301B1

Figure No. 80b

Brookfield (50 rpm) with Georgia Pacific 68.38 % Solids at ~85°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B2
Figure No. 81a

Brookfield (50 rpm) with Georgia Pacific 68.38 % Solids at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96030282

Figure No. 81b

Brookfield (50 rpm) with Georgia Pacific 68.38 % Solids at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B2
Figure No. 82a

Brookfield (100 rpm) with Georgia Pacific 68.38 % Solids at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B2
Figure No. 82b

Brookfield (100 rpm) with Georgia Pacific 68.38 % Solids at ~95°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 96030283
Figure No. 83a

Brookfield (100 rpm) with Georgia Pacific 68.38 % Solids at ~110°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B3
Figure No. 83b

Brookfield (100 rpm) with Georgia Pacific 68.38 % Solids at ~110°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B3 -
Figure No. 84a

Brookfield (200 rpm) with Georgia Pacific 68.38 % Solids at ~110°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B3
Figure No. 84b

Brookfield (200 rpm) with Georgia Pacific 68.38 % Solids at ~110°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR
Viscometer Test Run 960302B3

Figure No. 85a

Brookfield (300 rpm) with Georgia Pacific 68.38 % Solids at ~110°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B3
Figure No. 85b

Brookfield (300 rpm) with Georgia Pacific 68.38 % Solids at ~110°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR
Viscometer Test Run 960302B4

Figure No. 86a

Brookfield (100 rpm) with Georgia Pacific 68.38 % Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B4
Figure No. 86b

Brookfield (100 rpm) with Georgia Pacific 68.38 % Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B4
Figure No. 87a

Brookfield (200 rpm) with Georgia Pacific 68.38 % Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B4
Figure No. 87b

Brookfield (200 rpm) with Georgia Pacific 68.38 % Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B4
Figure No. 88a

Brookfield (300 rpm) with Georgia Pacific 68.38 % Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B4
Figure No. 88b

Brookfield (300 rpm) with Georgia Pacific 68.38 % Solids at ~125°C
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B5
Figure No. 89a

Brookfield (200 rpm) with Georgia Pacific 68.38 % Solids at ~1 25°C
After Steam Purge
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960302B5
Figure No. 89b

Brookfleld (200 rpm) with Georgia Pacific 68.38 % Solids at ~125°C
After Steam Purge
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960719B1
Figure No. 90

Brookfield (50 rpm) Transient Temperature Run
with GP & Canadian Forest Mix 67.46% Solids
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ON-LINE VISCOMETER DEVELOPMENT FOR KRAFT BLACK LIQUOR

Viscometer Test Run 960719B3
Figure No. 91a

Brookfield (50 rpm) with GP & Canadian Forest Mix 67.46% at ~110°C
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