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ABSTRACT

The MAPPS process simulation and end-use performance models accurately predict the
effects of process conditions on handsheet and machine paper properties for
corrugating medium. The models were validated through detailed analysis of mill
trial data from a MacMillan Bloedel corrugating medium paper machine and through
extensive modelling of the papermaking process using MAPPS.

The major objective was to validate the capability of the system to predict a

variety of end-use performance characteristics for a major paper grade such as
corrugating medium. The study reveals the sensitivity of compressive and other
properties to key process variables such as OCC content, refining power, press loads
and calendering. The analysis shows that the PAT's model system is a much more

useful tool to determine the interactions of process and product variables than
standard statistical techniques alone. The simulation model is useful for both
process and product development and can provide valuable insights into the effects

of process and furnish conditions on product properties.

The models correlated the property data within a very high R-squared value
indicating not only that the models are significant but that the data are not

random. Property data were obtained on 24 reel samples and 120 sets of composite

pulp samples collected at five locations over a three-day period. Good statistical
agreement was obtained on both machine paper and handsheets from composite pulps.
This report describes the test conditions, data analysis, modelling techniques and
conclusions about the effects of processing conditions on properties. Other reports

are planned which describe the models in more detail.

The sensitivity case study using the validated model determined the sensitivity
(slope) of machine paper properties to each of the test variables over the maximum

range of the test. These results are summarized in the following report.

The study also revealed several weaknesses in the models in the area of pressing and
property development. These will require review and modification before additional
validation work is undertaken. Future model validation work planned for 1991-1992
includes completion of a mill trial for multi-ply linerboard grade and initiation of

a free sheet trial.
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EXECUTIVE SUMMARY

This report summarizes the results of a machine trial to validate the MAPPS
Performance Attribute System for corrugating medium grades. The objective was to
determine the ability of the MAPPS models to track the response of handsheet and
machine paper properties, primarily compressive strength, to changes in several
important process variables. The variables selected for the test were OCC content,
primary and tickler refiner conditions, calender loading, third press loading and
machine speed.

Statistical analysis of the data showed that the models performed well and are

generally valid for this grade. Model adequacy was based on two tests, one based on
measurement error and one based on model regression. Over the twenty-four reel
sampling intervals, the MAPPS model tracked machine paper properties within
measurement variance. This indicates that the models may be useful in predicting
short term variations in properties and in determining whether variability is real
or due to measurement error.

A second measure of model adequacy was based on a regression of the data against
model predictions for each property. These regressions showed excellent agreement.
The R-squared values for each property ranged from 0.99 to 0.998 with a confidence
interval of 95%. Each regression generated a single correction or multiplier for
each property. Many of these correction factors were close to one, indicating the
models accurately predict the mean data for many properties. The correction factors
for several of the compressive properties and Gurley porosity were significantly
different from 1. It is not clear at this stage whether these correction factors
are universal or specific to this particular paper machine.

CD variability was a significant factor for a number of variables, such as basis
weight, caliper, and density, and for several tensile variables, such as breaking
length and burst factor, but was not significant for compressive or elastic
properties. CD variability was not modelled in the current study but is within the
capability of the MAPPS system.

Because several variables were changing simultaneously during the trial, it was not
possible to determine exact measures of the sensitivity of individual properties to
individual variables from the raw data. In part two of the study, a sensitivity
study using the validated model determined the slope dependence of each property on
the key independent variables.

Statistical tests showed that third press and lump breaker loading had no effect at
the testing levels. Similarly, OCC content and machine speed had little influence
on compressive properties and only a statistically weak effect on tensile
properties. The absence of an OCC content effect could have been predicted
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beforehand by a comparison of the performance attributes of the OCC and semi-chem
pulps. With the exception of fiber length and freeness, the semi-chem PAT's are
very similar to the OCC PAT's indicating that a change in OCC content will have
little effect on paper properties.

Of all the test conditions, calender load produced the most surprises. Calender
load had a strong effect on caliper, density and elastic properties. However, the
calender load effect was reduced or nonexistent on measured compressive and tensile
properties. Predicted compressive properties were similarly insensitive to calender
load while predicted caliper, density and elastic properties showed a similar strong
influence of calender loading.

The calender influence can be explained through an examination of the models.
Densification during calendering increases specific modulus but reduces caliper.
Compressive properties are functions of the product of specific modulus and sheet
thickness. When the calender stack is lifted, the increased caliper tends to cancel
the effect of the decreased modulus and there is little effect on compressive
properties as a result.

Only two minor problem areas were found in the property predictions. One area was
in the predicted effect of calender loading on tensile properties. The second was
in the prediction of densification in the presses on the sidedness of the sheet.
These problem areas, corrective actions and future work are discussed in more
detail.

- 1
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INTRODUCTION

A novel system of Performance Attribute (PAT) models has been integrated with
existing and/or new mass and energy balance models to give MAPPS the ability to
predict the development of both handsheet and machine-paper properties. The
resulting system is capable of predicting properties of paper and paperboard grades
made from a variety of wood species. The machine trial outlined in this document is
designed to validate the PAT system for corrugating medium.

The concept of end-use performance modelling was developed to include the generally
non-conservative properties of fibers and the fiber network as an extension to the
standard mass and energy balance process models. The resulting PAT Modeling system
in MAPPS has the following capabilities:

1) to predict the end-use performance characteristics of paper and paperboard,
2) to quantify the interactions between fibers and the fiber network, processing

conditions, and end-use performance characteristics,
3) to provide the framework for a new approach to the solution of product quality

problems,
4) to provide a platform for process optimization and control which includes both

process and product quality parameters,
5) to provide the technical "first principles" basis for understanding the

fundamentals of product quality relationships.

Specifically, performance attributes are composed of a set of 29 variables which
describe the state of the fiber furnish or the fiber network at any given point in
the papermaking process. A species data base was constructed to initialize
performance attributes, and PAT models were developed to predict the effects of the
various pulp and paper unit operations and operating conditions on these PAT's.
Finally, product quality models were developed to use the performance attributes and
the mass and energy characteristics of the process system to predict the quality
characteristics of the fiber furnish and the fiber network. With this system MAPPS
now can simulate quality development from the wood yard to the reel.

PAT's can be classified as component (i.e., fiber or filler) attributes or network
attributes as shown in Figure 1. As fiber or filler attributes, PAT's can be
categorized as composition, shape, surface area, physical properties and optical
properties. Network PAT's are related to contact area, bond area, and anisotropy.
Anisotropy, in turn, includes such factors as sidedness, formation, fiber
orientation and stress distribution variables. Each of these variables may be
affected differently, or perhaps not at all, by each pulp and paper unit operation.
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For example, chemical pulping leads to a reduction in yield, kappa number,
hemicellulose content, absorption coefficient and a change in other fiber tensile or
physical properties. High yield or stock refining results in changes in fiber

length, surface area (both internal and external), and shive content. At the paper

machine, the forming operations influence fiber contacts, mass distribution, fiber

orientation, etc. The wet pressing operation further increases fiber contacts and,
finally, the dryer section creates the hydrogen bonded fiber network.

Using a modular approach, changes in performance attributes can be modelled

separately for each of the processing unit operations. At the reel, the cumulative

effects of these operations culminate with the final machine-made paper properties,
calculated from the PAT's by a property module. Property calculations, however, are

not limited to the end of the paper machine because the property module can also
predict handsheet properties based on user-specified TAPPI testing conditions.

The models discussed above were developed from a host of literature sources and are

based on a mixture of theory and experimental data. The novel nature of the

modelling system, and the new concepts involved in combining many different sources

of theory and experimental data into a unified system, has resulted in the creation
of a completely new and expanded version of MAPPS. Thus, a validation procedure
must be established so that the predictions of the new MAPPS can be systematically
confirmed for each of the major paper and paperboard grades.

Previous studies, some conducted as early as 1987, showed that the new model

calculations were reasonable and consistent. However, these studies did not deal

with issues such as variability, trends and process sensitivity. The two-part

machine trial procedure which follows has been designed to consider these issues.
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OBJECTIVES

1) Model Validation

In order to develop significant credibility and widespread use of the MAPPS
Performance Attribute (PAT) system within the industry, it is important to
demonstrate agreement of the system predictions with mill process data. This
project was directed specifically to validate the system for corrugating medium.
Validation is defined as "reasonable" agreement between measurements and
predictions, taking into account measurement variance and other sources of error
such as CD variability.

2) Process Variable Sensitivity

If the PAT models are found to be valid, the MAPPS flowsheet model will then be used
to quantify the sensitivity of medium properties to several important independent
variables such as OCC content, refining load, press load and calender application.
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SCOPE

The validation study is limited to two main characteristics: 1) reasonable
prediction of short-term and long-term property variability and 2) correct
prediction of sensitivity of important sheet properties to key process variables.

For purposes of this study, the validation was limited to the paper machine area
beginning at the high density tanks and including the major paper machine operations
such as stock preparation, sheet forming, white water recovery, wet pressing, drying
and converting.

Although CD variations are expected for some properties, the model is restricted to
predictions of an MD profile. A detailed CD variability study may be justified in
future validation work.

Comparisons between measurements and predictions are based on both handsheet and
machine paper properties. Handsheets were made from composite pulps collected at
several (five) key locations in the paper machine area. Only the heavier 26 lb.
handsheet data were used in the analysis because compressive properties were not
determined on the lighter weight (13 lb.) sheets.

Validation criteria are based primarily on statistical measures of "goodness of fit"
and estimates of various factors contributing to variability such as measurement
error, errors in estimating process conditions and transient effects. Predictions
which fall within a well-defined band around the mean measurements indicate a valid
model. The band includes the average measurement error plus CD variability and
errors associated with uncertainty in input data.

1
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PROCESS VARIABLES

The test was conducted during three eight-hour periods from 0600 hours to 1400 hours
on April 3 through 5, 1990. Test conditions are shown in Table I. Variables can be
broken down into three categories: (1) primary - controlled, (2) secondary -
uncontrolled but monitored and (3) uncontrolled or controlled but not monitored.
Only variables in the first two categories will be discussed.

The original intent of the test was to change each variable about its mean value and
to achieve a "steady state" between each change. In actuality, a number of
variables (both controlled and uncontrolled) were changing simultaneously, and the
results show the superposition of a number of variables.

Table I: Test Variables and Data Ranges

A complete set of process data are shown in the section titled RUN CONDITIONS and

Appendix I.

in

Primary Variables Range Mean

1 Percent OCC, %...................... 18 - 38 27
2 OCC Consistency, % ......................... 5.1 - 6.0 5.57
3 Primary (Hole) Refiner Power, hpd/t.. 1.47 - 5.16 2.87
4 Primary Refiner Feed Consistency, %.. 4.0 - 5.9 5.17
5 Calender Stack Loading (Assumed), PHI 15
6 Tickler Refiner Loading, hpd/t....... 0.047 - 0.283 0.14
7 Tickler Refiner Feed Consistency, %.. 4.1 - 5.3 4.78
8 Wire speed, ft/min .................. 1372 - 1862 1698
9 Machine Speed, ft/min.. ............ 1400 - 1900 1733

10 Third Press Loading, PLI............. 480 - 650 576

Secondary Variables Range Mean

1 Semi-chem flow rate x10- 4, lb/hr .... 1.62 - 3.78 2.97
2 Semi-chem CSF, ml ................... 656 - 768 716
3 OCC fiber flow x10- 3, lb/hr .......... 7.7 - 18.1 11.6
4 Headbox consistency, % ............... 0.80 - 0.92 0.86
5 Headbox liquid head, ft of H20....... 88.0 - 167 140.25
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PROCESS SAMPLING

Reel Samples

Machine paper samples were obtained according to the schedule in Table II.

Table II: Machine Paper Sampling

Time period..
Reels........
Rolls........
Sets .........

3 Days ..............................
8 Reels Per Day (Day Shift)........
3 Rolls Per Reel......................
1 Set Per Reel For Reels 1-3 & 5-7..
2 Sets Per Reel For Reels 4 & 8.....

The following tests were performed on the machine paper:

Table III: Machine Paper Testing

* Indicates no model comparisons were made with these data.

Testing

Property Tests/Sample

Basis Weight ........ 1
Caliper ............. 1
Density ............. 1
MD Breaking Length.. 10
CD Breaking Length.. 10
Gurley Porosity..... 10
MD Stretch......... 10

* CD Stretch........ 10
Burst Factor........ 10

* TEA ................. 10
MD STFI............. 20
CD STFI............. 20

* MD Ring Crush ...... 10
CD Ring Crush....... 10
Concora............. 10

* Moisture ............ 5
MD Modulus ......... 10
CD Modulus ......... 10

I
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Pulp Samples

Pulp composite samples were collected at 15-minute intervals within a reel period at
the following locations:

Table IV: Pulp Composite Sampling

* Indicates locations from which handsheets were made.

Handsheets

Five of the above locations -- headbox, hole refiner discharge, blend chest, tickler
refiner and broke tank -- were selected for handsheet tests. Handsheets at two basis
weights -- 26/1000 ft 2 and 40/3000 ft2 -- were formed and tested for the following
properties:

Table V: Handsheet Testing

* Indicates properties which were compared to model predictions.

Number 4 High Density Tank.. * Blend Chest Discharge.......
OCC Raw Stock Tank......... TicklerDischarge.............

* Broke Tower .... ... ahie ea .............* Ma e H x.......
* Hole Refiner Discharge ...... Silo White Water............

26/1000 40/3000

* Tensile - 10 Tests...... Tensile - 10 Tests.........
* Burst - 4 Tests......... Burst - 10 Tests............
* Basis weight - 4 Tests.. Basis Weight - 5 Tests......

Moisture - 2 Tests...... Moisture - 2 Tests..........
* Porosity - 8 Tests...... Porosity - 10 Tests.........
* Caliper - 10 Tests...... Caliper - 10 Tests..........
* Density - Calculated.... Density - Calculated........
* STFI - 20 Tests.......... * Zero span Tensile - 10 tests
* Ring Crush - 10 Tests...
* Concora - 10 Tests......
* CSF.....................

j
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METHODOLOGY

The validation procedure was broken down into several phases: a preliminary phase,
data collection, simulation, data analysis and report generation.

Preliminary Phase

In the preliminary phase a MAPPS flowsheet model was developed at the appropriate
level of detail and run under "typical" corrugating medium conditions to determine
if the results were reasonable. The preliminary model was evaluated with best
estimates for initial furnish conditions, refining, forming, pressing and
calendering conditions. Preliminary evaluation focused mainly on property
development, caliper changes and dewatering in the press section, freeness changes
in refining, retentions and moistures in forming, and final calendered machine paper
properties.

Having obtained reasonable agreement with the preliminary model and data, the most
significant variables were identified and a preliminary experimental plan developed.
The flowsheet model was reviewed and corrected.

Data Collection Phase

A final plan was developed by MacMillan and the test was run. Handsheet forming
procedures were developed and the appropriate tests performed. Machine paper
testing procedures were developed and the data generated. Data were stored initially
in Lotus spreadsheet data files and later translated into SAS (Statistical Analysis
System) data files for detailed analysis and plotting.

Data Analysis

A series of 24 MAPPS simulations were run with each simulation corresponding to a
reel sample. The process simulation model and data are described in the following
sections. Handsheet and machine paper properties predicted by the model were
entered into individual data bases for later analysis. The data were analyzed
through graphical as well as statistical techniques to break down overall variance
into its components such as measurement variance, CD variability and contributions
from individual processing conditions. The model validity is established through
the combined analysis.

The analysis also exposed weaknesses and deficiencies in the models as well as
insights into the effects of processing conditions on properties.
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Sensitivity Study

The validated simulation model was then used to determine the sensitivity of the
properties to four process variables: OCC content, freeness from tickler refiner,
third nip pressing pressure and calender stack loading. A sensitivity coefficient
is defined as the ratio of the change of each property to a change in one of these
variables. Reel 1 conditions were used as the base case. The maximum variation of
each variable is based on the maximum variations used in the test.

Ideally the predicted sensitivity or slope values should be compared with estimates
from the experimental data. However, in this situation where several variables were
changing simultaneously, it was not possible through statistical means to determine
the experimental values of the sensitivities. This points out one of the advantages
of using a valid model.

RUN CONDITIONS

Run conditions, summarized in Table VI, are broken down by day. The reel numbers 1
through 24 apply only to this study and are not production numbers. More detailed
information including broke and saveall flows can be found in Appendix I.

Table VI: Summary of Run Conditions (Day 1)

Reel Number..................
Fiber, lb/hr x 10-3

Semi-Chemical..............
OCC........................

Refiner Conditions
Primary Consistency........
Specific Power.............

OCC Consistency..............
Tickler Consistency..........
Specific Power x 102.........
Stuff Box Consistency, %.....
Headbox Consistency, %.......
Paper Machine

Speed, ft/m . .............
Jet-To-Wire Ratio..........

Lump Breaker Roll Load, pli..
1st Press Loads, pli.........
2nd Press Loads, pli.........
3rd Press Loads, pli.........
Calender Load, (on/off)......

1 2 3 4 5 6 7 8

37.8 36.8 30.9
8.5 8.5 8.7

5.9
1.47
5.6
4.7
5.2
4.0
0.84

1900
0.96
145
380
550
600
on

5.6
1.95
5.6
4.1
6.2
4.0
0.86

1900
0.96
145
380
550
600
on

4.7
2.36
5.7
4.4
5.8
3.5
0.82

1900
0.96
145
380
550
600
on

36.2 32.1 32.1 36.0 33.3
8.7 12.2 12.2 10.9 10.9

5.3
1.97
5.7
5.1
4.9
3.5
0.80

1900
0.96
145
380
550
600
on

4.7
2.23
6.0
4.9
4.9
4.0
0.92

1900
0.96
145
380
550
600
on

4.7
2.20
6.0
4.9
4.9
4.0
0.86

1900
0.96
145
380
550
600
on

5.1
2.09
5.4
4.9
4.8
3.7
0.86

1900
0.96
145
380
550
600
off

4.7
2.27
5.4
4.9
4.8
3.7
0.84

1900
0.96
145
380
550
600
off
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Table VI: Summary of Run Conditions (Day 2)

Reel Number..................
Fiber, lb/hr x 10-3
Semi-Chemical ..............
OCC........................

Refiner Conditions
Primary Consistency........
Specific Power.............

OCC Consistency..............
Tickler Consistency.........
Specific Power x 10 .........
Stuff Box Consistency, %.....
Headbox Consistency, %.......
Paper Machine
Speed, ft/m................
Jet-To-Wire Ratio..........

Lump Breaker Roll Load, pli..
1st Press Loads, pli.........
2nd Press Loads, pli.........
3rd Press Loads, pli.........
Calender Load, (on/off)......

9 10

34.0
18.1

5.6
2.42
5.5
4.5
4.9
3.9
0.84

1900
0.96
140
380
550
650
on

11 12 13 14 15 16

29.5 30.9
18.1 18.1

5.3
2.90
5.5
4.9
4.7
3.9
0.84

5.2
2.76
5.5
4.5
14.4
3.9
0.82

32.1
17.8

5.4
2.67
5.4
4.8
28.3
3.3
0.84

35.1
16.4

5.9
2.38
5.4
4.8
14.9
3.3
0.82

32.1 32.1 34.7
13.7 13.7 13.7

5.4
2.67
5.4
4.7
13.0
3.3
0.84

5.4
2.56
5.4
5.2
11.5
3.3
0.84

1900 1900 1900 1900 1900 1900
0.96 0.96 0.96 0.96 0.96 0.96
140 140 140 140 140 140
380 380 380 380 380 380
550 550 550 550 550 550
650 650 650 650 650 650
on on on on on on

4.9
2.16
6.0
4.4
26.4
3.3
0.84

1900
0.96
140
380
550
650
on

Table VI: Summary of Run Conditions (Day 3)

Reel Number..................
Fiber, lb/hr x 10-3
Semi-Chemical..............

OCC........................
Refiner Conditions
Primary Consistency........
Specific Power.............

OCC Consistency..............
Tickler Consistency2 .........
Specific Power x 10 .........
Stuff Box Consistency, %.....
Headbox Consistency, %.......
Paper Machine
Speed, ft/m................
Jet-To-Wire Ratio..........

Lump Breaker Roll Load, pli..
1st Press Loads, pli.........
2nd Press Loads, pli.........
3rd Press Loads, pli.........
Calender Load, (on/off)......

17

16.2
8.5

4.0
5.16
5.3
5.3
0.056
3.7
0.88

1400
0.95
145
380
540
480
on

18 19 20 21 22 23 24

18.2
8.5

4.0
4.57
5.3
4.1
0.069
3.7
0.88

1400
0.95
145
380
540
480
on

25.0
8.8

5.2
3.18
5.8
5.2
0.054
3.7
0.90

1400
0.95
145
380
540
480
on

24.5 26.0 22.8
8.8 8.5 8.5

5.1
3.58
5.8
4.7
0.059
3.7
0.90

1400
0.95
145
380
540
480
on

5.4
3.61
5.6
4.7
0.059
4.1
0.92

1400
0.95
145
380
540
480
on

5.3
4.11
5.6
5.2
0.056
4.1
0.90

1400
0.95
145
380
540
480
on

22.7
8.8

5.6
3.78
5.8
5.1
0.060
4.0
0.88

1400
0.95
145
380
540
480
on

22.7
7.7

5.6
3.54
5.1
4.8
0.066
3.5
0.88

1400
0.95
145
380
540
480
on
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The data in Table VI were used as input for each MAPPS simulation run. A separate
run was made for each reel. These conditions are only a portion of the data
requirements for the MAPPS simulation. Additional data requirements are discussed
in the following sections.

SUMMARY OF PROCESS CHANGES

OCC flow ratio gradually increased from about 18% to a maximum of 38% on reel 10 and
then dropped to 25% by the end of the test. Refiner power remained in the range of
1.5 to 2.5 hsp-day/ton except for reels 17 through 24 where power increased to 3 to
5 hp-day/ton. Tickler refiner power was approximately 0.05 except for reels 11
through 16 where it was increased from 0.11 to 0.28 hp-day/ton. Headbox CSF, one of
the most important single variables, reflecting the sum total of refining changes
and OCC swings, varied over a relatively narrow range from 260 on reel 4 to 335 on
reel 16. Headbox freeness is also strongly dependent on fines recycle and wire
retention.

The calender stack was applied on all reels except reels 7 and 8 where it was
lifted. Press loading was only changed on the third press nip. The press load was
600 for reels 1 - 8, 650 for reels 9 - 16 and dropped to 480 for reels 17 through
24. Machine speed was 1900 ft./min. for the first two days (reels 1 through 16) and
then dropped to 1400 ft./min. for the third day (reels 17 through 24).

On the first day of testing, the main process changes were increasing OCC and
varying calender loading (reels 7 and 8). Each reel interval was approximately 45
minutes. The total testing period for each day was thus about 6 hours. Each test

was begun about 7 AM and concluded at around 2 PM. The time between the last reel
sample on one day and the first reel sample of the next day was about 17 hours.
This delay should have been sufficient to eliminate any transients in the system
caused by deliberate process changes.

PERFORMANCE ATTRIBUTES

This section provides a brief overview of performance attribute concepts. For a
more detailed discussion of PAT's please review References 1 through 6. Reference 1
describes the development of the system as of 1988. References 2 through 6 describe
applications of the system and previous validation work. Those already familiar
with performance attribute concepts may proceed to the PROCESS MODEL section.

PAT's are process variables which represent characteristics of individual fibers and
the developing fiber network during the papermaking process. PAT variables apply to
all areas of pulping and papermaking where fibers are found from the wood yard to
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the reel. The current set of PAT variables, shown in Figure 1, is grouped into

seven categories: composition, shape, physical properties, surface area, fillers,

network bonds, and network anisotropy.

Figure 1: Overview of Performance Attributes PAT'S

Yield
Kappa Composition
Xhemi 
Ck 

L, al
W. o w Shape
JDIST Fibers
CWT
Tensile
Modulus Physical
Smod
CSF } Surface Paper

Area

SUSL length 
SUSD absorption Fillers
8CC scattering
SHP shape J

8b Contacts and
8b2 Sidedness Network

8a 1 Bonds
STSTR J
Formation Factor i
Wet Strain . Anisotropy
Orientation -' ' 

Figure 1 illustrates the concept that paper of any type consists of fibers and other

materials (non-fibrous suspended solids) formed into a network. The components of

the furnish, i.e., fibers or non-fibers (fillers), have a variety of

characteristics, each with a unique contribution to end-use performance and each

influenced differently during the papermaking process.

Composition Attributes and Specific Light Absorption

The first three attributes, Yield (pulping yield), Kappa (Kappa Number) and Xhemi
(hemicellulose to total cellulose ratio), represent the current state of the
chemical composition of the fibers. These attributes can be used to account for
fiber species, pulping and bleaching operations and other process steps which
influence fiber composition. In this application they account for the semi-chemical
pulping of the virgin hardwood as well as the chemical pulping treatments of the OCC
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during its manufacture, without actually simulating these operations in detail.
However, when these operations are of interest, detailed models can be added to
simulate both the mass and energy flows as well as the changes in PAT's over these
process steps.

Ck, the specific absorption coefficient, is placed with the composition attributes
because of its relationship to color bodies and lignin.

Many of the PAT variables are initialized through the fiber property data base.
This data base consists of composition, shape and tensile properties for nineteen
fiber species including northern and southern US hardwoods and softwoods and
eucalyptus. The data base also contains typical values for cellulose,
hemicellulose, lignin, extractives and ash content for each species. There data
have two major uses, 1) to initialize the flows of pulping and bleaching stream
components and (2) to initialize the composition PAT's.

Initialization of component flows for a pulping type stream is straightforward
because there is a direct correspondence between the data base and the components in
the stream. For a wood fiber stream such as a paper stream, of interest in this
application, the stream components are initialized through the fiber shape
attributes discussed later.

The link between the database composition values and the composition attributes is
more subtle. For any stream type, the initial yield is assumed to be that of an
unpulped wood, i.e., 100% unless overridden by the user. If the yield is less than
100%, a hierarchy of pulping reactions is assumed. The order of the hierarchy is
removal of extractives, hemicellulose, lignin and finally alpha-cellulose. In all
cases, the extractives are assumed to be removed in the form of turpentine and tall
oil. For the paper-type stream these removed components are placed in the generic
dissolved components category. If the hemicellulose ratio is not overridden in the
WOOD02 block, the lignin content is based on the yield and the unpulped lignin. The
kappa number is then based on a direct correspondence between lignin and kappa
number. If hemicellulose ratio is not overridden, the hemi-cellulose components are
assumed to be reduced before lignin and the kappa number is then based on the
remaining lignin.

Specific light absorption coefficient, Ck, is based on Kubelka-Monk theory and an
assumed relationship between the fiber composition and the specific absorption of
cellulose and lignin. Ck is actually the average absorption of the entire furnish
mixture valid at a specific wavelength of light, 457 nm. If other materials are
added to the fiber stream, such as dyes or suspended solids, Ck is updated based on
standard mixing rules. In this application, Ck and other optical properties are not
considered further.

I
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Fiber Morphology

Fiber morphology or shape attributes are L, weight-average fiber length, o l,

standard deviation of the length distribution, W, number-average fiber width, o w,

standard deviation of the width distribution, JDIST, type of distribution (normal,

log-normal or Weibull) and CWT, cell wall thickness. One of the most important

characteristics of pulp is the wide range in these attributes, particularly fiber

length. Fiber width is primarily useful in accounting for shives. CWT is required
to account for the wide variations in cell wall thickness between species. The
shape attributes help to account for the differences between species, refining
histories, as well as cleaning and screening, and recycling effects. They are
essential in tracking the fiber morphology when using pulping and bleaching streams
and also provide a link to flows of individual fiber components.

As with composition attributes, the shape attributes may be initialized from the
species data base or overridden with user input. The final values are used to
initialize the shape PAT's and the flows of fiber components.

JDIST is a flag which defines the type of fiber length distribution applicable.
Options include normal, log-normal, modified log-normal and Weibull. Only one type
of distribution is assumed to apply locally. Thus, if a log-normal distribution is
specified, both length and width must follow a log-normal distribution. However,
JDIST may be assigned different values at different points in the flowsheet to
simulate different types of furnish or process operations.

Physical Properties

Fiber physical properties which affect end-use performance are Zf, fiber tensile,
Ef, fiber modulus; and Smod, fiber flexibility factor. Zf has units of breaking
length in kilometers and represents the zero-span tensile strength of the sheet.
The fiber tensile has a direct effect on sheet tensile strength and indirectly
affects burst factor through the Page tensile and modified van den Akker burst
relationships. The fiber modulus has a direct influence on sheet elastic properties
and indirectly on compressive properties such as STFI, Concora and Ring Crush.

Specific Bond Strength, (SBS) is a measure of the potential bond strength when bonds
are developed. In the absence of species dependent data, the same value is used for
all species. Along with bond area and formation factor described later, SBS
contributes to sheet strength through the Page tensile model.
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The fiber flexibility factor accounts for subtle changes in fiber bonding
flexibility and conformability resulting from changes in cell wall composition and
thickness during drying, pulping and refining. This factor is meant to account for
effects not handled directly by CWT. Smod is initialized to one and changes only
slightly in refining and drying. In the current application, Smod increases during
drying to reflect the stiffening of the fibers as the cell wall material collapses
during drying. Smod decreases during refining reflecting the swelling of cell wall
components.

Surface Area Attributes

Another important characteristic of fibers which influences bonding potential is
hydrodynamic specific surface, Sh. It is well known that Canadian Standard Freeness
(CSF) is directly related to hydrodynamic specific surface. While bonding and
end-use performance are directly related to the more fundamental variable, Sh, the
variable of choice followed in this system is CSF since it is measured directly and
is readily known by mill process engineers.

CSF, Sh and fiber length distribution are linked together within the PAT modelling
system. The combination of CSF and fiber length distribution determines the
specific surface area for each fiber length. Fiber length distribution is
determined from the mean and standard deviation, L and al. Once the specific
surface areas are known at each fiber length, the specific surface area for the
entire distribution can be readily determined.

Suspended Solids Attributes

Fibers are not the only significant components of the paper. For filled grades,
suspended material such as fillers and extenders, which may represent 50% of the
basis weight, can have a major influence on end-use performance. Attributes in this
category are the average particle size, SUSL, SUSD, average light absorption
coefficient at 457 nm, SCC, average light scattering coefficient; and SHP, average
shape factor. These attributes play an important role in modelling filled sheet
grades but are not used in this application.

Network Attributes

As the fiber network forms in the forming section and is consolidated throughout the
press section, the fundamental variables of interest are the fiber contacts for the
top side and wire side represented by Sbl and Sb2. These variables also take into
account some of the aspects of the sidedness characteristics of the sheet but do not
include effects such as wire mark. The values of Sbl and Sb2 are generated
automatically during the forming and pressing processes and are used automatically
by the property modules. It is not really necessary to pay much attention to these
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variables except to note that the higher the value of these variables the higher the
sheet density, other things being equal. Also, when the sheet is dried, the fiber
contact variables determine the degree of fiber bonding and the bond density. As
Sbl and Sb2 increase, the bond density also increases. This in turn leads to an
increase in sheet strength and stiffness (modulus).

Fiber contact area is influenced by the degree of fiber conformability which in turn
is influenced by pulping yield, cell wall thickness, surface area (CSF), and fiber
stiffness factor, Smod. Contact area is also increased by pressing pressure and can
be increased or decreased by calendering load. Sbl and Sb2 are the only attributes
which change during wet pressing.

Fiber-fiber Bonds

Sa represents the bonded area developed during forming, pressing and drying. This
variable has a direct influence on bond density and sheet strength. Sa is generally
proportional to the fiber contact areas discussed previously as well as to the
drying temperature and moisture. As sheet moisture increases above 6%, cellulose
hydrogen bonds are replaced by water hydrogen bonds and Sa decreases. This applies
whether the sheet is being dried or is re-wetting. As Sa decreases, bond density
decreases, which leads to a loss in sheet strength and modulus.

Calendering conditions can influence Sa either positively or negatively depending on
the moisture and temperature conditions, the calendering load, and the thermal
softening temperature of the fibers. The thermal softening temperature or glass
transition temperature is a function of composition, moisture and temperature of the
fibers. In summary, Sa is a direct result of the cumulative effects of species
type, pulping, refining and forming conditions throughout the process and is a
direct link between these conditions and end-use performance characteristics.

Sheet Anisotropy

Three types of non-uniformity in the plane of the sheet are accounted for. These
are formation, variation of residual stresses and sidedness.

Residual Stresses

MD, CD and ZD variability can result from a built-in stress distribution within the
sheet resulting from forming and drying conditions. Two factors which contribute to
this built-in stress distribution are fiber orientation and stretch due to speed
differentials along the machine. Significant deviations from random orientation and
significant MD stretch will dramatically increase MD/CD tensile ratio. MD stretch
at failure will also decrease with increasing MD wet strain. These factors are
accounted for by the two attributes, OR and WS, which represent the average fiber
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orientation and cumulative set strain in the sheet. Fiber orientation is determined
during sheet forming while wet strain is introduced as a result of the speed
differentials at each pickup point in the forming section. These attributes will
also affect elastic properties and compressive strength properties such as STFI,
Ring Crush and combined board properties such as Concora.

Formation

A second type of variability of great importance is formation. This type of
anisotropy results from nonuniform mass distribution in the plane of the sheet.
This attribute is determined completely during forming and is influenced by factors
such as fiber length, forming consistency, jet-to-wire ratio and CSF. The formation
attribute is not assumed to change during pressing and drying. This attribute works
with Sa to determine bond density and sheet strength. The relationships are based
on the concept that the weakest link determines the strength of the sheet.
Formation does not influence bulk density or porosity.

Sidedness

The third type of variability, sidedness, is handled through Sbl and Sb2 above.
This type of variability is affected by forming, pressing and calendering
conditions. Sidedness is one aspect of the more fundamental Z-D variability
resulting from one-directional drainage and retention conditions during forming.
Sidedness can be corrected through calendering by densifying one side more than the
other to achieve a similar degree of smoothness on each side of the sheet. Sbl and
Sb2 form the basis for modelling surface density, which may differ from bulk
density. Surface density forms the basis for modelling such end-use performance
characteristics as gloss, smoothness/roughness and printability. These
characteristics are not important in the current application and will not be
discussed further.

Property Flag

The property flag is really not an attribute. Its purpose is to point to the
appropriate group of property models. By passing this flag throughout the flowsheet
as a stream variable, it is possible to point to the desired set of end-use
performance models at many points in the flowsheet simultaneously without having to
list it at many individual locations.
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PROCESS MODEL

The process model, shown schematically in Figures 2 through 4, is divided into three
parts:

I Fiber blending and refining,
II Stock preparation and cleaning and
III Forming.

Each section is discussed in detail below. For a detailed understanding of the
individual models, please refer to the MAPPS technical documentation (Reference 7).

I Fiber Blending and Refining

The high density storage tanks are represented by stream initialization blocks
called WOOD02. These blocks serve the dual purposes of initializing both the
material/energy and the performance attribute streams for the virgin semi-chem and
OCC furnishes. By means of module parameters, each WOOD02 block initializes the
total mass flow, composition, temperature, pressure and fiber characteristics of an
entering fiber stream. Because the OCC is a true mixture of hardwood and softwood
components, it is necessary to use two WOOD02 blocks, one for the softwood and one
for the hardwood components of the OCC. The characteristics of the hardwood
component of the OCC are assumed to be close to the semi-chem hardwood. The
softwood component is assumed to be similar to a southern pine.

The OCC blend is obtained by mixing the two streams in Module 4. The STOMIX module
determines the mixture attributes as well as the mixture composition and
thermodynamic properties of the OCC.

The virgin semi-chemical pulp is initialized by Module 1, representing the high
density chest, thickened to refining consistency by Module 5 and refined by the
primary (hole) refiner (Module 7) then mixed with refined OCC in the blend chest
(Module 9). OCC furnish consists of a recycled hardwood initialized by Module 2
which is then mixed with a softwood component initialized in Module 3. The OCC
consists of equal portions of hardwood and softwood fibers.

Entering fiber streams 1 through 3 are initialized by specifying the total stream
mass flow rate, moisture content, temperature and pressure in Blocks 1 through 3,
respectively. The individual fiber flows are not specified. Instead, the
individual fiber component flows are determined from the fiber length and width
distributions based on either the species data base default values or user-specified
values of the mean and standard deviation of length and width distribution

parameters.
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The default values for all PAT's are determined for each stream by specifying a wood
species. WOOD02 initializes all the PAT's using the species data base which assumes
that each pulp consists of fibers which have not been pulped or refined. To
represent the pulping steps the fibers have been exposed to, selected PAT values are
manually overridden in each WOOD02 block. For example, for the semi-chemical HW
pulp, the yield, fiber length statistics, fiber width statistics, freeness and
several other parameters have been overridden in Module 1. Initialization values
chosen for each furnish are shown in Table IV. The OCC column contains information
on the hardwood and softwood components of the OCC specified in Modules 2 and 3 and
the mixture values determined in the mixer block (Module 4).

Table VII: PAT Initialization Data Parameters Used in WOOD02

Notes: (1) Dry fiber flow is one minus wood moisture multiplied by total wood flow.
(2) The OCC freeness was not known and the CSF values in Modules 2 and 3 were based
on experience. (3) The * indicates that the semi-chem HW CSF and the total mass
flows of semi-chem and OCC were varied.

The ratio of OCC to total pulp flow was varied by changing the dry wood flow rate in
the OCC initialization blocks, Modules 2 and 3. Refining consistency into the
refiner was adjusted by varying the discharge consistency in Modules 5 and 6 and
refining load was adjusted by varying the specific power in Module 7. The specific
power was set to zero in the OCC stock refiner to reflect the fact that this refiner
was not used.

The apparently large standard deviation values for length and width may be explained
by the fact that the terms involving the standard deviations in the distribution
functions are based on the natural logarithm of the standard deviations.

Semi-chem OCC Furnish Comp.
Species Pulp

Hardwood Hardwood Softwood OCC Mix

Fiber Length Distribution
Weight Average, mm....... 1.4 1.4 3.0 2.2
Standard Deviation, mm t. 2.5 2.5 2.5 2.5

Fiber Width Distribution
Number Average, mm....... 0.02 0.02 0.04 0.03
Standard Deviation, mm t. 2.0 2.0 1.15 1.65

Cell Wall Thick, microns... 1.2 1.2 1.2 1.2
Yield, %................... 74 74 60 67
Kappa Number............... 46.2 23.9 185.5 104.7

* CSF, ml9 .................. 656 150 667 316
Specific Bond Str x10-8.... 0.2 0.2 0.2 0.2
Fiber Tensile, km.......... 10 10 10 10
Fiber Elastic Modulus, GPa. 4.5 4.5 4.5 4.5

* Total Wood Flow, lb/hrxlO16 3.88 4.254 4.254 8.5
Wood Moisture (fraction)... 0.99 0.90 0.90 0.90
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The blended stock was brought to tickler refiner consistency in Module 10 and
refined in Module 11. Stock was then passed to the machine chest, Module 12, which
was modelled as a mixer with only one inlet stream. The pulp then passes to the
stuff box which is treated as a simple splitter, Module 23. The overflow, stream
34, is returned to the blend chest, module 9.

Each of the fiber streams contains a range of fibers with names FINES, FIBER1,
FIBER2 to FIBER10 and shive components called SHIVE1 through SHIVE3. Each fiber
fraction represents a specific range of Bauer-McNett fiber lengths and a narrow
range of Sommerville shive slotted screen fiber widths, all 0.15 mm or greater. Each
shive component covers the entire range of fiber length but has a specific range of
fiber widths greater than 0.15 mm. These dimensions are somewhat arbitrary and may
be varied by changing the model coding.

For a given set of fiber statistics, mean and standard deviation, the discrete
distribution is determined and represents the weight fraction of each fiber
component. Each component flow is then determined directly from the total fiber
flow and the fiber fractions.

Refiner feed consistency was controlled by specifying the discharge consistency in
each of the thickener blocks (Modules 5, 6 and 10).

Refining

The virgin stock and OCC are refined in Modules 7 and 8, respectively. The stock is
then combined in the blend chest (Module 9) with broke (Stream 31) and Stuff Box
overflow (Stream 34). The combined stock is refined in the tickler refiner (Module
11). In the current process the OCC was not refined initially, so the specific
power in Module 8 was set to zero. Other refining conditions are summarized in Table
VIII.

The HYRFN1 module simulates a wide range of refiner conditions from groundwood to
chemical pulps. Two major categories of refiners can be modelled, chip refiners and
all other types of refiners, classified in MAPPS as secondary refiners. The key
difference is that chip refiners expect the inlet stream to contain chips while
"secondary" refiners work with stock streams containing no chips. The freeness
development and fiber length kinetic models are different for these two major types
of refiners. For this application refiner type switch is set to 2 to indicate a
stock refiner.

Both refiners are specified as atmospheric with minimal idle power loss. Conditions
for the OCC refiner (Module 8) are not listed since this refiner was not used during
the test. The user may specify refiner specific power directly or indirectly. For
this study, the specific power was input directly for each case. For indirect
specification, specific power is determined by means of a model based on plate gap,
rotational speed, rpm, and inlet consistency.
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Table VIII: Refiner Parameters (typical values)

The refiner "kinetic" parameters were tuned to agree with the generally observed
discharge CSF and fiber length for the base case. These parameters determine the
change in fiber length and width distributions for a given specific power load,
consistency and pulping yield. The tuned parameters were then fixed and the only
parameter which was changed for the remaining cases in the refiner modules was the
gross specific power. The fiber swelling parameter is used to tune the fiber
swelling model which uses the specific power, rpm, plate and fiber geometry, and
energy per impact to determine the degree of fiber swelling. Generally, the fiber
stiffness parameter, Smod, calculated by MAPPS is reduced as fiber swelling
increases. However, fiber swelling conditions do not appear to be significant at
the yield level used in this study.

Other Streams

When chemical pretreatment is used, as in CTMP, the pretreatment unit generates an
information stream containing data on the degree of penetration of the pulping
liquor. These data are passed to the refiner by an information stream which
influences refining performance. The "information streams," all represented by
Stream 87 entering the refiners, are not used in this application.

In addition to the fiber discharge streams, such as streams 9, 11 and 14, refiners
units generate steam and heat loss streams. These streams are generally only
significant for mechanical pulping systems but are shown here for completeness.

Hardwood Blended Stock
Parameters Primary Tickler

Refiner Type............... 2 2
Outlet Pressure............ 14.7 14.7
Power Model (Not Used) .... -- --

* Specific Power ............. 1.95 0.05
Idle Power (Fraction)...... 0.05 0
Plate Geometry (Not Used).. -- --
Species.................... 3 Not Specified
Process Model Flag......... 5 5
Distribution Type flag..... 1 1
Kinetic Parameters:
ALl (Mean Length)........ 30 3
AL2 (Standard Deviation). -1 0
AWl (Mean Width)......... 0.98 -0.5
AW2 (Standard Deviation). 0 0

Fiber swelling parameter... 0.001 0.001

4

I
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Adjustments

The GENPRS block, Module 40, is placed after the blend chest to adjust selected
PAT's at this stage of the simulation. GENPRS, which stands for "general process
module," can function as a generic module which influences PAT's but has no effect
on mass and energy flows, or it can, as it is used here, adjust PAT's up or down.
No adjustments were required for the current study.

Handsheet Properties

Handsheet properties at the discharges of the hole refiner, blend chest and tickler
refiner were determined through PROPS blocks Modules 46, 47 and 48, respectively.
The setup of a PROPS module is described in detail in a later section. Generally,
the only parameters which are required are the stream number of interest (i.e.,
streams 9, 11 and 14) and the handsheet basis weight. Additional parameters which
were needed for this study were the handsheet press pressure and the formation
index. This was necessary because there was evidence that the handsheet forming
conditions varied significantly from sample to sample. After specifying the
handsheet pressing pressure and fiber formation index, the models predicted the
handsheet properties more accurately. Handsheet conditions are discussed in detail
in a later section.

II Screening and Cleaning System

Refined pulp from the tickler refiner enters the Machine Chest, Module 12, and is
pumped directly to the Stuff Box, represented by a total flow splitter, Module 23.
In the white water silo, mixer Module 24, the refined pulp, saveall fibers (Module
50) and accepts from the secondary screen and secondary cleaner (Modules 34 and 27,
respectively) are diluted with white water. Pulp consistency is controlled by means
of a thickener block, Module 37, before entering the primary cleaner, Module 25.
The cleaning and screening system consists of four cleaners, Modules, 25, 27, 29 and
30, and three screens, Modules 32, 34, and 35, respectively. The flow is
counter-current with accepts passing back into silos and reject chests as shown.
Saveall cloudy filtrate is used for dilution in tertiary cleaner chest, Module 31,
and clear filtrate is used for dilution in this tertiary screen chest, Module 38.
Streams 45 and 53 represent cleaner and screen sewer rejects, respectively.

All screens, cleaners and thickeners are modelled through the same HYFRAC module by
specifying a switch (1 = screen, 2 = cleaner, 3 = thickener). In addition to the
unit switch, only one parameter is required for this module. For screens and
cleaners, the only required parameter is the reject total flow split, while for
thickeners, the parameter is the discharge consistency. Cleaners and screens
fractionate the pulp removing shives and separating the fibers on the basis of
aspect ratio or fiber length.
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When used to model a screen or cleaner, HYFRAC determines the separation of all
components and, from the specified total flow split, determines the consistency of
the accept and reject streams. In addition, HYFRAC determines the freeness and
selected handsheet properties of the feed, accept and reject streams. Generally,
rejects tend to be enriched in shives while accepts tend to be enriched in shorter
fibers.

Module parameters for the screening and cleaning system are summarized in Table IX.
All parameters in this section were adjusted initially to predict the generally
observed level of fiber reject losses for the base case and were then fixed for the
duration of the study.

Table IX

Module Fiber Losses
Parameters lb/hr

Typical fiber losses predicted from the system are shown in Table IX for the fourth
cleaner and tertiary screen. The total losses of 1400 lb/hr were in the range of
values reported by MacMillan Bloedel.

Paper machine headbox consistency is controlled in the model by module 36 which
passes excess dilution water into reject chest 33.

III Forming Section

The paper machine is modelled in four parts with four different Fourdrinier blocks,
Modules 13, 41 42 and 45, to represent the CD variations possible across the
machine. However, no attempt was made to model CD variations, and the conditions
specified for each module are currently the same. The headbox stock stream is split
into four equal parts by Module 43 and each Fourdrinier block represents the
headbox, slice, gravity drainage forming board, foils, vacuum boxes and couch roll
over one-fourth of the width of the machine. The Fourdrinier block computes the
mass and energy flow and attributes of the mat, trim and white water drained and, to
confirm that the property level of dewatering has occurred, an "undewatered slurry"
stream is also calculated if excess slurry remains.

Consistency Controller........ 1
Cleaners - Reject Flow Split %

Primary ..................... 15 ---
Secondary................... 10 --
Tertiary .................... 10 --
Fourth ...................... 10 651

Screens - Reject Flow Split %
Primary ..................... 5 ---
Secondary................... 10 --
Tertiary .................... 10 775
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Since the slurry and mat streams are recombined in Module 14 to represent a single
sheet of machine paper, all differences between the four CD sheets are lost in this
particular model. However, by passing each CD mat stream through a parallel series
of press modules, CD variations could have been tracked using the Property block
(Module 22). After re-combining the CD sheets into a single sheet in Module 14, the
machine-width sheet is passed through three successive press nips (Modules 15, 16,
and 17). No attempt was made to model the lump breaker roll, and its effects have
been assumed to be accounted for in the sheet leaving the first press (Module 15).

Parameters used in modelling the Fourdrinier are summarized in Table X and typical
profiles predicted by the Fourdrinier blocks are shown in Table XI.

It should be noted that no mill data were available to verify the profiles presented
in Table XI and no adjustments were made to the Fourdrinier modules during the
validation study. The drainage profiles are simply presented as information.

The forming section performs a variety of tasks too numerous to mention in detail.
For instance, the fiber contact area, formation factor, fiber orientation and wet
strain attributes are initialized and the sidedness and Z-D variability information
are generated. Calculated parameters include the sheet moisture, freeness and the
fiber length distribution of the mat, white water and "undewatered slurry", and the
retention of suspended solids.

White Water Recycle and Saveall

To model the saveall system, all trim and white water streams were combined into
white water tank, Module 44, and then passed directly to Module 19 representing the
saveall. Losses from the saveall, assumed to be negligible, were set by adjusting
the split ratio of splitter module 50 to 0.001, a loss of only 0.01%. The disk
saveall model generates three fiber streams, the recovered fiber (Stream 30), cloudy
filtrate (Stream 29) and clear filtrate (Stream 16). The filtrate streams were sent
back to the screening and cleaning to be used for dilution and consistency control
and the recovered fiber was returned to the stock blending system.

Press Section

The press section of the machine consists of a lump breaker followed by three press
nips. In the model, the lump breaker is combined with the first press nip, Module
15. Each press nip is represented by a wet press model, the WPRESS block, which
computes the degree of water removal and web consolidation as a function of lineal
press load, the number of felts and basis weight, machine speed, press speed and
fiber characteristics such as CSF, yield and CWT. The attributes changed by the
presses are the fiber contact areas, Sb1 and Sb2. The module also determines the
power requirements of the press and nip residence time but neither of these
variables is discussed in this study.
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Table X: Forming Conditions (applied to all four FOUR01 modules)

* Machine Speed.......................
Headbox..............................

* Slice height (typical) ..............
JWR (typical)........................
Pressure .............................
Pond Height.........................
Lip Extent............................
Lip Angle............................

Machine Dimensions
Width ...............................

Gravity Drainage Section
Length ...............................

Foil Section
Section Length.......................
Number ...............................
Angle..............................
Length...............................

Table Roll Section
Section Length......................
Number ...............................
Diameter.............................

Wet Vacuum Box Section
Length.............................
Number ................................
Vacuum ..............................

Dry Vacuum Box Section
Length...............................
Number ....................................
Vacuum ..............................
Dandy Roll ..........................

Diameter...........................
Speed Difference...................

Wire Geometry .................................
Trim Fraction........................
Fiber Orientationein....................

Wet Stretch (Speed Differnce)..........
Suspended Solids Diameter..............
Drainage & Retention Parameters........

CRESIS (Mat Resistance Parameter)....
VCOEF (Foil Coefficient).............
AFP (1st Fiber Retention Parameter)..
BFP (2nd Fiber Retention Parameter)..
ABW (Drainage & Retention Parameter).

31/67 ft/sec

40 mils
0.934
14.4 psi
12.5 ft
5 mils
10 degrees

24 ft

50 ft

20 ft
10
5 degrees
0.6 ft

20 ft
3
0.1 ft

1 ft
7
1 psig

1 ft
4
1 psig
None

defaults
0.0075
1.5
0.0
100 microns

350
1.0
8.0
10.0

-0.02

* indicates parameters which were varied during the study.

-

I
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Table XI: Typical Forming Conditions

Table XII: Press Parameters

* indicates parameters which were varied during the study

Cumulative Drainage Rate, cu ft/hr
Forming Board ..................... 1460.5
Foils ............................. 50970
Table Rolls ....................... 53501
VB .. ........................... 61190

DVBS..... ........................ 64289
White water consistency, %

Inlet ................................. 0.65
Forming Board..................... 0.513
Foils ............ ................. 0.3178
Table Rolls ....................... 0.3035
WVBIs....... ............... .... 0.2665
DVBB's........................ 0.2540

Mat Consistency Profile, %
Forming Board ..................... 0.86
Foils ............................. 1.97
Table Rolls ........................ 2.36
WVBs ...................... ....... 6.90
DVB's............................ 25.0

Basis Weight Profile, g/m 2
Forming Board ..................... 0.9
Foils ............................. 78.46
Table Rolls ....................... 85.91
WVBs . ............................. 108.7
DVBs............................. 118.0

1st Nip 2nd Nip 3rd Nip

* Machine Speed, fpm............ ..... 1900 1900 1900
Width, ft.......................... 21.33 21.33 21.33
Number of Felts .................. i 1 1
Top Roll Radius, ft................ 1.5 1.5 1.5
Bottom Roll Radius, ft.............. 1.5 1.5 1.5
Felt Basis Weight, oz/100 ft2 ...... 1313 1313 1313

* Press Speed, fpm ................... 1890 1890 1890
* Press Loading (PLI), lb/lineal in.. 380 550 600
Mat Compressive Modulus............ 1 1 1
Optimum Basis Wt, lb/1000 sq ft.... 26 26 26

Typical moisture profile, %
Entering .................... 25 30.5 37.2
Exiting ...... ...... 30.5 37.2 42.0
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Other attributes calculated by the WPRESS module are the caliper of the sheet

entering and leaving the nip, determined by the estimated degree of densification

during pressing, and the degree of sheet consolidation relative to water removal,
determined by the compressive modulus, Cmod. Cmod can be determined internally but
it may be necessary to override the default value of Cmod to obtain reasonable
values of the dewatering for a given caliper change. After tuning the modules to
match the base case, only the third nip press loading was changed. Press conditions
are summarized in Table XII.

Drying

The pressed sheet is passed through a single dryer block, Module 18, which simulates
a conventional air-hood multi-can dryer system. For more detailed simulation of the
dryer system, multiple dryer blocks could be used. In each case, the steam flow was
varied by hand to achieve the desired dry sheet solids of approximately 93% while
holding steam pressure and air flow constant. The dryer input parameters are
summarized in Table XIII.

Table XIII: Dryer Conditions

Steam Economy ........................ 0.5
Blowthrough Ratio .................... 0.10
Steam Pressure Drop .................. 3.00
Web temperature Rise ................. 4.00
Leakage Air Ratio .................... -0.02
Room Temperature ................ ...... 28.0
Room Humidity ........................ 0.85
Electrical Power Coefficient ......... 1.00
Web Stretch (Speed Differential), %.. 1.3

The total, cumulative MD stretch of 1.3% was assumed to occur in the section. This
stretch was one of the key factors contributing to the predicted MD/CD tensile and
modulus ratios.

Performance Attribute Parameter Adjustments

Module 49 is a GENPRS or general purpose simulation block which can be used to
modify PAT's on a relative basis. In this particular application, two variables,
contact areas Sb1 and Sb2, were decreased by 10 and 30%, respectively. This
adjustment was required to reflect the over-prediction in the densification of the
sheet which occurred during pressing, particularly on the top side of the sheet
where Sb2 increased from 4 to 18 while the contact area on the wire side, Sb1,
entering with a value of 4.26, did not increase at all.

K

i

I

i

I
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I
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I

I
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Because of the loss of fines during the initial phases of drainage, the hydrodynamic
specific surface of the wire side of the sheet was significantly lower than that of
the top side and the effective freeness and fiber length were significantly higher.
The top side of the sheet approached the average fiber length and freeness of the
entering slurry, 0.50 mm and 415 ml, respectively, while the wire side fiber length
and freeness were 1.55 mm and 611 ml, respectively. Since the caliper change
predicted in the press and property modules (WPRESS and PROPS) depends on the change
in fiber contacts averaged over the top and bottom of the sheet, the excessive
increase in Sb2 increased the average contact area and the average bond area, Sa.
This resulted in a prediction of excessive sheet density and properties such as
tensile strength and modulus which depend on either sheet density or bond density.
By correcting Sb1 and Sb2, the entire system of properties was adjusted to more
accurately reflect the mill data.

In retrospect, the sidedness differences predicted by the model can be seen to be a
function of the large quantity of fines recycled within the white water system.
These fines significantly reduce the freeness and fiber length at the headbox from
the average of the fiber furnishes, and the characteristics of the final sheet
reflect the selective retention of fibers, particularly fines, during forming. The
forming model predicts that the retention of fibers increases from the bottom to the
top of the sheet, resulting in higher fines retention as the basis weight develops.
Thus, the top of the sheet retains most of the fines present in the headbox slurry
while the bottom is nearly devoid of fines and the model makes no provision for
migration of fines between the layers. However, the average contact area is assumed
to be an average of the typical level of fiber contact throughout the thickness of
the mat and is in good agreement with the average fiber length and freeness values
carried in the PAT stream for the mats which are 0.76 mm and 544 ml.

In the future, this modelling problem can be reduced by reducing the sensitivity of
the compressibility model to CSF. Alternatively, a new adjustable parameter could
be added to the press model to allow the user to adjust the sensitivity of the
compression to CSF. A similar approach would also be necessary for any other module
which densifies the sheet, such as the calender block. These options are discussed
in more detail in the section on FUTURE WORK (Module Modifications).

Calendering

To represent calendering, the medium (Stream 28), at 93% dryness is sent through a
single nip calender, Module 51, to the reel.

The calender changes sheet caliper, and bulk and also influences sheet bonding
levels. The calendering effect is strongly dependent on nip loading and the
response of the fibers to loading and, in turn, bonding or debonding behavior
depends on the relationship between the sheet moisture and temperature and the
thermal softening temperature of the fibers. Because the nip loading was not known,
the load used in the simulation was tuned to 15 lb/in where the observed caliper
under load and without load was in reasonable agreement with the mill data. The

-- I
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calender model considers heat transfer in the nip and on the roll surface as well as
the effects of wrap geometry, machine speed, roll temperature, roll radii, sheet
basis weight and speed differentials and also allows for additional moisture
addition by adding a steam or water stream.

The input parameters for the calender block are summarized in Table XIV. Calender
speed and loading were varied during the study. The calender loading was set at 15
lb/in for reels 1 through 6 and zero for reels 7 and 8. For reels 9 through 14,
loading was gradually increased to 15 to reflect the apparent transitional change in
caliper, density and modulus after the load was reapplied. Although thermal
transients are not considered in the model, these effects could be simulated in the
future by assuming roll temperature increases gradually after reapplying the load.

Although sheet basis weight measured at the reel is known to fluctuate, an assumed
average value of 0.117 kg/m 2 was used for the calender calculations. CD basis
weight variability could also play a roll in the application of pressure to the
sheet and, in the future this variation could be taken into account by the addition
of multiple sets of presses and calenders to track the CD basis weight and PAT's
through the machine.

The wrap configuration flag was set to 0 to indicate that the sheet passes directly
through the nip without a roll wrap. No MD sheet strain or change in orientation
was assumed for the calender nip as all MD strain was lumped into the dryer section.
The compressibility parameter was adjusted to increase the nip intensity factor to
fit the initial caliper levels of the calendered sheet at the assumed low nip
loading. Since both the compressibility and the loading affect caliper and density,
no unique combination of these parameters can be determined unless the actual lineal
loading is measured.

Table XIV: Calendering Data

* Indicates parameters which were varied during the study.

I
I

* Calender Speed............. 579
*Calender Load .............. 15
Roll Temperature

Top ...................... 180
Bottom................... 180

Roll Radius
Top ...................... 37.5
Bottom ........ ........... 37.5

Basis Weight............... 0.117
Wrap....................... 0
Strain ............. ............. 0
Orientation .............. 0
Compressibility Parameter.. -0.220
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Broke System

The recycle of broke was modelled by splitting off a portion of the calendered
medium using splitter Module 20. The percentage of broke was varied to match mill
conditions and the broke was mixed with other furnish in the blend chest, module 9.

Property Calculations

All property calculations were performed by a PROPS block. The PROPS block computes
a set of handsheet and machine paper properties for a specific stream using the PAT
and mass flow information in the stream. Valid handsheet properties can be
determined on any fiber-containing stream in the flowsheet, but paper property
predictions apply only to the formed, pressed, and dried sheet.

To calculate machine-made paper properties, the sheet basis weight must be specified
as a parameter in the PROPS block or, alternately, the machine speed and width must
be specified elsewhere. For handsheet properties, the handsheet basis weight must
be specified in the PROPS block. Properties calculated by PROPS are shown in Table
XV.

Table XV: Properties Determined by PROPS

* Basis Weight...............
* MD/CD Tensile Ratio........
* Density....................

Wet Web Strength...........
Tear Factor................

* Burst Factor...............
* MD & CD Breaking Length....
Drainage Time.............
Scattering Coefficient.....

* Gurley Porosity...........
Opacity ....................

* Flat Crush................
* Elongation At Break........
Young's Modulus ...........
Brightness.................

* Directional Moduli............
MD, CD and ZD................
Directional Tensiles..........
(ultrasonic models)...........
MD, CD, ZD ....................
Shear Modulus (MD/CD plane)...
Directional Compressive Moduli
MD and CD....................
Taber Stiffness...............
Surface Roughness.............

* Caliper .......................
* STFI (MD CD) Rupture Energy...

* Concora....................
* CD Ring Crush.................

* Indicates properties considered in this study

Machine Paper Properties

Machine paper properties were predicted for the dry calendered medium, Stream 103,
by using PROPS Module 22. Although Module 22 was used to predict both handsheet and
machine paper properties, the machine paper properties are of primary interest at
this location and are discussed in later sections. All measured and predicted
machine paper properties are listed in Appendix II.

I
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Machine paper properties are based on the PAT values in the stream of interest and
the basis weight. The basis weight may either be specified or determined from the
stream flow rate and the specified machine width and speed supplied as module
parameters.

Handsheet Properties

Five PROPS blocks, Modules 46, 47, 48, 52 and 53, were used to predict handsheet
properties for the hole refiner discharge (Stream 9), blend chest discharge (Stream
11), tickler refiner discharge (Stream 14), the headbox (Stream 55), and the broke
tank discharge (Stream 31), respectively. Handsheet properties are dependent upon
the component PAT values (i.e., fibers and fillers) and on handsheet formation
factors such as pressing pressure, formation index and fiber orientation. This
information can be provided by the PROPS module parameters or as a backup; default
values will be assumed. PROPS Module parameters specified for each case in the
study are shown in Table XVI. The complete set of handsheet properties, both
measured and predicted, is listed in Appendix III.

Table XVI: Input information to PROPS

DATA ANALYSIS

Assumptions which apply to the analysis of the data can be summarized as follows:

1) Transient process data can be analyzed using the steady-state MAPPS simulation
program.

2) Data which were not known can be estimated.

3) Input data conditions obtained from the mill were assumed to be accurate.

4) Only variations attributed to the primary variables were analyzed.

Testing Variability

Testing replicates, varying from 10 to 20 on each sample resulted in a distribution
of measured values. The number of replicates was higher for tests such as concora
which have greater variability or lower reproducibility. For each reel, the
standard deviation of each distribution was determined about the mean value for each
test property. The average of these values over all 24 reels was then used as the
overall measure of testing variance for each property. The standard deviation of

Handsheet Fiber Orientation.. 1.0 (random)
Wet Strain..................... 1.0 %
Pressing Pressure............ Variable (20-50 psi)
Formation Factor............. Variable (0.5 to 1.0)
Basis Weight................. Measured input
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the measurements is summarized in Table XVI. Measurement variances could not be
determined on variables such as density, basis weight and caliper, which had only a
single measurement.

Table XVIII summarizes statistical data relating to CD variability (Rolls) on each
paper property. Data include the maximum value (Max), minimum value (Min), and Mean
for each CD position, indicated by roll positions 1 through 3. The table measures
the overall variations which occurred during the tests and these variations are
based on the average test values, rather than the individual test total variation
for each sample. The mean values indicate the average CD variability in the data
and indicate that, on the average, the CD variability is within individual test
measurement variances and, therefore, is not statistically significant. However,
visual inspection of the data over portions of the test groups indicates that
certain variables may exhibit some meaningful CD variability. These are discussed
in a later section.

Table XVII: Measurement Variance

A complete list of machine paper properties
Appendix II.

(measured and predicted) may be found in

Although statistically the means do not vary significantly across the machine, plots
of the data against reel number show that some of the variables such as basis
weight, caliper, density and tensile strength, may exhibit a persistent CD bias. In
some cases, the CD bias lasts only one shift and then shifts to a different but also
consistent bias on another day. In cases where CD bias is not visually obvious, the
overall statistics are based on the pooled data for all rolls.

90% Confid
Number Interval

Std Dev of Tests T-Test 2 Std Dev

MD Tensile, km ........ 0.39 10 1.812 0.78
CD Tensile, km ........ 0.188 10 1.812 0.38
MD Stretch, %......... 0.19 10 1.812 0.38
CD Stretch, % ......... 0.425 10 1.812 0.85
Burst Factor.......... 2.33 10 1.812 4.66
MD Modulus, GPa....... 0.155 10 1.812 0.31
CD Modulus, GPa....... 0.112 10 1.812 0.22
Caliper, mils......... 0.39 1 6.314 0.78
Gurley Porosity, % .... 3.07 10 1.812 6.14
Concora, lb........... 3.6 10 1.812 7.2
MD Ring Crush, lb/6 in 6.2 10 1.812 12.4
CD Ring Crush, lb/6 in 3.2 10 1.812 6.4
MD STFI, lb ........... 1.9 20 1.725 3.8
CD STFI, lb ........... 1.6 20 1.725 3.2
Moisture, %........... 0.38 5 2.015 0.78
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A comparison of the overall variation with the average measurement error (standard
deviation) indicates that the overall variation is not significantly greater than
the measurement variation. For example, the MD tensile standard deviations for
rolls 1 through 3 are .285, .317 and .394, respectively, while the average
measurement standard deviation is 0.39. The results are similar for the CD tensile.

Table XVIII: Machine Property Data Summary CD Variability

Roll Position 1 Min Max Mean

Basis weight, lb/1000 ft2 .. 24.92 26.48 25.59
Caliper, mils.............. 8.16
Density, g/cc.............. 0.508 0.657 0.585
MD Tensile, km............. 5.52 6.48 5.90
CD Tensile, km............. 2.25 2.77 2.52
Burst Factor............... 25.6 33.3 28.8
MD Stretch, %.............. 1.45 1.77 1.61

CD Stretch, %.............. 2.53 3.03 2.81

MD Modulus, GPa............ 3.41 4.78 4.27
CD Modulus, GPa.......... 1.37 2.05 1.80
MD STFI, lb/in............. 21.0 24.1 22.78
CD STFI, lb/in............. 13.2 15.7 14.6
CD Ring Crush, lb.......... 48.86 59.12 53.70
Concora, lb ............... 48.17 67.59 54.10
Gurley Porosity, sec/cc.... 14.25 28.80 20.84
Moisture, %................ 6.5 7.26 6.80

Roll Position 2 Min Max Mean

Basis weight, lb/1000 ft2 .. 24.7 26.0 25.2
Caliper, mils............. 7.9
Density, g/cc.............. 0.515 0.67 0.59
MD Tensile, km............. 5.55 6.68 6.00
CD Tensile, km............. 2.47 2.86 2.65
Burst Factor............... 27.0 31.12 29.4
MD Stretch, % .. ....... . 1.46 1.81 1.66

CD Stretch, %.............. 2.11 2.57 2.39

MD Modulus, GPa........... 3.44 4.82 4.40
CD Modulus, GPa ............ 1.53 2.38 2.00
MD STFI, lb/in............. 21.0 24.5 22.72
CD STFI, lb/in............. 13.7 *30.56 15.1
CD Ring Crush, lb.......... 48.3 59.15 54.11
Concora, lb ................ 47.8 59.6 52.8
Gurley Porosity, sec/cc.... 11.75 29.0 19.5
Moisture, %............... 6.44 8.10 6.91

I

*I
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Table XVIII: Machine Property Data Summary CD Variability

Qualitative Data Comparisons

Property comparisons are divided into two parts: Machine Paper Properties and
Handsheet Properties.

Machine Paper Properties

Machine paper property data are listed in Appendix II. For analytical purposes, the
properties are plotted against a "reel number" in Figures 5 through 19. Each figure
shows the predicted values and one or more sets of measured values. Where more than
one set of measured value is available for a reel, the values shown correspond to
tests at roll positions 1 through 3, indicating CD variability may be significant.
Those properties with only a single set of measured values show all rolls and sets
for each reel using the same symbols. CD variability was not significant for these
properties.

Basis Weight

Figure 5 indicates the model tracked machine paper basis weight reasonably well with
the exception of reels 3, 8, and 11 through 13. The basis weight was controlled in
the simulations by adjusting the amount of broke recycle, i.e., by varying the total
split fraction in Module 20. By adjusting the broke flow after the calender, it was
possible to change the basis weight while maintaining constant overall production.
However, the broke adjustment was accomplished by trial-and-error, and the predicted
results indicate that a couple of reels were not tuned to the observed basis weight.

Roll Position 3 Min Max Mean

Basis weight, lb/1000 ft2 .. 24.9 26.2 25.44
Caliper, mils.............. 8.0
Density, g/c............. 0.515 0.660 0.590
MD Tensile, km............. 5.07 6.74 5.93
CD Tensile, km............ 2.18 2.71 2.43
Burst Factor ............. 25.6 33.3 28.9
MD Stretch, %.............. 1.44 1.80 1.63
CD Stretch, %.............. 2.39 3.21 2.72
MD Modulus, GPa.......... 3.51 4.86 4.32
CD Modulus, GPa............ 3.51 4.86 4.32
MD STFI, lb/in............ 19.55 25.22 22.67
CD STFI, lb/in............. 12.0 16.77 14.28
CD Ring Crush, lb.......... 46.3 59.0 53.0
Concora, lb........... 47.7 60.1 54.2
Gurley Porosity, sec/cc.... 11.0 28.61 20.6
Moisture, %................ 6.43 7.11 6.82

I

t.
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Basis weight varied across the machine in a consistent fashion throughout the trial
as shown by Figure 5. Basis weight for roll 2 was generally lower than that for
rolls 1 or 3. However, the model was not tuned to predict a variation in basis
weight in the cross machine direction due to limitations in the size of the MAPPS
data file and lack of detailed information on the machine design. The model did
contain four separate paper machine modules (Fourdrinier modules 13, 41, 42 and 45).
If to complete the CD model each of these could have been adjusted to predict higher
retentions on the outside of the reel compared to the center of the reel it would
have been necessary to add corresponding presses, calenders and PROPS blocks for
each CD section of the sheet. This added computational burden was not considered
necessary for the purpose of the study, i.e., to validate the MAPPS module database.

Basis weight showed a downward trend during the later half of the test but did not
appear to coincide with changes in any of the major variables changed during this
period, i.e., OCC content and machine speed. A reduction in broke flows is one
likely cause of the gradual drop in basis weight. The predicted retention profiles
did not show much sensitivity to machine speed.

Since most properties are independent of basis weight, any error in prediction of
basis weight will have little direct effect on the prediction of other machine paper
properties. Exceptions are the compressive properties which are strongly dependent
on caliper. Since caliper is directly related to basis weight at a fixed density,
the basis weight variations will affect compressive properties.

Sheet Density

The machine paper density profiles, Figure 6, show good agreement between the
measured and predicted values with the possible exception of reels 11 through 16
where the model predicts densities that are too high. The most obvious feature of
the profile is the change caused by unloading the calender for reels 7 and 8 which
the model tracks very well. Both the measured and predicted density are higher
before the calender stack is lifted than after it is lifted. Although the model
seems to predict the same average density level before and after reels 7 and 8, the
measured density seems significantly different. The measured data show a fairly
consistent, although weak, CD profile with roll 1 density consistently lower than
that of rolls 2 and 3. Measured density also fluctuates significantly during the
first 6 reels while the model tracks through the center of the data, and there is no
obvious explanation for this fluctuation. It is interesting to note that
reel-to-reel variations after the calender is reapplied are considerably lower.

Plots of density against several of the major independent variables showed no
obvious direct correspondence between density and these variables (other than
calender stack loading). Statistical analysis of the data described in detail in
later sections confirmed these observations.

1
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Caliper

Figure 7 shows predicted dry sheet caliper was in good agreement with the measured
values from IPST. The most salient feature of the caliper plot is the sharp
increase for reels 7 and 8 when the calender stack was lifted. The caliper
obviously reflects changes in basis weight and density described previously, and
good agreement in these variables implies good agreement in predicted caliper.
Other features observable from the figure are the weak CD profile and the different
levels of caliper before the stack is lifted (reels 1-6) and after the stack is
reapplied (reels 9 through 24). A general downward trend in caliper can also be
detected from reels 13 onward. The model tracks these trends quite well throughout
the test.

The caliper predicted by the PROPS module is based on a bone dry basis weight and so
does not include the small effects of moisture fluctuations in the sheet. However,
the tests (measured values) were conducted at conditioned moisture levels at 50%
humidity and should have had only a minor effect on caliper.

MD Tensile Strength

The MD tensile profiles shown in Figure 8 indicate that the model followed the data
very well except when calender loading was removed where the model predicted a drop
in strength which was not observed. During the study MD tensile appeared to have
two basic levels, approximately 5.8 to 5.9 km for reels 1 through 11 and
approximately 6.3 for reels 12 through 16. A similar trend can be seen in the CD
tensile profiles discussed next. The model did not predict the plateau at the same
time as the measured results and tended to be lagging in phase. This behavior may
be somewhat fortuitous due to the fact that the model assumes steady state
conditions and there was no conscious attempt to correct the data for time delays or
process lags.

The differences between the average MD tensile and model values was 0.2 to 0.4 km
during this plateau period, which is within experimental error. It does not appear
that the change is due to a shift in MD/CD tensile ratio, as discussed in a later
section.

Possible reasons for the differences in measured and predicted calender loading
effects are discussed in the section on individual variable effects (Calender
Loading).

CD Tensile Strength

Figure 9 shows that the model tracks the CD tensile within the experimental error of
0.38 km. As with MD tensile, however, the discrepancy is relatively high for reels
7 and 8 where the model predicts a strength loss when the calender stack is lifted.
Examination of the data shows a very significant CD profile which tends to drop for
roll 3, particularly when machine speed dropped over reels 17 through 24. CD tensile

C
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tended to increase during reels 12 through 16. The causes of the discrepancies
shown for reels 7 and 8 are discussed in the section on Calender Loading Effects.

MD/CD Tensile Ratio j

Table XIX and Figure 18 summarize the general trends for the measured and predicted
tensile ratio.

Table XIX: Comparison of Measured and Predicted MD/CD Tensile Ratio

Minimum Maximum Mean Std Dev

Measured 2.08 2.69 2.35 0.115
Predicted 2.30 2.42 2.39 0.023

These data show that the model predicted the average tensile ratio very accurately
and indicates that the MAPPS module assumptions about the degree of wet stretch and
fiber orientation were reasonable. The fact that the predicted variations in
tensile ratio are lower than the measurements can be explained by the wet strain and
orientation. The major contributors to the ratio were assumed constant throughout
the test while the measured data reflect the effects of large changes in machine and
press speeds. Other contributions to variability, such as shrinkage and loading in
the dryer section, are not accounted for in the model.

MD/CD Modulus Ratio

The MD/CD modulus ratio, a measure of the fiber stiffness anisotropy, is also
influenced by fiber orientation and speed differentials, and shrinkage. Again, the
agreement between measured and predicted values is very good on the average (Table
XX). For reasons stated above, the model predicts less variability than is
observed. The mean measured modulus ratio is nearly identical to the mean tensile
ratio while the predicted modulus ratio is somewhat lower than the value for the
tensile ratio.

Table XX: Comparison of Measured and Predicted MD/CD Modulus Ratio

Minimum Maximum Mean Std Dev

Measured 1.87 2.77 2.36 0.160
Predicted 2.05 2.19 2.15 0.021

--
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MD Stretch

Figure 10 shows that predicted MD Stretch is consistently higher than measured
values by a nearly constant factor. For measured values, there is considerable
variation across the machine as well as within reels as indicated by the wide bands
connecting points at the same reel number.

The effect of lifting the calender on the measured MD stretch is not seen on reels 7
and 8. Again the calender appears to have little or no effect on straining the
sheet or on the normal bonding characteristics which influence stretch at break.
However, the average value starts out lower on day 2 (reel 9) and then increases
significantly by reel 12. The highest values are seen for reel 18 just after the
beginning of day 3. There is a gradual downward trend in stretch throughout day 3
at the lower machine speed.

The model predicts that stretch should not really change much over reels 1 through 6
but drop significantly for reels 7 and 8 as a result of less bond development in the
absence of calender load. The stretch does not return to the previous levels for
reels 9 and 10 because the simulated stack loading was not immediately reset to 15
PLI, as with reels 1 through 6, but was increased in steps. The 15 PLI stack
loading was set, the predicted stretch was at or above that of reel 1 through 6.

Burst Factor

Burst factor profiles, shown in Figure 11, show trends similar to breaking length as
expected. The burst factor model, a modified version of the van den Akker model,
assumes that burst is a function of the geometric mean of the MD and CD tensile
strength and the MD stretch, as follows:

BF = Constant * STR (Zmd Zcd) /2

where

BF = burst factor
STR = MD stretch
Z = Breaking Length

The model suggests that BF will vary directly with MD stretch. Comparing the
figures for tensile and stretch with burst, it appears that burst values on day one
do vary directly with tensile and stretch values. BF starts out low on day 2 (reels
9 and 10) and then increases to a general maximum around reels 12 or 13 and, on day
3, a general downward trend in BF, again coinciding directly with tensile and
stretch.

Although not statistically significant, there is visual evidence of CD variability
in BF, as shown in Figure 11. As with tensile and stretch, there is no apparent
effect of calender stack loading shown by the model. There is little visual
evidence of a consistent CD burst profile.
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The general coincidence of the four tensile properties indicates that the measured
trends are real and not random, and the general agreement of the model with the
measured data suggests that the trends are predictable. However, there are no data
to suggest what may have happened over the 16-hour period between the end of day 1
and the beginning of day 2 to cause all four tensile properties to be lower than the
previous day. Particularly puzzling is the fact that the paper density decreased at
the same time that tensile strength increased toward a maximum at reel 13.

Except for the effect of calender loading where the models predict a drop in burst,
the models tend to predict burst somewhat high. However, the model predictions
still lie within a band defined by the combined variability in burst due to
measurement error and CD variability. The measurement variability is discussed in a
later section.

MD Elastic Modulus

The MD Modulus profiles shown in Figure 12 clearly indicate the close correspondence
between measured and predicted values with a small but consistent offset of about
0.3 GPa which is comparable in magnitude to the measurement variance. The most
important feature of the data is the effect of calender loading, which is
consistently predicted by the model. Unlike the tensile properties, the modulus
values start out day 2 at about the same levels as the end of the day 1 before the
calender stack was lifted. The modulus tends to increase to a maximum at about reel
15 toward the end of day 2. There is a generally lower level of modulus for day 3
whose dominant variable is the lower machine speed. These lower levels coincide
with the lower density levels as predicted by the models.

The property development models are based on a theory that there is a general
correspondence between sheet densification and bond formation during the papermaking
process up until the sheet is dry. Increased density leads to increased bond
density, relative bonded area and, other things being equal, increased strength and
elastic properties. The calender model is based on a theory that additional
densification during calendering can either increase or decrease strength by
creating additional bonds or by breaking existing bonds. The bond formation/bond
breakage process is proportional to the degree of densification and is controlled by
the moisture and temperature of the sheet in the calender. It is generally observed
that increased densification leads to strength loss and a decrease in modulus. Only
rarely, as with glassine to which moisture is added, is a strength increase
observed. Also there is substantial evidence that modulus and strength are both
governed by bonding levels and should therefore behave in the same way with
densification.

.1

I
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CD Modulus

CD modulus profiles shown in Figure 13 also indicate a good level of tracking
between the model and the measured values with a nearly constant offset. This
offset is discussed in more detail in a later section. The calender effect is the
dominant effect predicted. The modulus levels at the beginning of day 2 (reels 9
through 11) are lower than at the end of day 1 as seen with the tensile properties
and in slight contrast to the MD modulus. The general levels of CD modulus also
tend to peak toward the end of day 2. There is a slightly lower modulus level
throughout day 3 at the lower machine speed, which is consistent with the generally
lower density levels on day 3.

Gurley Porosity

Gurley porosity (Figure 19), which is inversely proportional to sheet porosity,
follows several swings throughout the three-day period. The lowest Gurley, or
highest sheet porosity, corresponds to the low calender stack loading as predicted
by the model. Here the predicted Gurley tends to track density while the measured
Gurley tends to track density and other variables as well. Porosity is generally
lower on day three while density is lower, which is contrary to the effect
predicted.

The effect of calendering on Gurley appears to be stronger than predicted. Since
the model assumes porosity is proportional to bulk density, the effect of
calendering, which may be mainly a surface effect, could lead to an under-prediction
of the effect of calendering. In other words, if the calender tends to increase the
surface density more than the bulk density, the porosity measurement, which should
be more sensitive to surface porosity, should be more strongly affected. This
suggests that the Gurley model should be based on surface density rather than bulk
density and would be consistent with the gloss and smoothness models which are also
based on surface density.

Compressive Properties

MD and CD STFI

The MD and CD STFI data do not show a significant trend throughout the three-day
period as shown in Figures 14 and 15. The model's predictions tend to show a
similar insensitivity to most variables except for a downward blip for one reel with
the calender backed off. The variations in the data are less than the measurement
variance indicating that there are no significant variable effects, and the offset
between the model and measurements is consistently about 1.5 lb/in, which is within
experimental error. The statistical analysis, which is discussed in the validation
analysis, shows that with the correction multiplier for MD and CD STFI taken into
account, the model fits the data extremely well.
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It is interesting to note that STFI was not strongly affected while modulus was.
Here the theory provides some insight. The model for STFI stiffness is related to
the product of MD and ZD modulus and the sheet thickness. The moduli, as already
demonstrated, are directly related to the density and inversely related to the
thickness. Also, the moduli contain a strong linear density component but are
basically nonlinear over a large range. Therefore, one would expect qualitatively
that a variable which increased caliper would have the opposite effect on modulus
and no effect on STFI, consistent with the behavior seen throughout the test.

CD Ring Crush

Data for both MD and CD Ring Crush were obtained, but only CD Ring Crush was
modelled and analyzed. Although CD Ring Crush behaves very similarly to STFI, the
measurement errors indicate that Ring Crush, and CD Ring Crush in particular, is
highly variable, as shown by Figure 16. With a 6.4 lb/6 in. variance due to
measurement error, the model predictions fall close to the lower end of the
confidence range. However, if a constant correction factor is used as discussed in
a later section, the predictions fall well within the 90% confidence band.

Ring Crush levels were about the same at the end of the trial as at the beginning
even though the OCC content had increased by 7%. This and other evidence indicates
that OCC has little effect on compressive properties. Machine speed appears to have
little effect also. Lower ring crush for the period when the stack was lowered
indicated there is some sensitivity to calender load and the model predicts a drop
for reel 8 but little effect for reel 7. The effect of calender loading on
compressive properties is discussed in more detail in the following sections.

Concora

It is apparent from the concora profiles of Figure 17 that this property is also
highly variable. However, the model predictions, while offset by about 25% (high),
track the changes in level consistently. The model for concora is based on a
relationship to flat crush which is in turn related to STFI. Thus the predictions
for concora should be similar to STFI. The measurement variance for concora is 7.2
lb and the predicted values are generally slightly outside the upper limit of the
confidence range without correction. Given a constant correction factor
(multiplier), discussed in later sections, the predictions fall well within this
confidence region.

The general agreement between the measured data and the model predictions for
concora shows that the basic elements of the model system form a consistent
framework. Calender loading appears to have some effect on concora, although
primarily on reel 8. This is likely due to the fact that concora and, by
implication, STFI and Ring Crush, are influenced by basis weight variations more
than other variables, and the basis weight is strongly correlated with caliper or
sheet thickness. However, since density is generally independent of basis weight,
modulus is (or should be) relatively independent of basis weight. Thus basis weight
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and caliper increases should also increase concora provided density remains the
same. However, if density decreases, i.e., when the calender stack load is removed,
the density and modulus effects may overwhelm the caliper increase, perhaps causing
a decrease in concora.

SUMMARY OF VARIABLE EFFECTS ON MACHINE PAPER PROPERTIES

OCC Content

OCC concentration varied from 18% to 36% during the test but had a relatively minor
affect on compressive properties. The reel-to-reel variability observed during the
first 16 reels, over which OCC varied, may have been influenced by changes in
semi-chem freeness and refining conditions which were occurring at the same time.

The MAPPS models show that two factors, fiber characteristics and caliper/modulus,
contribute to the relative insensitivity of compressive properties to OCC content.
Fiber characteristics do not change significantly as OCC content changes. Average
fiber length does change gradually but this effect is masked by other variables,
particularly CSF.

The second factors, caliper and modulus, tend to have opposite effects. Conditions
which influence density tend to have opposite affects on modulus and caliper.
Because the modulus and thickness occur together in the basic compressive strength
models for STFI and Flat Crush, variables which tend to increase density and modulus
tend to decrease caliper, provided basis weight is under good control. Deviations
between predictions and measurements were most pronounced when basis weight varied,
resulting in larger changes in caliper that were not reflected in modulus.

Calender Load

Although the calender stack loading was known on only two reels (7 and 8) where it
was zero, the calender appears to have influenced many of the properties, both
before and after these reels.

As might be expected, the calender stack loading had a significant affect on
density, caliper and elastic moduli. However, the affect on sheet stiffness was
generally the opposite of what is normally seen for grades such as newsprint where
stiffness and strength tend to decrease with increased load. In agreement with
measured data, the compressive property models predicted that when the stack was
pulled the increased caliper would cancel the decreased modulus resulting in little
observable effect of calender stack loading on compressive properties such as STFI,
Ring Crush and concora.

From the models, one might predict that the MD/CD ratio of the sheet could have been
affected by the calender stack loading, possibly as a function of stretch or stress
relief. However, the measured properties did not support this conclusion.
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After reel 8, the modulus did not return to its previous levels, indicating that the
stack may not have been returned to the original loading and/or the temperature/load
levels were not densifying to the earlier levels. To predict the observed effect,
the load levels in the model were increased in two stages over reels 9 through 12 up
to 15 pli. However, since the loading was not known at any time during the test,
the model adjustments could not be verified.

Another observed anomaly was that the desired breaking length and burst factor were
relatively insensitive to the release of calender loading, while the models
predicted significant decreases in these properties.

Using the unverified calendering conditions, the models predicted that the calender
densified and increased internal bonding in the sheet. When the calender stack was
lifted, both sheet density and the bond density decreased, resulting in a drop in
elastic moduli, breaking length, and burst factor. Because the measured strength
did not decrease, the data did not support a change in breaking length and,
therefore, burst factor, indicating that the actual levels of bonding were not
significantly affected by loading under the relatively mild conditions used. This
result may imply that the modulus is not a function of bond density but only of
actual bulk density.

Table XXI below shows the statistical effect of calender stack loading on machine
paper properties. N indicates the number of data points for each condition and the
minimum, maximum, mean and standard deviation values are shown for each variable,
with the calender stack on or off. It may be concluded that the mean values average
the effects of other variables while the standard deviations indicated the
variability about the mean due to other effects such as refining, pressing, OCC and
machine speed.

The caliper, density, MD and CD moduli, and ring crush change significantly with
calender stack position (on or off). Density increases by 0.08 g/cc or 16% with
calendering, as a result of the caliper change. Surprisingly, modulus increases
significantly, indicating that bonding increases in the calender nip. This effect
was unexpected since the load was low and the sheet was relatively dry. In fact
much of the literature shows the opposite trend, i.e., a decrease in modulus and
strength due to dry calendering.

As a result of stack loading, MD modulus increased by about 0.9 GPa, approximately
30%, while CD modulus increased by 0.42 GPa, approximately 25%. The CD ring crush
increased by 6.7 lb/in (25%) and is comparable to the measurement standard deviation
discussed below, an insignificant change. Concora changed less than the measurement
standard deviation and was not significant at 90% confidence.

Mean tensile properties such as breaking length and burst factor were independent of
calender loading, differing by less than the average measurement standard deviation.
This result indicates that there was little, if any, net bonding or debonding
occurring due to the calendering operation.
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Table XXI: Effect of Calender Stack on Average Medium Properties

Property N Minimum Maximum Mean Std Dev

Modulus
on........ 105 3.91 4.86 4.40 0.21
off....... 9 3.41 3.62 3.52 0.07

CD Modulus
off....... 9 1.30 1.63 1.46 0.11
on ........ 105 1.49 2.38 1.88 0.16

MD Tensile
off....... 9 5.60 6.05 5.81 0.16
on........ 105 5.07 6.75 5.97 0.35

Burst Factor
off....... 9 26.51 30.37 28.77 1.20
on........ 105 25.61 33.45 29.02 1.59

Caliper
off ....... 9 9.45 10.02 9.65 0.18
on ........ 105 7.41 8.82 8.21 0.29

Concora
on ........ 105 47.70 54.70 50.62 2.88
off ....... 9 47.80 63.93 53.89 2.65

MD STFI
on ........ 105 19.75 25.23 22.80 0.85
off ....... 9 19.55 23.76 21.87 1.53

CD STFI
on ........ 105 12.00 16.77 14.48 0.61
off ....... 9 14.22 15.09 14.63 0.29

Ring Crush
on ........ 105 22.79 43.23 33.06 5.12
off ....... 9 19.48 30.35 26.35 3.35

Density
on ........ 105 0.56 0.67 0.60 0.02
off ....... 9 0.51 0.52 0.52 0.01

Basis Weight
on ........ 105 24.72 26.36 25.38 0.37
off ....... 9 25.32 26.48 26.00 0.32

Machine Speed

Comparisons of machine paper properties at the two test machine speeds of 1400 and
1900 ft/min are shown in Table XXII, with 75 data points at 900 ft/min and 39 data
points at 1400 ft/min for each property. Again, it may be concluded that the mean
values average variations such as calender stack loading, refining and press loading
while the standard deviations include variability due to these and other effects.

I
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Table XXII: Effect of Machine Speed

Property N Minimum Maximum Mean Std Dev

MD Modulus, GPa
1900...................... 75 3.41 4.86 4.30 0.38
1400...................... 39 4.14 4.54 4.39 0.10

CD Modulus, GPa
1900...................... 75 1.30 2.38 1.82 0.21
1400 ...................... 39 1.67 2.17 1.90 0.15

MD Tensile, km
1900 ..................... 75 5.52 6.75 6.08 0.33
1400 ...................... 39 5.07 6.03 5.72 0.21

Burst Factor
1900 ...................... 75 26.51 33.45 29.60 1.41
1400 ...................... 39 25.61 30.35 27.85 1.14

Caliper, mils
1900 ...................... 75 7.42 10.02 8.43 0.56
1400 ...................... 39 7.95 8.34 8.11 0.12

Concora, lb
1900 ...................... 74 47.70 63.93 53.13 2.97
1400 ...................... 39 50.20 59.60 54.57 2.19

MD STFI, lb/in
1900.. .................... 39 21.22 23.67 22.68 0.61
1400 ...................... 75 19.55 25.23 22.75 1.08

CD STFI, lb/in
1900 ...................... 39 12.61 15.30 14.30 0.53
1400 ...................... 74 12.00 16.77 14.60 0.59

Ring Crush, lb
1900 ...................... 39 23.53 42.40 34.81 4.39
1400 ...................... 75 19.48 43.23 31.35 5.39

Density, g/cc
1900 ...................... 75 0.51 0.67 0.59 0.04
1400 ...................... 39 0.57 0.61 0.595 0.01

Basis weight lb/1000 ft2

1900 ...................... 75 24.84 26.48 25.60 0.37
1400 ...................... 39 24.72 25.80 25.10 0.21

As shown by Table XXII, there is no statistically significant effect due to machine
speed for any of the properties considered, with the possible exception of MD Ring
Crush. Also, the standard deviations at both machine speeds were significantly
higher than the average difference, again indicating that there is no significant
difference between the properties for the two speeds.

I
I'
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HANDSHEET PROPERTIES - 26 lb/1000 ft 2

This section summarizes the data and predictions for 26 lb handsheets made from
composite samples taken from five locations during the test: hole refiner
discharge, blend chest, tickler refiner discharge, headbox and broke chest.
Composites were collected at several other locations such as the high density tanks
and the white water chest but these were not formed into sheets. Only the heavier
handsheet data were studied in detail. The 13 lb data can be found in Appendix IV.
These data are discussed in a later section.

The discussion is broken down by property with contrast between positions and time
trends forming the basis of the discussion.

CANADIAN STANDARD FREENESS

CSF should depend on such factors as the freeness of the semi-chemical and OCC
furnish from high density storage, refiner power and consistency, fines retention on
the wire, broke and saveall recycle and fines losses in stock prep. Freeness
profiles, shown in Figures 20 through 24, indicate that with the exception of the
headbox predicted values are lower than measured values.

For the simulation model, the predicted freenesses were initialized at the high
density storage tanks using a WOOD02 block. The semi-chem freeness was varied for
each reel using data from the mill, and freeness changes through the refining system
were predicted. Variability in the measured CSF from IPST was greater than the
predicted freeness variability, possibly due to measurement error.

Headbox CSF was predicted to be higher than measured CSF and the difference is
thought to be due to variations in fines freeness. The model predicted the fines
freeness to be in the 200-300 ml range and although no white water freeness data
were obtained, the headbox freenesses suggest that the white water freeness was in
the 100 ml range. The predicted difference may not be extremely important since
most of the fines are not retained in the sheet and the final sheet freeness is more
a function of the broke tank or tickler refiner freeness. Thus, the effect of
headbox freeness on dry sheet properties may not be as important as stock freeness.
However, the headbox CSF does control drainage rates and moisture profiles and
should not be glossed over.

Statistical modeling indicates that the three major factors affecting freeness
values measured are semi-chem freeness, refiner loading and OCC ratio. On the first
day the semi-chem freeness dropped from 722 to 686, but the measured CSF from the
primary and tickler refiners decreased by only about 20 ml. This effect is likely
due to the "dilution" of the blend stock by the OCC (assuming the OCC CSF is
constant). On the first day, the OCC content increased from 18% to 25% and primary
refiner power increased by 50% for a brief period.

I
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Hole Refiner Discharge CSF

The hole refiner CSF is the simplest CSF data to analyze because it is influenced
only by the semi-chem furnish and the primary refiner load and consistency.
Referring to Figures 20 through 23, the predicted CSF from the hole refiner remained
essentially constant for the first two days with the exception of the period when
the hole refiner power was increased on reel 2. The predicted variation tracks the
measured variation over the first three reels but does not follow the oscillations
over the following reels. In particular the large drop in CSF over reels 9 through
12 was not predicted. The measured drop cannot be related to high density CSF since
that remains in the 720 ml range. The same relative change was not observed in the
mill data.

The measured CSF values shown in Figures 20 through 23 are all IPST measurements.
The mill CSF data can be found in Appendix I along with the processing conditions
while the IPST CSF data and predictions are shown in Appendix III with the other 
handsheet data. Comparison of the two sets of measurements shows that the model
predictions track the mill data more closely than the IPST data and that there is a
much smaller offset between the predicted CSF's and the mill data. The major shift
in the predicted CSF and the measured mill and IPST data began on reel 17. But, the
magnitude of the CSF drop was not as great as the measured drop. The predicted CSF
does track the direction of the change but does not always track the magnitude. The
drop is the result of a relatively large increase in primary refiner power over the
last 8 reels.

In summary, the model predicts the effect of refining on the semi-chem furnish
reasonably well, but the effect of the entering CSF on the discharge CSF is not
strong enough. Also, the predicted change in CSF with refiner power was not as
strong as observed, indicating that the K-factor model for the refiners may need to
be tuned to show greater sensitivity to specific power. The prediction models were
validated against the IPST data, and the calculated offset is specific to IPST
measurements. The offset against MB data is much smaller (the regression coefficient
is closer to 1) since the overall CSF levels were set by the level in the high
density chest as specified by mill data. Thus, the model predictions also track the
mill data more closely than the IPST data.

Blend Chest CSF

Freeness from the blend chest, as shown in Figure 21, was influenced by the hole
refiner freeness, the OCC freeness and the OCC ratio. However, the predicted OCC
freeness was assumed to be constant at 316 ml, the "average" of 150 and 650 ml for
the hardwood and softwood components of the OCC. Since the OCC freeness was
significantly less than the semi-chem freeness the blend chest freeness decreased
with increasing OCC content. Generally, the blend chest freeness was approximately
30 ml lower than the hole refiner CSF, as expected for an OCC content of 18%. As
OCC content increased to 38% during day 2, the CSF decreased to a minimum of about
450. However, the IPST measured freeness from the blend chest was approximately 50
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ml lower than the hole refiner, indicating that the OCC CSF may have been lower than
the value used in the simulations. Unfortunately, no mill measurements were
available from either of the high density chests.

The model predicted a drop in CSF on reel 2, followed by a return to the initial
level and a relatively large drop beginning at reel 9, followed by a gradual return
to earlier levels. With the exception of reel 9, the measurements did not show these
trends and fluctuated significantly, especially during the second day.

The blend chest discharge CSF for the third day was influenced primarily by the
higher power to the primary refiner, which lowered the hole refiner CSF, and by the
higher final OCC content, which also lowered CSF. The predicted and measured data
showed very similar responses but the values were offset.

Tickler Refiner CSF

The tickler refiner discharge CSF was a function of the blend chest discharge CSF,
the tickler power, and the tickler feed consistency. Thus, the tickler CSF was
expected to drop for reel 2, as predicted by the model and observed by the IPST
measurements and the mill measurements. However, a comparison of the "Measured
Tickler Refiner CSF" in Appendix I with the IPST measured values in Figure 22 show
that the mill measurements corresponded more closely with the predicted values than
the IPST values. Since the trends established in the blend chest should be
reflected by the tickler discharge for a constant tickler power, the lowest CSF
values should have occurred when the blend chest CSF was low and the tickler power
was high. The predicted blend chest CSF reached a minimum during reels 9 through 14
and at reel 23, while the IPST data showed a minimum at reel 23 but did not show the
predicted trend. The mill data showed a local shallow minimum for reels 9 through
14 and a sharp drop for reels 18, 20 and 23-24, which did not agree qualitatively
with the IPST trends. In addition, the sharp minimum for reel 18 was not predicted
by the models.

Headbox

The headbox CSF, shown in Figure 23, was likely influenced by many process streams
but particularly by the fines retention and recycle. The predicted CSF was
approximately 60 ml higher than both the IPST and the mill data, indicating that the
CSF of the fines in the white water, saveall and broke system was lower than
predicted. However, no direct measurement of white water CSF was available.

At times the mill CSF values were as much as 100 ml lower than the predicted values.
The predicted low trough for reels 9 through 14 was reflected in the mill data (see
Appendix I) but not in the IPST data. Although it was difficult to compare the
successive CSF profiles of the IPST measurements, the large "hump" in the IPST data
for reels 9 through 14 appeared to persist through the headbox. All data and
predictions showed the sharp drop-off in CSF over the last few reels.

I
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Broke Tank CSF (Figure 24)

The CSF of the broke fibers as shown in Figure 24 should be similar to those of the
paper sheet, i.e., a lower fines level and a higher CSF. One would also expect the
broke CSF to resemble the tickler discharge CSF, as indicated by a comparison of
Figures 22 and 24. The minimum value of broke CSF and tickler discharge CSF was
also shown by the predicted profile for broke. Variations in CSF due to refining,
while still discernable, were more muted, but could be seen in the data. However,
the drop in CSF seen throughout the data at other locations for reels 9 though 14
was not as pronounced for the broke. Mostly, the high value for broke CSF at reel

20 is an outlier since it did not appear in the headbox data.

Transient effects

The transient behavior of the paper machine system was dominated by the first-order
lags of the various storage tanks: high density tanks, blend chest, broke chest and
machine chest, and screening and cleaning system. The largest capacity tanks were
the high density and broke chests, but these chests were not a problem because the
system boundaries began at the chest discharges. With the exception of the broke
tank the remaining tanks had very small time constants and did not contribute
significantly to transient effects. The estimated time constant for the broke tank
was 1 to 2 hours, corresponding to 2 to 3 reels. However, the impact of the broke
flow on the transient because of the system depends on the relative contribution of
broke to the total flow to the headbox, as shown in Table XXIII. The calculated
fiber flows shown in the model are simulated flowrates from the base case (reel 1)
conditions, and, except for OCC which increased by a factor of 2, the flows remained 
at these magnitudes throughout the trial.

Table XXIII Contribution of Broke to Total Fiber Flow Rates

Table XXIII indicates that the broke and saveall flows were significant contributors
to the total headbox flow and that about half the total flow was raw stock and OCC
while the other half was internal recycle from the broke and saveall systems. This
represented about 25% of the total flow; since the broke was returned to the blend
chest, both the handsheet data and the machine paper properties could have been
influenced by transients due to broke flow. The affect of a single first-order lag
on the machine paper properties would be to extend the affect of a process variable
such as refining power, freeness change or OCC change beyond the time period the

Fiber Flows Relative
lb/hr Contribution

Semi-chem.. 37700 1 50
OCC........ 4250 -
Broke ...... 21400 25
Saveall.... 22500 25

I

I
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change. This suggests that handsheet properties from the broke chest onward could
have been affected by the characteristics of the broke chest furnish.

However, other evidence suggests that the transient effect may not have been very
significant. Comparing Figures 20 and 24, the initial high level of broad maxima in
hole refiner discharge CSF followed by a minimum at reel 17 may have resulted in a
somewhat broader maximum and a minimum broke CSF value at reel 16 to 17. Similarly,
a second maximum CSF value from the hole refiner over reels 19 and 20 shows up as a
very large maximum over reels 19 and 20. This somewhat qualitative correspondence
between hole refiner and broke CSF indicates that the transients may be negligible.

Summary

The predicted CSF values track many of the observed freeness trends, and the
reasonably close agreement between the predictions and the mill measurements may
indicate that significant inter-laboratory differences exist. Additional modeling
error could have been introduced by not accounting for the transient effects of the
broke fibers.

DENSITY

Predicted and measured density profiles are shown in Figures 25 through 29. Density
should be influenced by fiber compressibility, which is primarily a function of
freeness since other factors (PAT's) remain relatively constant throughout the test.
However, the data profiles indicate that density varied erratically for all
handsheet data and it was not possible to relate the handsheet density statistically
to process conditions. The handsheet density also did not relate to the machine
paper density.

However, fundamental principles indicate that density, which is strongly influenced
by pressing pressure, should have a strong affect on virtually all other handsheet
properties. Thus, the pressure used by the PROPS blocks was varied to approximate
the measured density in each case. An hypothesis was set up that, once reasonable
agreement with measured densities was obtained, other properties should "fall into
line."

Based on CSF data alone, one would expect the density of the hole refiner handsheets
to remain relatively constant throughout much of the test, with a gradual increase
toward the end of the test as CSF decreased with increased refiner power. However,
this response could only be observed in the data by averaging the wide and sudden
swings in the densities to see the overall trend. Based on these difficulties, no
attempt is made to link the CSF measurements with the density measurements.

An additional factor, sheet forming, may also influence the general trends of the
data. When the sheet formation index was varied in the model, the caliper and basis
weight variations would result in a variable "effective" handsheet pressing
pressure, leading to variable (e.g., lower) density than expected for a 50 psi.
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load. Based on these considerations, the press load in the PROPS block was varied
for each reel sample and location to approximate the measured density with the hope
that the change in density would cause the remaining predicted properties to fall
into line with the measurements. Using this approach, the overall fit to the
density data was good.

CALIPER

Caliper profiles are shown in Figures 30 through 34. Since caliper is related
directly to density and basis weight and the basis weight data were used to specify
each set of handsheet predictions, the caliper predictions agreed quite well with
the measurements.

TENSILE

The handsheet tensile profiles, shown in Figures 35 through 39, show excellent
agreement between predicted and measured data, indicating that the measured data
were internally consistent and that the models were able to predict the variable
tensiles after fitting the pressing and formation parameter to fit the measured
density and burst factor data. The largest disagreement in the results was, as
expected, in the broke data where the measured tensiles were generally below the
predictions and well below most of the predicted values at other locations. It
should be noted that a number of data were missing for the broke tank, possibly
influencing the comparisons.

STRETCH

Profiles of stretch at break are shown in Figures 40 through 44. There was a
persistent offset of at least 50% to 70% between the predictions and data at all
locations except the broke tank but the stretch profiles did follow the tensile and
density profiles, as expected. Generally, the measured values of stretch over the
trial were much greater than predicted, possibly due to experimental error. Stretch
levels were highest for the headbox and lowest for the hole refiner and broke tank.

BURST FACTOR

The Burst Factor profiles are shown in Figures 45 through 49. Initially, the
predicted and the measured burst values did not agree very well as the predicted
values varied frequently with no obvious relationship to freeness changes. However,
as discussed above, the density variations were assumed to result from variable
formation, and it was reasoned that formation differences would also result in
variable strength. Thus, in each case, the burst factor was fit by choosing the
appropriate formation level in the PROPS block to obtain reasonably good agreement
with the measured values.

,I
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It is interesting to note that the predicted average burst level tended to increase
from the hole refiner to the blend chest, tickler refiner and headbox, consistent
with the notion of improved fiber quality as the fiber approaches the forming
section. However, the measured burst for the hole refiner was significantly higher
than that of the blend chest which, in turn, was somewhat higher than the tickler
refiner, contrary to intuition. Also the broke levels were even lower than the
tickler discharge, contrary to the expected effect of freeness differences between
the two tanks. These unexpected measured values could possibly be the result of
unexpected changes in the fines contact of the furnish.

COMPRESSIVE PROPERTIES

Ring Crush

Profiles of Ring Crush, shown in Figures 50 through 54, indicate a high variability
over the trial with no significant trends. There was a large offset between the
predicted and measured levels which was relatively constant at each location. The
model's predicted values of ring crush showed little change from the hole refiner to
the tickler refiner discharge although the measured data did decrease, contrary to
expectations. As expected, the headbox values are higher and the broke chest values
lower.

The predictive model used in MAPPS indicated that ring crush will depend on
directional moduli as well as caliper. However, the modulus was not measured for the
handsheets so there was no independent measurement to decouple caliper and moduli.

Concora

Profiles of the measured Concora values, Figures 55 through 59, indicate that there
was an oscillatory variation, particularly at the hole refiner, and it is unlikely
that this variation could be real. Therefore, interpretation of the concora data
was based on the average trending of the data. Using this approach, it can be
concluded that there was very little change over the 24 test reels, in agreement
with the average predicted trend. However, there was a constant offset of about 10
to 12 lb between measured and predicted values, with the predictions consistently
higher than the IPST measurements. The mill concora data were consistently higher
than the IPST data, but these data were not included in the statistical analysis so
no direct comparisons could be made.

The models predict that concora values were about the same for the first three
locations and then increased at the headbox and decreased at the broke chest.
However, the predicted broke values were generally higher than the concora from the
tickler refiner while the measured values were consistently lower.

In summary, the absence of a trend in compressive properties was predicted by the
models. In theory, the major effect of furnish composition on compressive
properties was expected to be a function of CSF. However, this effect was masked by

I
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significant variations in handsheet density and formation levels which affect
bonding. Generally, for the range of density levels used, the predicted compressive
property levels were in good agreement with literature and other IPST data of
Whitsitt on which the models were based. Thus, it may be concluded that the offset
between predictions and IPST data can be applied to the mill lab data and historical
data from Whitsitt to adjust the model parameters.

The handsheet data do confirm one result of the machine paper property analysis,
namely, that OCC content has no significant affect on compressive properties.
Refining was also predicted to have only a very slight affect for similar reasons.
The primary effect of refining, a decrease of CSF and an increase in surface area,
increases density and, for constant basis weight, decreases caliper and increases
modulus.

As discussed above, the decreased caliper tended to cancel the increase in modulus
and no net affect on compressive properties was expected. However, the models did
show that fiber modulus could be affected by refining and that changes in fiber
modulus could bring about changes in sheet modulus without corresponding changes in
sheet caliper. This could result in some affect on compressive properties. For
similar reasons, the models indicate that different species would show considerably
different compressive strength even at the same freeness and density.

Porosity

Gurley porosity profiles are shown in Figures 60 through 64. The models indicate
that porosity profiles should vary directly with density profiles since Gurley
porosity is inversely related to porosity and porosity should be inversely related
to density. However, the measured porosity data were highly variable and no
conclusions could be drawn from the individual values. It is interesting that many
of the local variations in porosity, particularly at the blend chest, are predicted
but with lower amplitude. The high variability of the measured porosity is also
indicative of the assumption that the handsheet formation index varied significantly
from sample to sample.

Porosity predictions at the hole refiner tended to pass through the average of the
data values. The blend chest and other locations showed an offset between the
porosity predictions and measured data with the greatest offset occurring at the
headbox. The porosity model depends primarily on freeness and density. The headbox
furnish was dominated by fines, resulting in higher predictions of the headbox
freeness, which, because porosity is a function of freeness and density, led to the
higher predicted porosity values.

I

I
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MODEL DISCREPANCIES - PROBLEM AREAS

Large deviations in predicted versus measured property behavior occurred when the
calendering effects were modeled. In particular, the predicted effect of calender
loading on tensile strength and burst was higher than measured values. This is due
to the fact that the models predicted that, under the mild calendering conditions
used at the mill, calendering increased both bulk density and bond density,
resulting in increased modulus and tensile strength. However, there is a large body
of evidence linking modulus to strength and it was expected that the strength
properties would parallel the stiffnesses. Thus, the apparent decoupling between
densification and tensile strength observed in the measured data will require some
review of the models.

A second problem area was related to densification in the press section where the
models predicted much higher levels of fiber-fiber contact on one side of the sheet
than on the other. These differences were a result of the gradient in fiber length
through the thickness of the mat which caused the freeness and fiber surface area to
vary. The sensitivity of the fiber contact area developed during pressing to CSF
was too great, and these models must be reviewed and modified to correct this
problem.

VALIDATION

Model validity is based on the "goodness of fit" between the predicted and measured
values for each property shown in Tables XXIV and XXV (See Appendix V). The model
used for the goodness of fit analysis has the following form:

measured property = C * predicted property

, To perform the intercept, the model was forced to zero so that "perfect fit" would
be one for which correction coefficient, C, is 1 and the R-squared error value is
1.0. The correction coefficient is a measure of the error in the model in predicting
the mean value of the data. Based on the R-squared criteria, the goodness of fit for
most of the properties was excellent since the correction coefficient and R-Squared
statistic were close to 1. Corrections for machine paper properties are generally
closer to one than for handsheets. The general variability of the handsheet data
was the likely cause of the higher correction factors. For example, the correction
for handsheet concora was 0.766 while that for machine paper concora is 0.92

1 indicating that handsheet concora on the average predicted higher values 24% of the
time while machine paper concora predicted higher values only 6% of the time.

It should be noted that the R-squared values only apply to the corrected models and

I that those for the uncorrected models would be expected to be somewhat lower.
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Table XXIV: GDODBESS OF FIT 

Handsheet Data 103 Observations 

Variable 

CSF, ml .............. 
Breaking Length, km . . 
Concora, lb .......... 
Ring Crush, lb ....... 
Burst Factor ......... 
Porosity ............. 
Density, g/cc ........ I F Mean 

6745 503 
2392 3.64 
2973 54.53 
1685 53.5 
3377 23.0 
200 16.0 
13608 0.411 

Table XXV Goodness of Fit 

r 

Root 
MSE 

64.5 
0.76 
8.35 
13.5 
4.15 
12.0 
0.037 

Machine Paper 24 Data Values 

Property R= 

MD Tensile, km ........ 0.996 
CD Tensile, km ........ 0.995 
Burst Factor .......... 0.995 
Density, g/cc ......... 0.998 
Concora, lb ........... 0.997 
CD Ring Crush ......... 0.967 
MD STFI ............... 0.998 
CD STFI ............... 0.998 
MD Modulus, GPa ....... 0.998 
CD Modulus, GPa ....... 0.993 
MD Stretch, % ......... 0.997 
Density ............... 0.998 
MD/CD Ratio ........... 

Modulus ............. 0.995 
Tensile ............. 0.998 
Porosity ............ 0.960 
Basis Weight ........ 0.999 
Caliper, mils ....... 0.998 

Coeff- r fo1 Root 
icient F Mean cv HO MSE 

0.994 31831 5.955 5.98 178 0.35 
1.01 20601 2.54 7.43 49 0.188 
0.957 21818 29.0 7.22 147 2.09 
0.96 57067 0.589 4.47 239 0.026 
0.92 44207 53.63 5.06 210 2.71 
1.45 3316 32.53 18.4 58 6.0 
1.233 62279 22.72 4.276 250 0.97 
1.173 53574 14.5 4.59 231 0.67 
0.948 54201 4.33 4.59 232 0.199 
0.871 15481 1.85 8.60 124 0.159 
0.915 32404 1.637 5.93 180 0.097 
0.961 57067 0.589 4.47 239 0.026 

1.094 22127 2.36 7.18 149 0.169 
0.984 49882 2.35 4.78 223 0.112 
0.974 2690 20.48 20.6 52 4.22 
0.993 9999 25.4 3.26 328 0.828 
1.031 5678 8.319 5.0 214 0.416 

Statistically, the R-Squared criteria overestimates the goodness of fit but the over 
estimate is not significant when the correction factors approach 1. Since the 
correction factors represent the average error in the predictions, a second criteria 
for model validity is that the average error of the model should fall within the 
confidence limits of measurement error for each property (See Tables XXVI & XXVII). 
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Table XXVI: Goodness of Fit Based on Measurement Error 

Goodness of Fit - Handsheet Data 

Based on all Handsheet Data 103 out of 120 Observations 

Property 

CSF, ml .............. 
Tensile, kin .......... 
Concora,'lb .......... 
Ring Crush ........... 
Burst Factor ......... 
Porosity ............. 

Mean 

503 
3.64 
54.5 
53.5 
23.0 
16.0 

leasure 
jtd Dev 

Confid Band 
90% 

Absol % 

21 
13 

L 

12 
20 
38 

Table XXVII Goodness of Fit Based on Measurement Error 

Machine Paper 

Goodness of Fit Based on Measurement Error 

Property 

Correl A”g 
Coeff- Errol 
icient % Mean 

MD Tensile, km ....... 0.994 1 5.98 
CD Tensile, km ....... 1.01 1 2.54 
Burst Factor ......... 0.96 4 29.0 
Density, g/cc ........ 0.96 4 0.589 
Concora, lb .......... 0.92 8 54.53 
CD Ring,Crush ........ 1.45 45 32.5 
MD STFI .............. 1.233 23 22.7 
CD STFI .............. 1.173 17 14.5 
MD Modulus, GPa ...... 0.948 5 4.33 
MD Stretch, % ........ 0.915 8.5 1.637 

leasure 
Xd Dev 

0.39 13 
0.19 15 
2.3 16 

3.6 13.2 
6.4 39.4 
3.8 33 
3.2 44 
0.31 14.3 
0.22 27 

Confid Band 
90% 

Absol % 

I 

The confidence bands for each variable are based on twice the standard deviation 
divided by the mean and expressed as a percent. When the confidence bands are 
compared with the percent error of the model based on the correction factors, all 
the models except CD Ring Crush are within measurement error. When the high level 
of correlation for the corrected model is taken into account, it could be stated 
that the model is not biased and is therefore also valid as corrected. Thus, a 
second validation criteria is that the model predicti0n.s are valid within 
measurement error. 
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Correction factors outside of the measurement error do not necessarily indicate an 
invalid model. In some cases, the corrections may also include the effects of 
variability of the laboratory testing procedures. In particular, differences 
between mill and IPST compressive strength measurements such as STFI and concora 
indicate that an interlaboratory study may be desirable. 

Statistically, it may be concluded that, if the correction is a single factor and 
the resulting corrected values agree very well with the measurements as measured by 
R-squared, the model is a useful tool and therefore valid for this grade. 

Handsheet Properties - 13 lb/1000 ft2 

The data on the lighter weight handsheets were used primarily to study the zero span 
tensile strength variations during the trial; for individual data see Appendix IV. 
The model did not predict a significant variation in zero span tensile. Both the 
OCC and semi-them fiber zero-span tensile were initialized with a breaking length of 
10 km and the final predicted zero-span values were about 9.5 km as compared to an 
average of 9.05 km for all 13 lb handsheets measured. The statistics on the 13 lb 
sheets are summarized in Table XXVIII. 

Table XXVIII: Light Weight Handsheet Properties 

Property Minimun Iaximun Mean Xd Dev 

Basis Weight ........... 50.7 81.5 65.0 3.27 
Caliper, mils .......... 6.05 13.7 8.45 1.42 
Density, g/cc .......... 0.185 0.391 0.313 0.05 
Tensile, km ............ 1.51 4.99 3.55 0.71 
Burst Factor ........... 12.5 26.4 19.7 3.15 
Stretch, % ............. 0.61 2.30 1.47 0.34 
Gurley Porosity ........ 1.45 18.0 4.75 3.43 
Zero Span Tensile, km . . 6.74 12.00 9.05 0.90 
Moisture, % ............ 4.92 7.33 6.12 0.51 

The examination of the measured zero span data for each location indicates that the 
zero span tensile did not change significantly throughout the process or with time 
during the trial. Some handsheet data from the mill were available to compare with 
the data from IPST and the model predictions. These data, which represent a single 
set of beating curves from 280 to 606 ml CSF, are summarized in Table XXIX. 
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The 13 lb handsheet had lower densities than the 26 lb sheets. The mean density of 
the light weight sheets was 0.313 as compared to a mean value of 0.411 for the 26 lb 
handsheets. Over most of the range in basis weight, density does not depend on 
basis weight. However, for low basis weight, density apparently increases with 
basis weight. One possible explanation for the higher density of the 13 lb is that 
the formation was more variable and could have resulted in a variation in caliper 
causing a nonuniform application of pressing pressure and nonuniform densification. 
Both the nonuniformity in density and formation itself would have contributed to 
lower tensile properties for the lower basis weight sheets. 

Gurley porosity of the light weight handsheets (4.75) was also considerably lower 
than the 26 lb handsheet values of 16, indicating that the light weight handsheets 
had considerably higher porosity. The porosity differences were in agreement with 
the observed density differences. 

It is interesting to note that the mean tensile strength (breaking length) of the 
light weight sheets, 3.55 km, was not significantly lower than the mean of the 26 lb 
sheets, 3.64 km, while the burst factor of 19.7 for the 13 lb handsheets was 
significantly lower than the value of 23.0 for the 26 lb handsheets. The similar 
tensile strength values indicate that formation of the 13 lb handsheet was equal or 
superior to,that of the 26 lb handsheets. Theoretically, the more uniform formation 
(higher formation index) compensates for the lower density resulting in about the 
same tensile strength (other things being equal). 

The models would have been able to predict the light weight handsheet data although 
this work was not done. It would have been necessary to assume a lower effective 
pressing pressure for the light weight sheets to fit the density and a corresponding 
higher formation index to fit the tensile or burst data. 

Interlaboratory Differences 

A limited set of property data were provided by the mill. The properties of 

b 
interest were concora, STFI and freeness at the primary discharge, tickler discharge 
and headbox discharge. The Concora and Headbox CSF are summarized in Table XXX 
along with the IPST data and model predictions. These comparisons indicate that the 

f 
model predictions tend to follow the mill concora and CSF data rather than the IPST 
data. Said another way, the mean values of the model prediction for each of these 
variables was closer to the mean of the mill data than to the mean of the IPST data. 
However, it was shown above that the models "tracked" the IPST data quite well with 
an offset. The concora model is based on data of Whitsitt obtained from numerous 
laboratory and mill sources and the differences shown in Table XXX indicate that the 
concora testing procedure at IPST may have been different. 
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The CSF data are indicative of the large variations that can occur with CSF 
measurements. The differences between the model predictions of headbox CSF were the 
largest of any location as a result of the high fines content of the predicted 
headbox stock fines as with Concora the predicted values were closer to the mill CSF 
values than to the IPST values. 

Analysis of the mill beater data (See Table XXIX) also indicates laboratory 
differences; for instance, the zero span values of the beaten pulps were 7.3 km, as 
compared to 9.05 km measured by IPST and 9.5 km predicted by the model. The mean 
CSF of the handsheets tested at IPST was about 500 ml, corresponding to the column 
at a beating time of 8 minutes where the freeness was 493. At this level of CSF the 
mill handsheet density was 0.527 g/cc compared to 0.411 g/cc for the IPST 
handsheets. The breaking lengths were similar, however, with the mill breaking 
length of 3.9 km being only slightly higher than the IPST mean breaking length of 
3.64 km. The mill handsheet data at 500 ml CSF and mean IPST handsheet data at 493 
ml CSF. 

Table XXIX: Kill Handsheet Data 

CSF, ml......... 
Basis Weight.... 
Density, g/cc.. . 
Tensile, km..... 
Burst Factor.... 
Stretch ,%...... 
Gurley Porosity. 
Concora, lb..... 
Ring Crush, lb.. 
Zero Span, km... 
STFI, lb./in.... 

t 5.0 12.2 2.1 14.0 27.8 33.9 28.24 0.475 1.3 1.1 606 0 23.1 49.0 49.2 7.3 16.7 3.9 2.8 4.1 493 28.31 0.527 8 7.3 19.0 4.7 28.6 66.2 61.1 407 28.29 0.549 3.3 11.7 13 20.9 73.9 7.3 5.1 32.7 44.6 65.1 280 28.49 0.582 3.6 18 

T Beating Time, minutes 1 

It may be concluded from these data that the comparable breaking length for the two 
sets of handsheets is a result of the higher density for the mill data, which 
offsets the lower zero span tensile. The burst factors of the two handsheet were 
also very close, indicating that the tensile strengths and compressive properties 
were comparable. The slightly lower mill compressive properties were likely a 
result of the lower caliper of the mill sheets at the same basis weight due to the 
higher sheet. Thus, the compressive properties would be expected to be comparable 
because, as mentioned above, the compressive property models show that there is a 
trade-off between caliper and modulus. 
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Table XXX: Comparison of Selected Data Values 
Machine Paper Data and CSF 

- 

lee1 
- 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

- 

r Concora r Headbox CSF 1 
MB lode1 IPST MB [PST 4odel 

59.6 59.1 51.7 367 305 447 
67.4 59.6 56.4 371 286 413 
63.2 62.3 55.8 331 280 449 
61.8 58.7 53.3 350 260 444 
61.0 58.0 52.7 355 264 428 
59.2 57.5 50.5 405 324 422 
60.6 56.4 51.7 398 321 432 
58.0 53.1 51.5 346 305 431 
58.6 57.9 48.3 383 277 412 
61.4 59.2 50.1 400 277 386 
62.2 60.1 51.6 375 310 380 
66.2 60.0 55.8 397 272 376 
62.8 60.5 52.9 407 309 383 
60.6 57.1 52.3 409 286 386 
64.4 57.1 53.1 386 293 386 
64.8 59.4 55.0 374 335 398 
66.4 57.5 54.8 354 295 407 
67.6 57.9 51.9 374 275 407 
63.6 57.4 53.1 361 290 426 
63.4 56.7 53.6 363 286 416 
67.0 57.7 57.2 355 296 416 
66.2 57.2 56.7 338 280 398 
60.8 57.5 55.7 339 255 367 
59.4 57.8 54.8 372 295 401 

Table XxX1: Comparison of MB and IPST Handsheet Data 
at Comparable Values of CSF 

IPST MB 

Density, g/cc.... 0.411 0.527 
Tensile, km...... 3.64 3.9 
Concora, lb...... 54.5 49.0 
Ring crush, lb... 53.5 49.2 
Burst Factor..... 23.0 23.1 
Gurley Porosity.. 16.0 4.1 
Zero Span, km.... 9.05 7.3 
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Correlative Analysis of Machine Property Data 

A correlative analysis of the machine property data indicates that, with minor 
exceptions, machine paper properties data were not significantly affected by any 
single independent variable. Correlative models of all properties were used to test 
the importance of both independent and dependent variables on properties such as 
density, breaking length, burst, stiffnesses and compressive properties. For 
example, concora was tested for dependence on stiffness and caliper, reported by the 
literature to be significant, as well as density, stack loading, machine speed, 
press loading, OCC, etc. Dependent property variables such as burst were tested for 
correlation with breaking lengths and stretch as well as machine conditions and 
refining. All the models had a very poor overall fit to the data but the models did 
identify one or two variables which had some influence on the correlated property. 
The results of this analysis are summarized in Table XXXII. 

Table XxX11: Correlative Analysis 

Dependent Significant Independent 
Variables Variables 

MD Tensile.... Density.............. 
Pullstack on/off..... 
Machine Speed........ 

MD Modulus..... Density.............. 
Density=............. 

Burst Factor.. MD x CD Tensile...... 

Density....... Fullstack on/off..... 
High Density CSF..... 
OCC ratio............ 

CD Ring CNSh. Machine Speed........ 

Concora....... pull stack on/off.... 

WI= 
I ss F 

0.47 4.4 
1.55 24 
3.72 58 

2.97 58 
2.50 49 

146 

0.047 131 
0.013 19 
0.0087 25 

231 - 

88.5 12 

1 Total 
ss 

12.9 1 
I 

From the table, it can be seen that density was most strongly affected by calender ( 
loading which was confirmed by the models and the measured data. Density also 
showed a lower dependence on freeness and OCC ratio, but the contribution to the 1 

total sum of squares value of 0.108 was only 0.013 and 0.0087 for CSF and OCC ratio, 
respectively. 

I 
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MD Modulus could be related only to sheet density or various powers of density. The 
density relationship is fundamentally sound and was confirmed by the correlative 
analysis. However, the contribution of density was only 50% of the total variation 
in the data indicating that other factors must contribute to the variability. The 
predictive model used by MAPPS assumes that the tensile and modulus ratio was 
relatively constant throughout the test and was confirmed by the measured data. 
Thus, it is unlikely that variable stretch and/or shrinkage resulted in MD/CD 
variations which would have influenced modulus. 

Burst Factor was most strongly related to the product of the MD and CD tensile 
strength although the square root function used in the model would have given a 
stronger correlation. Stretch was not found to contribute, possibly due to the form 
of the model. 

MD tensile strength was most strongly dependent on machine speed with a small but 
significant dependence on calender stack loading and density. All of these effects 
could be expected based on fundamental modelling considerations. Machine speed is a 
factor because it influences the MD/CD tensile ratio. Stack loading can affect 
tensile through bonding/debonding behavior or through stress relaxation which also 
affects MD/CD tensile ratio. Density affects tensile because it is a measure of 
the degree of bond formation or breaking occurring under load. However, the sum of 
these three terms was still not sufficient to provide a good predictive model for MD 
breaking length. 

It is interesting to note that concora could not be related to ring crush, and STFI, 
or elastic moduli even though a fundamental relationship should exist. Ring Crush 
appeared to be dependent on machine speed, indicating that MD/CD tensile ratio may 
influence ring crush variations. 

CONCLUSIONS - Validation Study 

Based on the two validation criteria and estimates of measurement error, the model 
system appears to be valid for corrugating medium. Correction factors for some 
properties may need to be applied to some of the property predictions. Two areas in 
the models will require modification. A follow-up calendering test is recommended 
to reconcile and confirm the conclusions of the effects of calender load. 

There is some evidence of transient effects when looking at the handsheet CSF and 
machine paper data but these effects could not be separated from the overall 
variations in the data. Property variation with time appeared to be a response to 
several causes: 
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1. property measurement error (no real cycling) 
2. CD variability 
3. semi-them CSF and other inputs to the system (real effect) 
4. unmeasured variables which changed 
5. measured and controlled test variables 
6. holdups in tanks (first-order lags) which propagated through the system 

diluting certain effects and propagating others 

The high level of the correlations leads to the following conclusions: 

1. 
2. 
3. 

4. 

5. 

6. 

7. 

a. 

9. 

10. 

The data were highly consistent internally. 
The major factors affecting properties were accounted for in the models. 
Many factors which were held constant or calculated to be constant, e.g., 
machine paper formation, were indeed approximately constant. 
Those factors which did change during the trials were most probably the major 
factors affecting properties. 
The fundamental basis for predicting property development appears to be 
reasonably well understood. 
The properties depend on each other in a hierarchical structure, i.e., density, 
tensile, and elastic properties, derived properties such as burst factor (and 
tear), compressive properties such as STFI and flat crush and, finally, highly 
derived properties such as ring crush and concora. 
The predictable response of the handsheet and machine paper properties to 
process changes indicates that the overall model structure and concepts are 
consistent. 
Areas of weakness appear to be the exact sensitivity of the contact development 
with pressing and the relationship between density, bond density, modulus and 
strength. 
It appears that modulus is a function of density rather than bonding per se. 
This conclusion seems reasonable because the elastic stiffnesses can be 
measured as the transmission of waves (ultrasonic) through the sheet which 
should depend on the contacts between fibers rather than the bonds. 
Tensile properties which depend on bond failure should relate directly to bond 
density and strength, indicating that light calendering of this grade does not 
affect the bonding in the sheet but does affect the contacts and density of the 
sheet. 

Overall, the models performed well from a statistical point of view -- the only 
objective means of determining model validity. A transient simulation model with 
CSTR's and first-order lags in the system would have been helpful. Such a system 
will be developed to use for future validation work. 

Handsheet formation and pressing should be more consistently controlled in future 
work. The handsheet data were highly variable, apparently due to variable formation 
and pressing pressure. Thus, variability of the data limited their utility in the 
validation. There were also interlaboratory differences which should be studied 
further. 
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Future validation studies should include the modules necessary to predict CD 
variations through the paper machine, wet press, drier and calender sections for 
comparison with the measured CD property data. 

The effects of OCC, refining, pressing and machine speed were surprisingly small for 
this grade. These effects were quantified in the following sensitivity study by 
using the simulation model to eliminate transient effects and interactions between 
variables. 

Model Hodifications 

Based on the results of this analysis, the following model changes will be made: 

1. Reduce the CSF dependence of the wet compressibility model. 
2. Change the modulus models so they depend on bulk density rather than bond 

density. 
3. Change the Gurley porosity to depend on surface density rather than bulk 

density. 
4. Increase the sensitivitv of CSF to soecific Dower for lower yield furnishes in 

the refiner models. - 

SENSITIVITY ANALYSIS 

The sensitivity analysis was performed using the model with Ree 1 1 conditions as the 
basis for determining the expected affect of four major test variables on end-user 
performance. By changing only one variable at a time using the model, it was 
possible to obtain unambiguous estimates of the decoupled sensitivity of each 
property to a specific variable. The four parameters were varied, as follows: (I) 
OCC content - lB% to 3E%, (2) hole & tickler refiner loads - minimum to maximum 
values, (3) press load - minimum to maximum values, and (4) calender stack - loaded 
or unloaded. The variable conditions are summarized in Table XxX111. 

The sensitivity study was done without changing any of the models. In light of the 
findings of the validation study, the sensitivity coefficients for the effect of 
calendering on tensile properties were assumed to be zero even though the current 
models predicted a drop in tensile, burst and stretch. The sensitivity coefficients 
for the contact areas and bond area PAT's, SbI, Sb2 and S, may also change after the 
wet press densification model is modified. 
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Table xXx111: sensitivity Case Study - Process Conditions 

OCC Content, %.... 
Refining Primary.. 
Refining Tickler.. 
3 Press Load, pli. 
3 Press Calender,. 

Sensitivity Factors 

Base I 2 I 3 
18 38 18 
1.47 1.47 5.16 
0.052 0.052 0.283 
600 600 600 
on on on 

4 

18 
1.47 
0.052 
800 
on t 

5 

18 
1.47 
0.052 
450 
on t 

6 

18 
1.47 
0.052 
600 
off 

Machine paper properties and PAT values for each case are summarized in Table XXXIV. 

Table XXXIV: Properties and Attributes of Calendered Medium 
Predicted by the Model 

Case ....................... Base 2 3 4 5 6 

Properties 

Hi Calenc 
Hi Refi- Hi Lo Load 
OCC ning pli pli Off 

BW (dry) .................... 26.8 26.9 26.8 26.8 26.8 27.0 
Caliper ..................... 1.93 7.82 1.82 7.93 7.93 9.02 
Density ..................... 0.65 0.662 0.66 0.65 0.65 0.57( 
MD/CD tensile ............... 2.39 2.39 2.39 2.39 2.38 2.38 
Burst Factor ................ 29.7 32.2 27.77 29.7 29.7 26.0 
MD Tensile, km .............. 5.73 6.18 5.31 5.73 5.73 5.24 
CD Tensile, km .............. 2.40 2.59 2.23 2.40 2.40 2.19 
Gurley Porosity, set/cc ..... 22.2 23.7 25.7 22.2 22.2 19.73 
Stretch, % .................. 1.87 1.90 1.90 1.88 1.88 1.72 
MD Modulus, GPa ............. 4.03 4.15 4.0 4.03 4.04 3.51 
CD Modulus, GPa ............. 1.87 1.91 1.85 1.88 1.88 1.63 
MD STFI ..................... 17.34 17.55 17.2 17.34 17.34 16.7; 
Flat Crush .................. 30.6 30.9 30.3 30.6 30.58 29.6; 
Ring Crush .................. 17.35 18.2 16.72 17.34 17.35 15.0 
Concora, lb ................. 54.2 54.88 53.7 54.2 54.2 52.2 
Moisture, % ................. 6.5 7.0 7.0 6.2 6.9 7.0 

CSF Primary Refiner ......... 528 528 388 528 528 528 
CSF Blend Chest ............. 496 470 401 496 496 496 
CSF Tickler Refiner ......... 491 464 387 491 491 491 
CSF Headbox ................. 457 429 365 457 457 457 
CSF Broke Tank .............. 536 507 470 536 536 536 
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Table XXXIV Continued: Properties and Attributes of Calendered
Medium Predicted by the Model

Performance Attributes Case. Base 2 3 4 5 6

Hi Calend
Hi Refi- Hi Lo Load

Properties OCC ning pli pli Off

Yield....................... 72.7 72.2 72.7 72.7 72.7 72.7
Kappa....................... 56.9 61.0 56.9 56.9 56.9 56.9
Hemi........................ 0.144 0.138 0.144 0.144 0.144 0.144
Ck, cm 2 /g ................... 31.9 31.9 31.9 31.9 31.9 31.9
L, mm ...................... 0.76 0.86 0.70 0.766 0.766 0.766
a, mm ...................... 2.62 2.73 2.5 2.64 2.64 2.64
W........................... 0.039 0.039 0.039 0.039 0.039 0.039
o w .......................... 1.88 1.88 1.88 1.88 1.88 1.88
Zf .......................... 9.55 9.09 9.28 9.56 9.56 9.56
Ef.......................... 3.71 3.69 3.57 3.67 3.67 3.67
CWT ......................... 1.2 1.2 1.2 1.2 1.2 1.2
Smod ....................... 1.07 1.07 1.07 1.07 1.07 1.07
STRx10 - 9 .................... 2 0.2 0.2 0.2 0.2 0.2
SB1......................... 4.70 4.88 5.0 4.7 4.7 3.9
SB2 ......................... 4.90 4.98 4.56 4.93 4.9 4.34
ASB......................... 4.81 4.91 4.77 4.81 4.81 4.11
Form ....................... 0.98 0.98 0.984 0.98 0.98 0.98
WS .......................... 1.3 1.3 1.3 1.3 1.3 1.3
OR.......................... 1.5 1.5 1.5 1.5 1.5 1.5

Press moisture and caliper conditions
the study are shown in Table XXXV.

for the first two press nips held constant in

Table XXXV: First and Second Press Nip Profiles

Interactions between Pressing, Drying and Calendering

One additional factor which influences the effect of press load on sheet properties
is the final sheet moisture. In the cases above, the stream flows were adjusted to
achieve a constant outlet dryness. If the steam flows had not been varied, sheet
moisture levels would have been reduced to 90% for the low press load case and would
have increased to 97% for the high press load case. The higher moisture would have

Press 1 2

Load, pli . ......... 380 550
Inlet Consistency, %.... 25 30.5
Outlet Consistency, %... 30.5 37.2
Caliper In, mils ...... 32.4 16.6
Caliper Out, mils ..... 16.5 13.6
Peak Pressure, GPa..... 0.915 1.32
Power Consumption, hsp.. 69000 86000

L

I
I

I
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resulted in a slight improvement in predicted tensile properties from calendering
while the lower moisture predicted reduced tensile strength due to calendering.

Table XXXVI and XXXVII show the effect of dryer steam flow in combination with press
load on final sheet moisture and machine paper properties from the calender,
respectively. The modeling results indicate that the press loading level interacts
with the calendering causing a bonding or debonding effect depending on the sheet
moisture and roll temperature in the calender nip. This effect is independent of
the basic consolidation effect of the press on the sheet in the wet state.

Table XXXVI: Press Load Sensitivity - Interaction with Calendering

Base High Press Low Press
Case Load Load

3rd Press Load, pli 600 800 450
Outlet Consistency, % 39.9 40.9 37.2
Caliper out, mils 12.4 12.9 
Peak Pressure 1.45 1.93 1.08
Power Consumption, xl-_ 3 91.0 111.0 76.0

Dryer Steam Flow, lb/hr 51500 51500 50000 51500 53500
Outlet Moisture, % 6.5 2.4 6.9 10.0 6.9

Table XXXVII: Machine Paper Properties - BW 26.8 lb/1000 ft 2

Base High Press Low Press
Case Load Load

Caliper, mils ........... 7.93 7.93 7.93
Density, g/cc ........... 0.650 0.650 0.650
MD Tensile, km .......... 5.73 4.70 5.73
CD Tensile, km .......... 1.97 1.97 2.40
Burst Factor ............ 22.1 22.1 29.7
Stretch, % .............. 1.88 1.54 1.88
Porosity, sec/cc ........ 22.2 22.2 22.2
MD Modulus, GPa ......... 4.03 2.93 4.04
CD Modulus, Gpa ......... 1.36 1.36 1.89
STFI, lb/in ............. 14.2 14.2 17.35
Concora, lb ............. 54.2 43.5 54.2
Ring Crush, lb .......... 17.35 4.39 17.35

Table XXXVIII shows sensitivity coefficients rescaled by 100. Each coefficient is
defined as change in property / change in independent variable. Calender stack
sensitivity is defined as the absolute diffence between loaded and unloaded
conditions. CSF sensitivity is defined as WOACSF/AIndependent variable.
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Table XXXVIII: Sensitivity Coefficients - PAT's

Refining Calender
OCC Power Stack
% hsp-day Third Nip on/off

Properties inc per ton load pli absolute

Caliper............ -0.55 0.0 0 1.09
Density........... 0.06 0.27 0 -0.07
MD/CD tensile...... 0 0.0 0 0.0
Burst Factor....... 12.5 -46.8 0 0.0
MD Break Length, km 2.25 -11.3 0 0.0
CD Break Length, km 1.0 -4.6 0 0.0
Gurley, sec/cc..... 7.5 94.8 0 -2.5
Stretch, % ...... 0.15 0.8 0 0.0
MD Modulus, GPa.... 0.6 0 0 -0.50
CD Modulus, GPa .... 0.2 0 0 -0.24
STFI - MD.......... 0.55 0 0 -0.6
Flat Crush......... 1.5 0 0 -2.35
Ring Crush......... 4.5 -17.2 0 -0.4
Concora, lb........ 0.0 -13.6 0 -2.0
CSF Primary........ 0 -3800 0 0.0
CSF Blend Chest .... -130 -2574 0 0.0
CSF Tickler Dis .... -130 -2818 0 0.0
CSF Headbox........ -130 -2493 0 0.0
CSF Broke.......... -130 -1787 0 0.0

PAT's at the Reel:
Yield ........ -2.5 0 0 0.0
Kappa............ 20.5 0 0 0.0
Hemi............. -0.03 0 0 0.0
Ck............... 0 0 0 0.0
L ............... 0.5 1.62 0 0.0
................ 0 0 0 0.0

W............... 0 0 0 0.0
............... 0 0 0 0.0

Zf............... -2.3 -7.3 0 0.0
Ef ............... 0 0 0 0.0
CWT .............. 0 0 0 0.0
Smod . ............ 0 0 0 0.0
SBSTR x10 -9 ...... 0 0 0 0.0
SB1 .............. 0.94 8.1 0 ---
SB2 .............. 0.45 -9.2 0 ---
ASB......0 0 0 --
Form............. 0 0 0 0.0
WS ............... 0 0 0 0.0
OR . .............. 0 0 0 0.0

R

I
I
I

I
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CONCLUSIONS - Sensitivity Study

The sensitivity study showed that OCC had little effect on compressive properties
but did increase some tensile properties slightly. Refining had a strong effect on
CSF, improving the sheet density. However, the models predicted a reduction in
fiber length (coincident with the CSF drop) and fiber tensile strength tending to
reduce tensile properties such as breaking length and burst factor.

Third nip press load had little affect on properties, provided the sheet moisture
entering the calender was constant. However, this effect is influenced by the
debonding of the sheet predicted by the current model. Since this debonding did not
occur, the interactions between the press load, moisture and calendering were
probably not real for the low loading for this grade.

The calender stack, even at low loading, increased the sheet density and sheet
stiffnesses but there was only a negligible affect on compressive properties. The
affect on tensile properties was also negligible.
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Table XXIV: GOODNESS OF FIT

Coeff- T for Root
Variable R2 icient F Mean CV HO MSE

CSF, ml .............. 0.984 1.0711 6745 503 12.8 82.13 64.5
Breaking Length, km.. 0.959 0.936 2392 3.64 20.9 48.91 0.76
Concora, lb.......... 0.964 0.766 2973 54.53 19.4 54.53 8.35
Ring Crush, lb....... 0.939 1.62 1685 53.5 25.14 41.05 13.5
Burst Factor......... 0.968 1.01 3377 23.0 18.06 58.12 4.15
Porosity............. 0.647 1.033 200 16.0 75.2 14.15 12.0
Density, g/cc ........ 0.992 0.982 13608 0.411 9.08 116.65 0.037

Table XXV Goodness of Fit

Machine Paper 24 Data Values

Coeff- T for Root
Property R2 icient F Mean CV HO MSE

MD Tensile, km........ 0.996 0.994 31831 5.955 5.98 178 0.35
CD Tensile, km ........ 0.995 1.01 20601 2.54 7.43 49 0.188
Burst Factor .......... 0.995 0.957 21818 29.0 7.22 147 2.09
Density, g/cc ......... 0.998 0.96 57067 0.589 4.47 239 0.026
Concora, lb ........... 0.997 0.92 44207 53.63 5.06 210 2.71
CD Ring Crush ......... 0.967 1.45 3316 32.53 18.4 58 6.0
MD STFI ............... 0.998 1.233 62279 22.72 4.278 250 0.97
CD STFI ............... 0.998 1.173 53574 14.5 4.59 231 0.67
MD Modulus, GPa ....... 0.998 0.948 54201 4.33 4.59 232 0.199
CD Modulus, GPa ....... 0.993 0.871 15481 1.85 8.60 124 0.159
MD Stretch, % ......... 0.997 0.915 32404 1.637 5.93 180 0.097
Density ............... 0.998 0.961 57067 0.589 4.47 239 0.026
MD/CD Ratio...........

Modulus ............. 0.995 1.094 22127 2.36 7.18 149 0.169
Tensile ............. 0.998 0.984 49882 2.35 4.78 223 0.112
Porosity ............ 0.960 0.974 2690 20.48 20.6 52 4.22
Basis Weight ........ 0.999 0.993 9999 25.4 3.26 328 0.828
Caliper, mils ....... 0.998 1.031 5678 8.319 5.0 214 0.416

Statistically, the R-Squared
estimate is not significant
correction
for model
confidence

criteria overestimates the goodness of fit but the over
when the correction factors approach 1. Since the

factors represent the average error in the predictions, a second criteria
validity is that the average error of the model should fall within the
limits of measurement error for each property (See Tables XXVI & XXVII).

Handsheet Data 103 Observations

I
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Table XXVI: Goodness of Fit Based on Measurement Error

Goodness of Fit - Handsheet Data

Based on all Handsheet Data 103 out of 120 Observations

Correl Avg Confid Band
Coeff- Error Measure 90%

Property icient % Mean Std Dev Absol %

CSF, ml . ............. 1.0711 7.0 503 - - -

Tensile, km .......... 0.936 6.4 3.64 0.39 0.78 21

Concora, lb.......... 0.766 23.4 54.5 3.6 7.2 13
Ring Crush .......... 1.62 62.0 53.5 3.2 6.4 12

Burst Factor......... 1.01 1.0 23.0 2.3 4.6 20
Porosity ............. 1.033 3.3 16.0 3.07 6.1 38

Table XXVII Goodness of Fit Based on Measurement Error

Machine Paper

Goodness of Fit Based on Measurement Error

Correl Avg Confid Band
Coeff- Error Measure 90%

Property icient % Mean Std Dev Absol %

MD Tensile, km....... 0.994 1 5.98 0.39 13
CD Tensile, km ....... 1.01 1 2.54 0.19 15

Burst Factor......... 0.96 4 29.0 2.3 16
Density, g/cc........ 0.96 4 0.589 -
Concora, lb.......... 0.92 8 54.53 3.6 13.2
CD Ring Crush........ 1.45 45 32.5 6.4 39.4
MD STFI.............. 1.233 23 22.7 3.8 33
CD STFI.............. 1.173 17 14.5 3.2 44

MD Modulus, GPa ...... 0.948 5 4.33 0.31 14.3

MD Stretch, %........ 0.915 8.5 1.637 0.22 27

The confidence bands for each variable are based on twice the standard deviation
divided by the mean and expressed as a percent. When the confidence bands are
compared with the percent error of the model based on the correction factors, all
the models except CD Ring Crush are within measurement error. When the high level
of correlation for the corrected model is taken into account, it could be stated
that the model is not biased and is therefore also valid as corrected. Thus, a
second validation criteria is that the model predictions are valid within
measurement error.
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Correction factors outside of the measurement error do not necessarily indicate an
invalid model. In some cases, the corrections may also include the effects of
variability of the laboratory testing procedures. In particular, differences
between mill and IPST compressive strength measurements such as STFI and concora
indicate that an interlaboratory study may be desirable.

Statistically, it may be concluded that, if the correction is a single factor and
the resulting corrected values agree very well with the measurements as measured by
R-squared, the model is a useful tool and therefore valid for this grade.

Handsheet Properties - 13 lb/1000 ft2

The data on the lighter weight handsheets were used primarily to study the zero span
tensile strength variations during the trial; for individual data see Appendix IV.
The model did not predict a significant variation in zero span tensile. Both the
OCC and semi-chem fiber zero-span tensile were initialized with a breaking length of
10 km and the final predicted zero-span values were about 9.5 km as compared to an
average of 9.05 km for all 13 lb handsheets measured. The statistics on the 13 lb
sheets are summarized in Table XXVIII.

Table XXVIII: Light Weight Handsheet Properties

The examination of the measured zero span data for each location indicates that the
zero span tensile did not change significantly throughout the process or with time
during the trial. Some handsheet data from the mill were available to compare with
the data from IPST and the model predictions. These data, which represent a single
set of beating curves from 280 to 606 ml CSF, are summarized in Table XXIX.

Property Minimum Maximum Mean Std Dev

Basis Weight ........... 50.7 81.5 65.0 3.27
Caliper, mils ....... 6.05 13.7 8.45 1.42
Density, g/cc ....... 0.185 0.397 0.313 0.05
Tensile, km............ 1.51 4.99 3.55 0.71
Burst Factor ........ 12.5 26.4 19.7 3.15
Stretch, % . ........ 0.61 2.30 1.47 0.34
Gurley Porosity........ 1.45 18.0 4.75 3.43
Zero Span Tensile, km.. 6.74 12.00 9.05 0.90
Moisture, % ........ 4.92 7.33 6.12 0.51

i
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The 13 lb handsheet had lower densities than the 26 lb sheets. The mean density of
the light weight sheets was 0.313 as compared to a mean value of 0.411 for the 26 lb
handsheets. Over most of the range in basis weight, density does not depend on
basis weight. However, for low basis weight, density apparently increases with
basis weight. One possible explanation for the higher density of the 13 lb is that
the formation was more variable and could have resulted in a variation in caliper
causing a nonuniform application of pressing pressure and nonuniform densification.
Both the nonuniformity in density and formation itself would have contributed to
lower tensile properties for the lower basis weight sheets.

Gurley porosity of the light weight handsheets (4.75) was also considerably lower
than the 26 lb handsheet values of 16, indicating that the light weight handsheets
had considerably higher porosity. The porosity differences were in agreement with
the observed density differences.

It is interesting to note that the mean tensile strength (breaking length) of the
light weight sheets, 3.55 km, was not significantly lower than the mean of the 26 lb
sheets, 3.64 km, while the burst factor of 19.7 for the 13 lb handsheets was
significantly lower than the value of 23.0 for the 26 lb handsheets. The similar
tensile strength values indicate that formation of the 13 lb handsheet was equal or
superior to that of the 26 lb handsheets. Theoretically, the more uniform formation
(higher formation index) compensates for the lower density resulting in about the
same tensile strength (other things being equal).

The models would have been able to predict the light weight handsheet data although
this work was not done. It would have been necessary to assume a lower effective
pressing pressure for the light weight sheets to fit the density and a corresponding
higher formation index to fit the tensile or burst data.

Interlaboratory Differences

A limited set of property data were provided by the mill. The properties of
interest were concora, STFI and freeness at the primary discharge, tickler discharge
and headbox discharge. The Concora and Headbox CSF are summarized in Table XXX
along with the IPST data and model predictions. These comparisons indicate that the
model predictions tend to follow the mill concora and CSF data rather than the IPST
data. Said another way, the mean values of the model prediction for each of these
variables was closer to the mean of the mill data than to the mean of the IPST data.
However, it was shown above that the models "tracked" the IPST data quite well with
an offset. The concora model is based on data of Whitsitt obtained from numerous
laboratory and mill sources and the differences shown in Table XXX indicate that the
concora testing procedure at IPST may have been different.

I
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The CSF data are indicative of the large variations that can occur with CSF
measurements. The differences between the model predictions of headbox CSF were the
largest of any location as a result of the high fines content of the predicted
headbox stock fines as with Concora the predicted values were closer to the mill CSF
values than to the IPST values.

Analysis of the mill beater data (See Table XXIX) also indicates laboratory
differences; for instance, the zero span values of the beaten pulps were 7.3 km, as
compared to 9.05 km measured by IPST and 9.5 km predicted by the model. The mean
CSF of the handsheets tested at IPST was about 500 ml, corresponding to the column
at a beating time of 8 minutes where the freeness was 493. At this level of CSF the
mill handsheet density was 0.527 g/cc compared to 0.411 g/cc for the IPST
handsheets. The breaking lengths were similar, however, with the mill breaking
length of 3.9 km being only slightly higher than the IPST mean breaking length of
3.64 km. The mill handsheet data at 500 ml CSF and mean IPST handsheet data at 493
ml CSF.

Table XXIX: Mill Handsheet Data

It may be concluded from these data that the comparable breaking length for the two
sets of handsheets is a result of the higher density for the mill data, which
offsets the lower zero span tensile. The burst factors of the two handsheet were
also very close, indicating that the tensile strengths and compressive properties
were comparable. The slightly lower mill compressive properties were likely a
result of the lower caliper of the mill sheets at the same basis weight due to the
higher sheet. Thus, the compressive properties would be expected to be comparable
because, as mentioned above, the compressive property models show that there is a
trade-off between caliper and modulus.

Beating Time, minutes

0 8 13 18

CSF, ml ......... 606 493 407 280
Basis Weight .... 28.24 28.31 28.29 28.49
Density, g/cc... 0.475 0.527 0.549 0.582
Tensile, km..... 2.1 3.9 4.7 5.1
Burst Factor .... 14.0 23.1 28.6 32.7
Stretch ,%...... 1.3 2.8 3.3 3.6
Gurley Porosity. 1.1 4.1 11.7 44.6
Concora, lb..... 27.8 49.0 66.2 73.9
Ring Crush, lb.. 33.9 49.2 61.1 65.1
Zero Span, km ... 5.0 7.3 7.3 7.3
STFI, lb./in .... 12.2 16.7 19.0 20.9 I

I
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Table XXX: Comparison of Selected Data Values
Machine Paper Data and CSF

Table XXXI: Comparison of MB and IPST Handsheet Data
at Comparable Values of CSF

Concora Headbox CSF

Reel MB Model IPST MB IPST Model

1 59.6 59.1 51.7 367 305 447
2 67.4 59.6 56.4 371 286 413
3 63.2 62.3 55.8 331 280 449
4 61.8 58.7 53.3 350 260 444
5 61.0 58.0 52.7 355 264 428
6 59.2 57.5 50.5 405 324 422
7 60.6 56.4 51.7 398 321 432
8 58.0 53.1 51.5 346 305 431
9 58.6 57.9 48.3 383 277 412

10 61.4 59.2 50.1 400 277 386
11 62.2 60.1 51.6 375 310 380
12 66.2 60.0 55.8 397 272 376
13 62.8 60.5 52.9 407 309 383
14 60.6 57.1 52.3 409 286 386
15 64.4 57.1 53.1 386 293 386
16 64.8 59.4 55.0 374 335 398
17 66.4 57.5 54.8 354 295 407
18 67.6 57.9 51.9 374 275 407
19 63.6 57.4 53.1 361 290 426
20 63.4 56.7 53.6 363 286 416
21 67.0 57.7 57.2 355 296 416
22 66.2 57.2 56.7 338 280 398
23 60.8 57.5 55.7 339 255 367
24 59.4 57.8 54.8 372 295 401

IPST MB

Density, g/cc.... 0.411 0.527
Tensile, km...... 3.64 3.9
Concora, lb...... 54.5 49.0
Ring Crush, lb... 53.5 49.2
Burst Factor ..... 23.0 23.1
Gurley Porosity.. 16.0 4.1
Zero Span, km .... 9.05 7.3
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MD Modulus could be related only to sheet density or various powers of density. The
density relationship is fundamentally sound and was confirmed by the correlative
analysis. However, the contribution of density was only 50% of the total variation
in the data indicating that other factors must contribute to the variability. The
predictive model used by MAPPS assumes that the tensile and modulus ratio was
relatively constant throughout the test and was confirmed by the measured data.
Thus, it is unlikely that variable stretch and/or shrinkage resulted in MD/CD
variations which would have influenced modulus.

Burst Factor was most strongly related to the product of the MD and CD tensile
strength although the square root function used in the model would have given a
stronger correlation. Stretch was not found to contribute, possibly due to the form
of the model.

MD tensile strength was most strongly dependent on machine speed with a small but
significant dependence on calender stack loading and density. All of these effects
could be expected based on fundamental modelling considerations. Machine speed is a
factor because it influences the MD/CD tensile ratio. Stack loading can affect
tensile through bonding/debonding behavior or through stress relaxation which also
affects MD/CD tensile ratio. Density affects tensile because it is a measure of
the degree of bond formation or breaking occurring under load. However, the sum of
these three terms was still not sufficient to provide a good predictive model for MD
breaking length.

It is interesting to note that concora could not be related to ring crush, and STFI,
or elastic moduli even though a fundamental relationship should exist. Ring Crush
appeared to be dependent on machine speed, indicating that MD/CD tensile ratio may
influence ring crush variations.

CONCLUSIONS - Validation Study

Based on the two validation criteria and estimates of measurement error, the model
system appears to be valid for corrugating medium. Correction factors for some
properties may need to be applied to some of the property predictions. Two areas in
the models will require modification. A follow-up calendering test is recommended
to reconcile and confirm the conclusions of the effects of calender load.

There is some evidence of transient effects when looking at the handsheet CSF and
machine paper data but these effects could not be separated from the overall
variations in the data. Property variation with time appeared to be a response to
several causes:

I

I
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1. property measurement error (no real cycling)
2. CD variability
3. semi-chem CSF and other inputs to the system (real effect)
4. unmeasured variables which changed
5. measured and controlled test variables
6. holdups in tanks (first-order lags) which propagated through the system

diluting certain effects and propagating others

The high level of the correlations leads to the following conclusions:

1. The data were highly consistent internally.
2. The major factors affecting properties were accounted for in the models.
3. Many factors which were held constant or calculated to be constant, e.g.,

machine paper formation, were indeed approximately constant.
4. Those factors which did change during the trials were most probably the major

factors affecting properties.
5. The fundamental basis for predicting property development appears to be

reasonably well understood.
6. The properties depend on each other in a hierarchical structure, i.e., density,

tensile, and elastic properties, derived properties such as burst factor (and
tear), compressive properties such as STFI and flat crush and, finally, highly
derived properties such as ring crush and concora.

7. The predictable response of the handsheet and machine paper properties to
process changes indicates that the overall model structure and concepts are
consistent.

8. Areas of weakness appear to be the exact sensitivity of the contact development
with pressing and the relationship between density, bond density, modulus and
strength.

9. It appears that modulus is a function of density rather than bonding per se.
This conclusion seems reasonable because the elastic stiffnesses can be
measured as the transmission of waves (ultrasonic) through the sheet which
should depend on the contacts between fibers rather than the bonds.

10. Tensile properties which depend on bond failure should relate directly to bond
density and strength, indicating that light calendering of this grade does not
affect the bonding in the sheet but does affect the contacts and density of the
sheet.

Overall, the models performed well from a statistical point of view -- the only
objective means of determining model validity. A transient simulation model with
CSTR's and first-order lags in the system would have been helpful. Such a system
will be developed to use for future validation work.

Handsheet formation and pressing should be more consistently controlled in future
work. The handsheet data were highly variable, apparently due to variable formation
and pressing pressure. Thus, variability of the data limited their utility in the
validation. There were also interlaboratory differences which should be studied
further.

j

I
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Future validation studies should include the modules necessary to predict CD
variations through the paper machine, wet press, drier and calender sections for
comparison with the measured CD property data.

The effects of OCC, refining, pressing and machine speed were surprisingly small for
this grade. These effects were quantified in the following sensitivity study by
using the simulation model to eliminate transient effects and interactions between
variables.

Model Modifications

Based on the results of this analysis, the following model changes will be made:

1. Reduce the CSF dependence of the wet compressibility model.
2. Change the modulus models so they depend on bulk density rather than bond

density.
3. Change the Gurley porosity to depend on surface density rather than bulk

density.
4. Increase the sensitivity of CSF to specific power for lower yield furnishes in

the refiner models.

SENSITIVITY ANALYSIS

The sensitivity analysis was performed using the model with Reel 1 conditions as the
basis for determining the expected affect of four major test variables on end-user
performance. By changing only one variable at a time using the model, it was
possible to obtain unambiguous estimates of the decoupled sensitivity of each
property to a specific variable. The four parameters were varied, as follows: (1)
OCC content - 18% to 38%, (2) hole & tickler refiner loads - minimum to maximum
values, (3) press load - minimum to maximum values, and (4) calender stack - loaded
or unloaded. The variable conditions are summarized in Table XXXIII.

The sensitivity study was done without changing any of the models. In light of the
findings of the validation study, the sensitivity coefficients for the effect of
calendering on tensile properties were assumed to be zero even though the current
models predicted a drop in tensile, burst and stretch. The sensitivity coefficients
for the contact areas and bond area PAT's, Sbl, Sb2 and Sa may also change after the
wet press densification model is modified.

I

I

I
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Table XXXIII: Sensitivity Case Study - Process Conditions

Sensitivity Factors

Machine paper properties and PAT values for each case are summarized in Table XXXIV.

Table XXXIV: Properties and Attributes of Calendered Medium
Predicted by the Model

Case Base 2 3 4 5 6

OCC Content, %.... 18 38 18 18 18 18
Refining Primary.. 1.47 1.47 5.16 1.47 1.47 1.47
Refining Tickler.. 0.052 0.052 0.283 0.052 0.052 0.052
3 Press Load, pli. 600 600 600 800 450 600
3 Press Calender.. on on on on on off

Case....................... Base 2 3 4 5 6

Hi Calend
Hi Refi- Hi Lo Load

Properties OCC ning pli pli Off

BW (dry) .................... 26.8 26.9 26.8 26.8 26.8 27.0
Caliper ..................... 7.93 7.82 7.82 7.93 7.93 9.02
Density .................... 0.65 0.662 0.66 0.65 0.65 0.576
MD/CD tensile............... 2.39 2.39 2.39 2.39 2.38 2.38
Burst Factor ................ 29.7 32.2 27.77 29.7 29.7 26.0
MD Tensile, km.............. 5.73 6.18 5.31 5.73 5.73 5.24
CD Tensile, km.............. 2.40 2.59 2.23 2.40 2.40 2.19
Gurley Porosity, sec/cc..... 22.2 23.7 25.7 22.2 22.2 19.71
Stretch, % ................. 1.87 1.90 1.90 1.88 1.88 1.72
MD Modulus, GPa............. 4.03 4.15 4.0 4.03 4.04 3.51
CD Modulus, GPa............. 1.87 1.91 1.85 1.88 1.88 1.63
MD STFI..................... 17.34 17.55 17.2 17.34 17.34 16.77
Flat Crush ................. 30.6 30.9 30.3 30.6 30.58 29.62
Ring Crush.................. 17.35 18.2 16.72 17.34 17.35 15.0
Concora, lb................ 54.2 54.88 53.7 54.2 54.2 52.2
Moisture, %.................6.5 7.0 7.0 6.2 6.9 7.0

CSF Primary Refiner......... 528 528 388 528 528 528
CSF Blend Chest ............ 496 470 401 496 496 496
CSF Tickler Refiner......... 491 464 387 491 491 491
CSF Headbox................. 457 429 365 457 457 457
CSF Broke Tank ............. 536 507 470 536 536 536

4
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

MEASURED

Zero-Span
Breaking Length

kmOBS

APPENDIX IV
AND PREDICTED HANDSHEET PROPERTIES

BROKE TANK

ENERGY SLOPE

Measured
CSF
ml

14.16
11.32
10.63
15.22

244.9
273.7
256.3
258.8

19.65 292.2

17.23
14.60

286.9
296.7

12.52 293.5

17.58 284.7

9.90 290.5

11.07
7.99
8.49

10.97

246.1
271.5
262.9
259.4

8.51 240.8 563

7.2271

7.5980
8.7474

10.1042

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

10.7521

551
579
596
598

614

593
608

613

599

578

688
573
583
558

9.2557

i

I

9.3762
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
Dependent Variable: DENS

Sum of Mean
Source DF Squares Square F Value Pr > F

Model 1 39.62713495 39.62713495 57067.60 0.0001

Error 113 0.07846599 0.00069439

Uncorrected Total 114 39.70560094

R-Square C.V. Root MSE DENS Mean

0.998024 4.471125 0.026351 0.58936547

Dependent Variable: DENS

Source DF Type I SS

PDENS 1 39.62713495

Source DF Type III SS

PDENS 1 39.62713495

Mean Square

39.62713495

Mean Square

39.62713495

Estimate

0.9613394119

T for HO:
Parameter=0

238.89

Pr > ITI Std Error of
Estimate

0.0001 0.00402422

F Value

57067.60

F Value

57067.60

Parameter

PDENS

Pr > F

0.0001

Pr > F

0.0001
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

Dependent Variable: CALCR

Source DF

Model 1

Error 113

Uncorrected Total 114

R-Square

0.997532

APPENDIX V

Sum of
Squares

7896.761727 785

19.535069

7916.296796

C.V.

4.997854

Mean
Square F Value

)6.761727 45678.57

0.172877

Root MSE

0.415784

Pr > F

0.0001

CALCR Mean

8.31926023

Dependent Variable: CALCR

Source DF Type I SS

PCAL 1 7896.761727

Source DF Type III SS

PCAL 1 7896.761727

Mean Square

7896.761727

Mean Square

7896.761727

Estimate

1.031425951

T for HO:
Parameter=0

213.73

Pr > ITI Std Error of
Estimate

0.0001 0.00482594

F Value

45678.57

F Value

45678.57

Parameter

PCAL

Pr > F

0.0001

Pr > F

0.0001

i
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
Dependent Variable: BWLB

Sum of Mean
Source DF Squares Square F Value Pr > F

Model 1 73632.11402 73632.11402 99999.99 0.0

Error 113 77.54238 0.68622

Uncorrected Total 114 73709.65640

R-Square C.V. Root MSE BWLB Mean

0.998948 3.258171 0.828381 25.4247368

Dependent Variable: BWLB

Source DF Type I SS

PBW 1 73632.11402

Source DF Type III SS

PBW 1 73632.11402

Mean Square

73632.11402

Mean Square

73632.11402

Estimate

0.9926993197

T for HO:
Parameter=O

327.57

Pr > ITI Std Error of
Estimate

0.0001 0.00303050

F Value

99999.99

F Value

99999.99

Parameter

PBW

Pr > F

0.0

Pr > F

0.0

I
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
GENERAL LINEAR MODELS PROCEDURE

Dependent Variable: MMDCDTEN
Sum of Mean

Source DF Squares Square F

Model 1 630.0044613 630.0044613 498

Error 113 1.4271801 0.0126299

Uncorrected Total 114 631.4316414

R-Square C.V. Root MSE

0.997740 4.780812 0.112383

Value

381.93

Pr > F

0.0001

MMDCDTEN Mean

2.35070680

Dependent Variable: MMDCDTEN

Source DF

PDCDTEN 1

Source DF

PDCDTEN 1

Parameter

PDCDTEN

Type I SS

630.0044613

Type III SS

630.0044613

Estimate

0.9842062183

Mean Square

630.0044613

Mean Square

630.0044613

T for HO:
Parameter=0

223.34

F Value

49881.93

F Value

49881.93

Pr > F

0.0001

Pr > F

0.0001

Pr > ITi Std Error of
Estimate

0.0001 0.00440671
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
GENERAL LINEAR MODELS PROCEDURE

Dependent Variable: MMDCDMOD
Sum of Mean

Source DF Squares Square F Value Pr > F

Model 1 633.2535578 633.2535578 22126.96 0.0001

Error 113 3.2339575 0.0286191

Uncorrected Total 114 636.4875153

R-Square

0.994919

C.V.

7.176000

Root MSE

0.169172

MMDCDMOD Mean

2.35746620

Dependent Variable: MMDCDMOD

Source DF

PDCDMOD 1

Source DF

PDCDMOD 1

Parameter

PDCDMOD

Type I SS

633.2535578

Type III SS

633.2535578

Estimate

1.094436635

Mean Square

633.2535578

Mean Square

633.2535578

T for HO:
Parameter=O

148.75

F Value

22126.96

F Value

22126.96

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.00735749
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
Dependent Variable: STFIMD

Sum of Mean
Source DF Squares Square F Value Pr > F

Model 1 58879.51200 58879.51200 62278.85 0.0001

Error 113 106.83217 0.94542

Uncorrected Total 114 58986.34417

R-Square C.V. Root MSE STFIMD Mean

0.998189 4.278209 0.972326 22.7274035

Dependent Variable: STFIMD

Source DF

PSTFIMD 1

Source DF

PSTFIMD 1

Parameter

PSTFIMD

Type I SS

58879.51200

Type III SS

58879.51200

Estimate

1.232768113

Mean Square

58879.51200

Mean Square

58879.51200

T for HO:
Parameter=0

249.56

F Value

62278.85

F Value

62278.85

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.00493982
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
Dependent Variable: EYGPA

Sum of Mean
Source DF Squares Square F Value Pr > F

Model 1 390.7002211 390.7002211 15481.64 0.0001

Error 113 2.8517078 0.0252364

Uncorrected Total 114 393.5519289

R-Square C.V. Root MSE EYGPA Mean

0.992754 8.597286 0.158860 1.84778696

Dependent Variable: EYGPA

Source DF

PEY 1

Source DF

PEY 1

Parameter

PEY

Type I SS

390.7002211

Type III SS

390.7002211

Estimate

0.8712876060

Mean Square

390.7002211

Mean Square

390.7002211

T for HO:
Parameter=0

124.43

F Value

15481.64

F Value

15481.64

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.00700250
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
Dependent Variable: EXGPA

Sum of Mean
Source DF Squares Square F Value Pr > F

Model 1 2147.176631 2147.176631 54200.98 0.0001

Error 113 4.476505 0.039615

Uncorrected Total 114 2151.653136

R-Square C.V. Root MSE EXGPA Mean

0.997920 4.593345 0.199035 4.33312536

Dependent Variable: EXGPA

Source DF Type I SS

PEX 1 2147.176631

Source DF Type III SS

PEX 1 2147.176631

Mean Square

2147.176631

Mean Square

2147.176631

Estimate

0.9482783790

T for HO:
Parameter=O

232.81

Pr > ITI Std Error of
Estimate

0.0001 0.00407317

F Value

54200.98

F Value

54200.98

Parameter

PEX

Pr > F

0.0001

Pr > F

0.0001
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

Dependent Variable: CONCORA

Source DF

Model 1

Error 112

Uncorrected Total 113

R-Square

0.997473

APPENDIX V

Sum of
Squares

325027.1675 32!

823.4698

325850.6373

C.V.

5.056286

Mean
Square

5027.1675

7.3524

F Value

44206.90

Root MSE

2.711532

Pr > F

0.0001

CONCORA Mean

53.6269646

Dependent Variable: CONCORA

Source DF

PCONC 1

Source DF

PCONC 1

Parameter

PCONC

Type I SS

325027.1675

Type III SS

325027.1675

Estimate

0.9243005785

Mean Square

325027.1675

Mean Square

325027.1675

T for HO:
Parameter=0

210.25

F Value

44206.90

F Value

44206.90

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.00439611

r
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
Dependent Variable: TMDKIL

Sum of Mean
Source DF Squares Square F Value Pr > F

Model 1 4041.613272 4041.613272 31831.68 0.0001

Error 113 14.347414 0.126968

Uncorrected Total 114 4055.960686

R-Square C.V. Root MSE TMDKIL Mean

0.996463 5.983355 0.356326 5.95528863

Dependent Variable: TMDKIL

Source DF

PBLMD 1

Source DF

PBLMD 1

Parameter

PBLMD

Type I SS

4041.613272

Type III SS

4041.613272

Estimate

0.9940178419

Mean Square

4041.613272

Mean Square

4041.613272

T for HO:
Parameter=0

178.41

F Value

31831.68

F Value

31831.68

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.00557140
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
Dependent Variable: TCDKIL

Sum of Mean
Source DF Squares Square F Value Pr > F

Model 1 732.6095009 732.6095009 20601.07 0.0001

Error 113 4.0184740 0.0355617

Uncorrected Total 114 736.6279748

R-Square C.V. Root MSE TCDKIL Mean

0.994545 7.432508 0.188578 2.53720745

Dependent Variable: TCDKIL

Source DF

PBLCD 1

Source DF

PBLCD 1

Type I SS

732.6095009

Type III SS

732.6095009

Mean Square

732.6095009

Mean Square

732.6095009

Parameter

PBLCD

Estimate

1.010897105

T for HO:
Parameter=0

143.53

Pr > ITI Std Error of
Estimate

0.0001 0.00704307

F Value

20601.07

F Value

20601.07

Pr > F

0.0001

Pr > F

0.0001
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
HANDSHEET DATA

GENERAL LINEAR MODELS PROCEDURE

Dependent Variable: TENKIL

Source DF

Model 1

Error 102

Uncorrected Total 103

R-Square

0.959099

Sum of
Squares

1379.489660

58.828792

1438.318452

C.V.

20.87845

Mean
Square

1379.489660

0.576753

Root MSE

0.759442

F Value

2391.82

Pr > F

0.0001

TENKIL Mean

3.63744614

Dependent Variable: TENKIL

Source DF

PBLMD 1

Source DF

PBLMD 1

Parameter

PBLMD

Type I SS

1379.489660

Type III SS

1379.489660

Estimate

0.9356837178

Mean Square

1379.489660

Mean Square

1379.489660

T for HO:
Parameter=O

48.91

F Value

2391.82

F Value

2391.82

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.01913219

Sum of Residuals
Sum of Squared Residuals
Sum of Squared Residuals - Error SS
Press Statistic
First Order Autocorrelation
Durbin-Watson D

0.55188879
58.82879223
0.00000000

59.97918624
0.47132810
1.04955808
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
HANDSHEET DATA

GENERAL LINEAR MODELS PROCEDURE

Dependent Variable: CONC

Source 

Model

Error 1]

Uncorrected Total

DF

1

10

R-Square

0.964327

Sum of
Squares

207574.7418

7678.7482

215253.4900

C.V.

19.36179

Mean
Square

207574.7418

69.8068

F Value

2973.56

Root MSE

8.355047

Pr > F

0.0001

CONC Mean

43.1522523

Dependent Variable: CONC

Source DF Type I SS

PCONC 1 207574.7418

Source DF Type III SS

PCONC 1 207574.7418

Mean Square

207574.7418

Mean Square

207574.7418

Estimate

0.7663134662

T for HO:
Parameter=O

54.53

Pr > ITI Std Error of
Estimate

0.0001 0.01405297

Sum of Residuals
Sum of Squared Residuals
Sum of Squared Residuals - Error SS
Press Statistic
First Order Autocorrelation
Durbin-Watson D

6.76292219
7678.74824362

0.00000000
7828.54199540

0.35875732
1.27195407

F Value

2973.56

F Value

2973.56

Parameter

PCONC

Pr > F

0.0001

Pr > F

0.0001

1]
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PERFORMANCE ATTRIBUTE VALIDATION STUDY ON CORRUGATING MEDIUM

APPENDIX V
HANDSHEET DATA

GENERAL LINEAR MODELS PROCEDURE

Dependent Variable: RING

Source [

Model

Error

Uncorrected Total

)F

1

110

111

R-Square

0.938711

Sum of
Squares

305915.3421

19973.4679

325888.8100

C.V.

25.14551

Mean
Square

305915.3421

181.5770

Root MSE

13.47505

F Value

1684.77

Pr > F

0.0001

RING Mean

53.5882883

Dependent Variable: RING

Source DF Type I SS

PRCCD 1 305915.3421

Source DF Type III SS

PRCCD 1 305915.3421

Mean Square

305915.3421

Mean Square

305915.3421

Estimate

1.620873265

T for HO:
Parameter=0

41.05

Pr > ITI Std Error of
Estimate

0.0001 0.03948924

Sum of Residuals
Sum of Squared Residuals
Sum of Squared Residuals - Error SS
Press Statistic
First Order Autocorrelation
Durbin-Watson D

290.38253052
19973.46785692

0.00000000
20699.62445399

0.27040685
1.45299353

F Value

1684.77

F Value

1684.77

Parameter

PRCCD

Pr > F

0.0001

Pr > F

0.0001

I

'i
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APPENDIX V
HANDSHEET DATA

GENERAL LINEAR MODELS PROCEDURE

Dependent Variable: BF

Source

Model

Error

Uncorrected Total

DF

1

110

111

R-Square

0.968459

Sum of
Squares

58166.58117

1894.35731

60060.93848

C.V.

18.06273

Mean
Square

58166.58117

17.22143

Root MSE

4.149871

BF Mean

22.9747739

Dependent Variable: BF

Source

PBF

Source

PBF

Parameter

PBF

DF Type I SS

1 58166.58117

DF Type III SS

1 58166.58117

Estimate

1.010681439

Mean Square

58166.58117

Mean Square

58166.58117

T for HO:
Parameter=0

58.12

F Value

3377.57

F Value

3377.57

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.01739050

Sum of Residuals
Sum of Squared Residuals
Sum of Squared Residuals - Error SS
Press Statistic
First Order Autocorrelation
Durbin-Watson D

42.09283898
1894.35731447

0.00000000
1925.14267806

0.43662669
1.12491302

F Value

3377.57

Pr > F

0.0001
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HANDSHEET DATA

GENERAL LINEAR MODELS PROCEDURE

Dependent Variable: GURLEY

Source DF

Model 1

Error

Uncorrected Total

109

110

R-Square

0.647598

Sum of
Squares

29038.37525

15801.73495

44840.11020

C.V.

75.16166

Mean
Square

29038.37525

144.97005

F Value

200.31

Root MSE

12.04035

GURLEY Mean

16.0192727

Dependent Variable: GURLEY

Source DF

PPOROS 1

Source DF

PPOROS 1

Parameter

PPOROS

Type I SS

29038.37525

Type III SS

29038.37525

Estimate

1.033530534

Mean Square

29038.37525

Mean Square

29038.37525

T for HO:
Parameter=0

14.15

F Value

200.31

F Value

200.31

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.07302579

Sum of Residuals
Sum of Squared Residuals
Sum of Squared Residuals - Error SS
Press Statistic
First Order Autocorrelation
Durbin-Watson D

-5.35157137
15801.73495140

-0.00000000
16124.03840429

0.45080806
1.09418614

Pr > F

0.0001

I

I
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APPENDIX V
HANDSHEET DATA

GENERAL LINEAR MODELS PROCEDURE

Dependent Variable: DENS

Source DF

Model 1

Error 110

Uncorrected Total 111

R-Square

0.991982

Sum of
Squares

18.97638561

0.15339173

19.12977734

C.V.

9.080856

Mean
Square

18.97638561

0.00139447

Root MSE

0.037343

DENS Mean

0.41122342

Dependent Variable: DENS

Source DF

PDENS 1

Source DF

PDENS 1

Parameter

PDENS

Type I SS

18.97638561

Type III SS

18.97638561

Estimate

0.9823405210

Mean Square

18.97638561

Mean Square

18.97638561

T for HO:
Parameter=0

116.65

F Value

13608.31

F Value

13608.31

Pr > F

0.0001

Pr > F

0.0001

Pr > ITI Std Error of
Estimate

0.0001 0.00842093

Sum of Residuals
Sum of Squared Residuals
Sum of Squared Residuals - Error SS
Press Statistic
First Order Autocorrelation
Durbin-Watson D

0.20960388
0.15339173
0.00000000
0.15639569
0.15198814
1.69317604

F Value

13608.31

Pr > F

0.0001
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Dependent Variable: STRMD

Source DF

Model 1

Error 113

Uncorrected Total 114

R-Square

0.996525

APPENDIX V

Sum of
Squares

305.4091733 305

1.0650157 C

306.4741890

C.V.

5.929689

Mean
Square

5.4091733

).0094249

F Value

32404.44

Root MSE

0.097082

Pr > F

0.0001

STRMD Mean

1.63721930

Dependent Variable: STRMD

Source DF Type I SS

PSTR 1 305.4091733

Source DF Type III SS

PSTR 1 305.4091733

Mean Square

305.4091733

Mean Square

305.4091733

Parameter

PSTR

Estimate

0.9152364378

T for HO:
Parameter=0

180.01

Pr > ITI Std Error of
Estimate

0.0001 0.00508430

F Value

32404.44

F Value

32404.44

Pr > F

0.0001

Pr > F

0.0001
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Dependent Variable: GPORO

Sum of Mean
Source DF Squares Square F Value Pr > F

Model 1 47940.33867 47940.33867 2690.86 0.0001

Error 113 2013.20874 17.81601

Uncorrected Total 114 49953.54741

R-Square C.V. Root MSE GPORO Mean

0.959698 20.60869 4.220901 20.4811667

Dependent Variable: GPORO

Source DF Type I SS

PPOROS 1 47940.33867

Source DF Type III SS

PPOROS 1 47940.33867

Mean Square

47940.33867

Mean Square

47940.33867

Estimate

0.9737352427

T for HO:
Parameter=O

51.87

Pr > ITI Std Error of
Estimate

0.0001 0.01877135

F Value

2690.86

F Value

2690.86

Parameter

PPOROS

Pr > F

0.0001

Pr > F

0.0001


