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Abstract

The New Zealand kiwifruit and apple industries export the two largest horticultural
crops by value and tonnage on long sea routes to distant markets. The long storage
and shipping times, low temperature (~0°C) and high humidity (>70 %RH) conditions
require boxes manufactured from high performance corrugated fibreboard. As the
corrugated fibreboard boxes are a significant expense, improvements to reduce the
weight and therefore the cost of the corrugated fibreboard, while maintaining their
vertical compression strength, would increase the apple and Kiwifruit industries
profitability

Through analysis of the literature it was established that the greatest contributor to box
compression strength was the corrugated fibreboard edgewise compression strength,
which is significantly affected by moisture. The strength of corrugated fibreboard
decreases with increasing moisture content, which tends to be high in low-temperature
high-humidity cool-stores. The literature also indicated that temperature and moisture
content of the fluting medium could be optimised to reduce the damage caused during
the fluting process.

The objectives of this study included improving box compression strength predictions
by measuring the effect of moisture and temperature on the strength of the corrugated
fibreboard and measuring the relationship between temperature, humidity and
corrugated fibreboard moisture content. The objectives also included developing a
mathematical model to optimise the operations preceding the fluting process by
predicting the fluting medium moisture content and temperature just prior to the
fluting process.

The measurements of corrugated fibreboard properties enabled the widely known
McKee’s equation to be modified to enable the prediction of box compression strength
over a range of moisture contents (7 to 30 %db), the valves of which could be
estimated using the moisture sorption isotherms developed in this study over the
temperature and relative humidity range of 0 to 20°C and 40 to 90 %RH.

A mathematical model was developed to predict how the operation of the corrugator
would affect the temperature and moisture content of the fluting medium just prior to
the fluting process. The model was tested by running the corrugator at normal and
extreme settings based on the model’s predictions, and measuring the strength
properties of the corrugated fibreboard produced. The measured strength properties
indicated that the machine speed and steam shower could have an effect but the too
were inconsistent to established firm conclusions.
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Figure 3.27  Plot of slope of the In(RH) vs 1/T for Kraft linerboard based

on fitted GAB equations (Table 3.4) 3.44
Figure 3.28  Heat of sorption for Kraft linerboard based on slope of linear

equations fitted to data in Figure 3.27. . 3.44

Figure 3.29  Comparison between fitted GAB equation lines of 250 g.m™
Kraft linerboard, 160 g.m™ semi-chemical fluting medium and
160 g.m™ recycled fluting medium. 3.47

Figure 3.30  Absolute differences between fitted GAB equation lines of
250 g.m™ Kraft linerboard, 160 g.m™ semi-chemical fluting
medium and 160 g.m™ recycled fluting medium. Note for
(A) -17°C for Kraftand  -20°C for Semi-chemical and
Recycled samples, (B) -10°C, (C) 0°C, (D) 10°C, (E) 20°C and
K — Kraft, SC — semi-chemical, R — recycled and MC moisture
Content. 3.48

Figure 3.31  Comparison between equilibrium moisture content predictions
from fitted GAB adsorption isotherms (A 20°C and B 0°C) and
by Prahl, (1968) (A 21.8°C), and Eagleton and Marcondes,

(1994)* (A 20°C and B 1°C) adsorption equations. 3.50
Figure 3.32  Fitted Kraft linerboard GAB adsorption equations using
average, initial and final moisture contents._____ 3.53

Figure 3.33  Difference between fitted Kraft GAB adsorption equations
using average sample moisture content and (solid lines) initial
moisture contents and (dashed lines) final moisture contents. 3.54
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Figure 3.34

Figure 3.35

Figure 3.36

Figure 3.37

Figure 3.38

Figure 3.39

Figure 3.40

Figure 3.41

Figure 3.42

Figure 3.43

Kraft linerboard isotherm data and fitted equations (A)

temperature-compensated GAB equation (2.24 and 2.27 to
2.29), (B) Chen’s (1998) equation (2.30 and 2.31) and (C)
Chen’s (1998) equation (2.30 and 2.32).

Semi-chemical fluting medium isotherm data and fitted

equations (A) temperature-compensated GAB equation (2.24
and 2.27 to 2.29), (B) Chen’s (1998) equation (2.30 and 2.31)
and (C) Chen’s (1998) equation (2.30 and 2.32).

Recycled fluting medium isotherm data and fitted equations
(A) temperature-compensated GAB equation (2.24 and 2.27 to
2.29), (B) Chen’s (1998) equation (2.30 and 2.31) and (C)
Chen’s (1998) equation (2.30 and 2.32).

Comparison between sample moisture contents as predicted by
equations (2.24) and (2.27) to (2.29) and the coefficients in
Table 3.10. Note: solid and dashed lines represent comparison
between predictions at 0 and 20°C respectively. The average
moisture content for normalised plot calculated from the
predicted moisture content at the selected ERH value of the
two samples being compared.

Comparison between predicted moisture content using fitted
temperature-compensated GAB equations and GAB equations
fitted to data sets from the five target temperatures. Note: A
Kraft linerboard, B semi-chemical fluting medium and C
recycled fluting medium.

Comparison between equilibrium moisture content predictions
from fitted temperature-compensated GAB equation (equations
2.24 and 2.27 to 2.29 and Table 3.10) and predictions from
Prahl, (1968) (A 21.8°C), and Eagleton and Marcondes,
(1994)* (A 20°C and B 1°C) adsorption equations.

Effect of number of time a sample was spun in a 1.0 m radius
at approximately 1 Hz on the moisture content of Kraft
linerboard, semi-chemical and recycled fluting medium
samples.

Water holding capacity of individual samples. Note: diamonds
correspond to moisture content after 1 set of ten cycles;
squares correspond to moisture content after 2 sets of ten

Effect of number of time a sample was spun in a 1.0 m radius
at approximately 1 Hz on the moisture content of Kraft
linerboard, semi-chemical and recycled fluting medium
samples with extrapolated values.

Kraft linerboard isotherm data with water holding capacity
values and fitted temperature-compensated GAB equation
(2.24 and 2.27 to 2.29).
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Figure 3.44

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4.

Figure 4.5

Figure 4.6

Figure 4.7.

Figure 4.8

Figure 4.9

Kraft linerboard isotherm data with water holding capacity
values and fitted equations (A) Chen’s (1998) equation (2.30
and 2.31) and (B) Chen’s (1998) equation (2.30 and 2.32).

Absolute (A) and relative (B) moisture loss during strength
testing from the Kraft linerboard and semi-chemical fluting
medium samples that were selected to be oven dried to
determine their moisture contents. The average sample
moisture content was used as the basis for the relative moisture
loss calculation.

Short span compression strength of 250 g.m™ Kraft linerboard
and 160 g.m? semi-chemical fluting medium over a range of
moisture contents, at 23°C with fitted exponential equation
(Table 4.2). Note: each data points represents the average of
the 4 measurements from a single sample.

Calculated specific (per unit basis weight) short span
compression strength for 250 g.m™ Kraft linerboard and 160
g.m™ semi-chemical fluting medium at 23°C. Short span
compression strength was estimated using equations in Table
4.2.

Tensile strength of 250 g.m™ Kraft linerboard and 160 g.m™
semi-chemical fluting medium over a range of moisture
contents, at 23°C. Equations for fitted linear lines given in
Table 4.3. Data points represent average of the 2
measurements per sample.

Calculated specific (per unit basis weight) tensile strength for
250 g.m Kraft linerboard and 160 g.m™ semi-chemical fluting
medium. Tensile strength was estimated using the equations in
Table 4.3.

Normalised short span compression strength of 250 g.m Kraft
linerboard and 160 g.m™ semi-chemical fluting medium over a
ange of moisture contents, at 23°C. Values normalised at

7 %(db) moisture using equations from Table 4.2.

Normalised tensile strength of 250 g.m™ Kraft linerboard and
160 g.m™ semi-chemical fluting medium over a range of
moisture contents, at 23°C. Values normalised at 7 % (db)
moisture using equations from Table 4.3.

Tensile stiffness of 250 g.m? Kraft linerboard and 160 g.m™
semi-chemical fluting medium over a range of moisture
contents, at 23°C with fitted linear equations (Table 4.4)

Normalised tensile stiffness of 250 g.m™ Kraft linerboard and
160 g.m™ semi-chemical fluting medium over a range of
moisture contents, at 23°C. Values normalised at 7 % (db)
moisture using equations from
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Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14
Figure 4.15
Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Normalised tensile strength of Benson’s (1971) three
unbleached Kraft paper samples. Values normalised at 7 %
(db) moisture using equations from Table 4.5. Note: solid
lines - machine direction, dashed lines - cross-machine
direction

Normalised specific modulus of elasticity of Kraft sack paper
from Salmen and Back, (1980). Note: values were normalised
using the measurement with approximately 7 %(db) moisture.

Moisture loss during testing of corrugated fibreboard samples
(BS(CD)-bending stiffness cross-machine direction, BS(MD)-
bending stiffness machine direction, LA-liner adhesion, ECT-
edgewise compression test, FCT-flat crush test). Note:
negative moisture loss represents a moisture gain during
testing.

Relationship between corrugated fibreboard edgewise
compression strength and moisture content at 23°C fitted with
an exponential curve.

Relationship between corrugated fibreboard flat crush test and
moisture content at 23°C fitted with an exponential curve.

Relationship between corrugated fibreboard hardness and
moisture content at 23°C fitted with an exponential curve.

Relationship between corrugated fibreboard liner adhesion and
moisture content at 23°C fitted with an exponential curve.

Relationship between corrugated fibreboard bending stiffness
(cross-machine direction) and moisture content at 23°C fitted
with a linear model.

Relationship between corrugated fibreboard bending stiffness
(machine direction) and moisture content at 23°C fitted with a
linear model and the fitted linear model for the cross-machine
direction.

Examples of force-displacement curves of edgewise
compression strength measurements.

Force-displacement curves for edgewise compression test
strength measurements.

Corrugated fibreboard properties as a function of equilibrium

relative humidity at 20°C. A edgewise compression strength, B
hardness, liner adhesion and flat crush test, C bending stiffness
(MD and CD)
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Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Comparison between the normalised edgewise compression
strength as predicted by the equation in Table 4.7 and by
Kawanishi (1989). Strength at 7 %(db) used to calculate
normalised values. Kawanishi - wb and Kawanishi - db lines
calculated assuming Kawanishi’s model uses moisture content
in % wet basis (wb) and % dry basis (db), respectively. Note:
dashed lines are extrapolation of Kawanishi’s model.

Relationship between normalised corrugated fibreboard test
results and moisture content modelled from their respective
exponential or linear equations (refer to Table 4.7 for
abbreviations used in graph key). The normalised values were
calculated using the equations in Table 4.7, with the strength at
7 %db used as the basis of the calculation.

Relationship between normalised short span compression
strength of Kraft and semi-chemical paper and corrugated
fibreboard edgewise compression test (ECT) results and
moisture content based on their respective equations (MD —
Machine Direction, CD — Cross-machine Direction). The
normalised values for were calculated using the equations from
Tables 4.2 and 4.7, with the strength at 7 %db used as the basis
of the calculation.

One of the two acetal slabs with bagged sample, sitting in the
groove which provides edge support, between two aluminium
strips.

Edgewise compression test results of corrugated fibreboard (C-
flute 250g.m™ Kraft linerboard - 160 g.m? semi-chemical
fluting medium - 250 g.m™ Kraft linerboard) with
corresponding moisture contents for samples tested at 20°C
and fitted curve for samples tested at 23°C from section 4.2.
The intersection of the two sets of crossed lines represents the
average moisture content and edgewise compression strength
for treatments 1 and 2.

Edgewise compression test results of corrugated fibreboard (C-
flute 250g.m™ Kraft linerboard - 160 g.m™ semi-chemical
fluting medium - 250 g.m™ Kraft linerboard) with
corresponding moisture contents for samples tested at
temperatures between -25 and 21°C and measurements at 23°C
from section 4.2.

Influence of water on the glass transition temperature of
cellulose for different degrees of crystallinity (digitised from
Back and Salmen, 1981). Dashed line indicates completely
swollen cellulose The red rectangle indicates temperature and
moisture content range of treatments 1, 3, 4, 5 and the samples
from section 4.2,
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Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Comparison between estimated and measured box
compression strength, Scion data set - using McKee’s et al.
(1963) box compression strength equation (2.2).

Comparison between BCS predictions from McKee’s et al.
(1963) two equations (2.1 and 2.2) and Allerby’s et al. (1985)
equation (2.4) using McKee’s et al. (1963) data set of
corrugated fibreboard and BCS measurements. Scion data set
shown as well. The drawn line represents x = y.

Comparison between BCS predictions from McKee’s et al.
(1963) two equations (2.1 and 2.2) and Allerby’s et al. (1985)
equation (2.4) using Allerby’s et al. (1985) data set of
corrugated fibreboard and BCS measurements. Scion data set
shown as well. The drawn line represents x = y.

Comparison between actual (solid lines) and normalised
(dashed lines) predicted box compression strength (BCS) and
edgewise compression test strength (ECT). Note: strength at
7 %(db) moisture used as basis to calculate normalised values
and normalised values for equation (5.2) were identical to the
normalised ECT values.

Relationship between predicted box compression strength and
equilibrium relative humidity at different temperatures as
predicted by equations (2.24), (2.27) to (2.29), (5.2) and Table
(3.9). Note: (1) 0.0045 m and 1.8 m used as the corrugated
fibreboard calliper and box perimeter, respectively, (2) thick
section on 0°C line indicates cool-store conditions.

Comparison of measured edgewise compression strength
(Figure 4.13), cross-machine-direction short span compression
strength (SSCS, Table 4.2) of Kraft linerboard and semi-
chemical fluting medium. Note: the estimated accumulative
intrinsic edgewise compression strength (AIECS) calculated
using equation (2.8) and the adjusted accumulative intrinsic
estimated edgewise compression strength (Adj-AIECS)
calculated using equation (2.10).

Profile of 160 g.m™ semi-chemical fluting medium bottom
surface temperature and corresponding speed during
commercial production of corrugated fibreboard.

Profile of 120 g.m™ semi-chemical fluting medium bottom
surface temperature and corresponding speed during
commercial production of corrugated fibreboard.

Preparation of samples for high temperature tensile testing
strength testing of fluting medium samples (160g.m™ semi-
chemical pulp).

Tensile strength testing of fluting medium sample in a laminate
bag with concertina fold.
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Figure 6.5  Examples of force-displacement curves from tensile testing. 6.10

Figure 6.6 Machine direction tensile strength of 160 g.m? semi-chemical
fluting medium. Note: data for 23°C was taken from section
4.2. 6.12

Figure 6.7  Machine direction tensile stiffness of 160 g.m? semi-chemical
fluting medium. Tensile stiffness calculated at displacement of
0.5 mm after sample achieved tensile strength measurement of
0.5 kN.m™ and over a range of + 0.025 mm. 6.13

Figure 6.8 Maximum relative humidity at atmospheric pressure. 6.15

Figure 7.1  Corrugator process prior to the single-facer on the fluting
medium side, with labels A to H for sections with different
boundary conditions. 7.4

Figure 7.2 Modes of mass transfer over the four different pairs of
boundary conditions — direction of arrows based on mass
balance convections. 7.5

Figure 7.3 Modes of heat transfer (other than heat transfer via mass
transfer) over the four different pairs of boundary conditions—
direction of arrows based on heat balance convections. 7.6

Figure 7.4  Estimated porosity of 160 g.m? semi-chemical fluting medium
based on the linear relationship of porosity and density of
Reardon’s (1994) five different paper types and Foss’s et al.
(2003) paper sample. 7.15

Figure 7.5 Examples of the linear relationship between Ln(RH/100) and
the inverse of temperature in Kelvin at a number of moisture
contents for Prahl’s (1968) desorption isotherm data. 7.19

Figure 7.6 Linear relationship between Ln(RH/100) and the inverse of
temperature in Kelvin at a number of moisture contents for
Prahl’s (1968) desorption and Houtz and McLean’s (1939)
linen rag paper adsorption isotherm data. 7.20

Figure 7.7 Comparison between heat of sorption values calculated from
Prahl’s (1968) desorption isotherm and Houtz and McLean’s
(1939) isotherm (calculated from slops of data sets in Figure
7.6). 7.21

Figure 7.8 ERH values predicted using Reardon (1994) isotherm equation
fitted to Prahl’s (1968) Kraft softwood pulp desorption
isotherm data (equation 7.25). Note: above 80°C the
predictions are outside the bounds of the original data set. 7.26

Figure 7.9  Vector diagram for contact force between fluting medium and
preconditioner roll. 7.32

Figure 7.10  Effect of basis weight and contact pressure on contact heat
transfer coefficient for dry paper - based on equation (7.43). 7.33
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Figure 7.11

Figure 7.12
Figure 7.13

Figure 7.14

Figure 7.15

Figure 7.16

Figure 7.17

Figure 7.18

Figure 7.19

Figure 7.20

Figure 7.21

Figure 7.22

Effect of moisture content, basis weight and contact pressure
on contact heat transfer coefficient, based on equation (7.47).
Note: solid lines 1 kPa, dashed lines 26 kPa contact pressure).

Division of the fluting medium into layers.

Relationship between J value (number of nodes -1) and the
weighted average temperature and moisture content just prior
to the single-facer. Relative and absolute tolerance set to 10-3
and 10-6 respectively.

Relationship between relative tolerance and mass average
temperature and moisture content. The J value and absolute
tolerance were set to 40 and 10-6 respectively.

Relationship between absolute tolerance and mass average
temperature and moisture content. The J value and relative
tolerance were set to 40 and 10-3 respectively.

Predicted moisture content and temperature profiles for
160 g.m™ semi-chemical fluting medium between the roll-
stand and single-facer with the steam shower on.

Predicted temperature and moisture content profiles for

160 g.m™ semi-chemical fluting medium through the thickness
of the web at the beginning and end of the seven sections as
shown in Figure 7.1 with the steam shower on. Note: nodes 1
and 41 are at the bottom and top of the fluting medium web
respectively.

Predicted temperature and moisture content profiles for
160 g.m™ semi-chemical fluting medium between the roll-
stand and single-facer with the steam shower off.

Predicted moisture content and temperature profiles for

160 g.m™ semi-chemical fluting medium through the thickness
of the web at the beginning and end of the seven sections as
shown in Figure 7.1 with the steam shower off. Note: nodes 1
and 41 are at the bottom and top of the fluting medium web
respectively, and profile for position G not shown.

160 g.m™ semi-chemical fluting medium paper emissivity and
corresponding temperature error. Note. all 12 replicate
measurements shown in plot.

Relationship between machine speed and fluting medium
bottom surface temperature 0.3 m before steam shower. Note:
for 120 g.m™ predictions model was run with fluting medium
thickness of 0.118 m and basis weight of 112 gqry fibre. M
otherwise average values from section 7.5.5 used as model
inputs except for single-board speed.

Effect of changing the contact heat transfer coefficient
(Pcontact), on the fluting medium bottom surface temperature at
the location of the IR temperature sensor. Note: average
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Figure 7.23

Figure 7.24

Figure 7.25

Figure 7.26

Figure 7.27

Figure 7.28

Figure 7.29

values for model inputs were used from section 7.5.5 except
for machine speed and heontact.

Comparison between predicted and measured fluting medium
bottom surface temperature 0.3 m before steam shower. Note:
for data points heontact = 290 W.K™m? and heonact = 500
W.K*m? average values for model inputs were used from
section 7.5.5 except for machine speed (MS =100, 140 and
180 m.min™), surface moisture transfer coefficient (hy, = 0.0
ms™) and contact heat transfer coefficient (heontact = 290, 500
and 1000 W.K*m?).

Comparison between predicted and measured fluting medium
bottom surface temperature 0.3 m before steam shower. Note
average values for model inputs were used from section 7.5.5
except for where stated otherwise with hcont = surface mass

transfer coefficient (500 W.K™*m?).

Comparison between predicted and measured fluting medium
bottom surface temperature 0.3 m before steam shower. Note
average values for model inputs were used from section 7.5.5
except for where stated otherwise with hcont = surface mass

transfer coefficient (1000 W.K™*m).

Comparison between diffusion driving force at the fluting
medium surface from ERH values calculated using equation
(7.25) capped at 80°C and from ERH values calculated using
equation (7.25) extrapolating above 80°C. Note: values for
extrapolated ERH converge at 180°C as extrapolated equation
(7.25) maxes out (ERH > 100 %) at very high temperatures.
Ambient air conditions of 20°C and 60 %RH were used to
calculate the diffusion driving force.

Edgewise compression strength values of C-flute corrugated
fibreboard (145 g.m™ Kraft linerboard - 120 g.m recycled
fluting medium - 145 g.m™) Kraft linerboard manufactured at a
range of single-facer speeds, with the steam shower on or off.
Conditions of manufacture given in Table 7.18.

Flat crush strength values of C-flute corrugated fibreboard
(145 g.m™ Kraft linerboard - 120 g.m™ recycled fluting
medium - 145 g.m Kraft linerboard) manufactured at a range
of single-facer speeds, with the steam shower on or off.
Conditions of manufacture given in Table 7.18.

Board performance index values of C-flute corrugated
fibreboard (145 g.m™ Kraft linerboard - 120 g.m™ recycled
fluting medium — 145 g.m™ Kraft linerboard) manufactured at
a range of single-facer speeds, with the steam shower on or off.
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Nomenclature

A = flute constant (dimensions not stated)

Arvip = cogtact area between fluting medium and preconditioner roll
(m°)

AIECS = accumulative intrinsic edgewise compression strength (N.m™)

AIECS; = adjustled accumulative intrinsic edgewise compression strength
(N.m™)

aw =  sample water activity (dimensionless)

aw1 = water activity of sample at T, in Kelvin (dimensionless)

aw? = water activity of sample at T, in Kelvin (dimensionless)

aws = water activity at TP3 (dimensionless)

awa = water activity at TP4 (dimensionless)

B = box constant (dimensions not stated)

BCS =  box compression strength (N)

BCSkL = box compression strength (dimensions not stated)

BP = box perimeter (m)

BPk = box perimeter (cm)

BPxL = box perimeter (dimensions not stated)

BS =  bending stiffness of corrugated fibreboard (Nm)

BSco =  corrugated fibreboard cross machine direction (CD) bending
stiffness (N.m)

BShs = ending stiffness of homogeneous strip (Nm)

BSwp =  corrugated fibreboard machine direction (MD) bending
stiffness (N.m)

BSw = bending stiffness (dimensions not stated)

BT = box type factor (dimensions not stated)

BW = basis weight (g.m?)

bw =  fluting medium basis weight (kgdryﬁbre_m'z)

bws = total basis weight of corrugated fibreboard (g.m?)

bw.L = total basis weight of linerboards (g.m™)

bw.m = basis weight of fluting medium (dimensions not stated)

C =  corrugated fibreboard thickness (or calliper) (m)

c =  fitted constant to express temperature dependence of C
(dimensionless)

Ca = air specific heat (1005 J.kg*K™)

Cs = board thickness (dimensions not stated)

CC = average corrugation count (dimensions not stated)

Ccom =  combined (fibre, liquid water and water vapour) specific heat
capacity (J.kgK™)

Ci = specific heat capacity of paper fibre (J.kg™K™)

CFB =  corrugated fibreboard (subscript)

Co = Guggenheim constant (dimensionless)

Cus =  thickness of homogeneous strip (m)

Ck =  corrugated fibreboard thickness (mm)

CL = linerboard thickness (dimensions not stated)

CScp-pBL = compression strength of the double-backer linerboard in the

cross-machine direction (N.m™)
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CScp-m
CScp-skL

Cv
Cw
D¢

Dwater-air

D1
D2
D3
D4
D5
D6
D7
E
Ecp

ECT
ECT,
ECT,
ECTa
ECTas
ECTest1
ECTest2

Ens
El
EL
Emp

ERH
fc
FC,
FC,
FCs
FCa4
FCs
FCs
FC,
FCs
FCo

compression strength of the fluting medium in the cross-
machine direction (N.m™)

compression strength of the single-facer linerboard in the
cross-machine direction (N.m™)

specific heat capacity of water vapour (J.kg*K™)

specific heat capacity of liquid water (J.kg?K™)

diffusion coefficient of water vapour in the fluting medium
(m?.s™h)

diffusivity of water in air (m”.s™)

roll-stand to preconditioner distance (m)

over first preconditioner roll distance (m)

between preconditioner rolls distance (m)

over second preconditioner roll distance (m)

between preconditioner and Steam-shower distance (m)
steam-shower distance (m)

between steam-shower and single-facer distance (m)

sheet porosity (dimensionless)

fluting medium Young’s modulus in the cross machine
direction (dimensions not stated)

corrugated fibreboard edgewise compression test strength
(N.m™)

edgewise compression test value of A and AB flute corrugated
fibreboard (kgf.cm™)

edgewise compression test value of B flute corrugated
fibreboard (kgf.cm™)

edgewise compression strength of A-flute corrugated
fibreboard (kgf.cm™)

edgewise compression strength of AB-flute corrugated
fibreboard (kgf.cm™)

estimated edgewise compression test strength based on
linerboard and fluting medium properties and equation 2.7 (N)
estimated edgewise compression test strength based on
linerboard and fluting medium properties and equation 2.9 (N)
elastic modulus of homogeneous strip (N.m?)

geometric mean bending stiffness (N.m)

elastic modulus of linerboards (dimensions not stated)
fluting medium Young’s modulus in the machine direction
(dimensions not stated)

sample equilibrium relative humidity

skin friction coefficient (dimensionless)

fitted constants (dimensions not stated)

fitted constants (dimensions not stated)

fitted constant (dimensions not stated)

fitted constants, value not stated (dimensions not stated)
fitted constants, value not stated (dimensions not stated)
fitted constants, value not stated (dimensions not stated)
fitted constants, value not stated (dimensions not stated)
fitted constant (dimensions not stated)

fitted constant (dimensions not stated)
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FCu4
Fcr

FCT
FM

H

h

hes
hcontact
hCS

her

hm

hmB

fitted constant (dimensions not stated)

fitted constant (dimensions not stated)

fitted constants (dimensions not stated)

fitted constant (dimensions not stated)

fitted constant (dimensionless)

fitted constant — value unknown (dimensions not stated)
fitted constant — value unknown (dimensions not stated)
fitted constant (dimensionless)

fitted constant (dimensionless)

fitted constant (dimensionless)

contact force between fluting medium and preconditioner roll
(N)

corrugated fibreboard flat crush (kPa)

fluting medium (subscript)

corrugated fibreboard hardness (N)

convection heat transfer coefficient (W.m?K™)

bottom boundary heat transfer coefficient (J.K*m?)
surface contact heat transfer coefficient (W.m?K™)
convection coefficient for curved surfaces (W.m?K™)
top boundary heat transfer coefficient (J.K™*m™?)

surface mass transfer coefficient (m.s™)

bottom boundary mass transfer coefficient (kg.m?)

top boundary mass transfer coefficient (kg.m™)

over all heat transfer coefficient (W.m?K™)

convection coefficient for planar surfaces (W.m?K™)
surface heat transfer coefficient to air (W.m?K™)

water vapour enthalpy (J.kg™)

i measurement

fitted constant to express temperature dependence of K
(dimensionless)

linerboard factor (dimensions not stated)

test method coefficient (dimensions not stated)

factor correcting properties of the multi-layer molecules with
respect to the bulk liquid (dimensionless)

corrugated fibreboard liner adhesion (N)

single-facer linerboard (subscript)

double-backer linerboard (subscript)

moisture content ratio of fluting medium (kgwater.KGfibre )
reference moisture content ratio (KQwater-KGsotids )

new moisture content ratio (KQwater-Kgsotids )

moisture content (% db)

sidewall moisture content (%, basis not given)

moisture content (%, basis unknown)

initial moisture content ratio of the fluting medium i.e.
moisture content of the fluting medium on the roll-stand
(kgwater- kgfibre_l)

fitted constant to express temperature dependence of M,
(kgwater kgdry fibre_l)

mono-layer moisture content ratio (KQwater KQary ﬁbre'l)
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My = molar mass of water (kg.mol™)

n = number of measurements (count)

ny =  sample size for sample 1 (count)

ny = sample size for sample 2 (count)

Pec = contact pressure (kPa)

Peme = contact pressure between the fluting medium and the
preconditioner roll (Pa)

Pice.o = vapour pressure of pure ice at 8°C (Pa)

Picer = vapour pressure of pure ice at T Kelvin (mbar)

vapour pressure of pure ice at the sample dry bulb temperature
(Pa)

vapour pressure of pure ice at the hygrometer dew point
temperature output (Pa)

I:)ice. sample db ¢

I:)ice, sample dp 6

Pr = Prandtl’s number (dimensionless)

PR = printed ratio (dimensionless)

Psample , 0 = partial water vapour pressure exerted by the sample at 8°C (Pa)
Psar.0 =  saturated water vapour pressure at 6°C (Pa)

saturated water vapour pressure at the sample dry bulb
temperature (Pa)

saturated water vapour pressure at the hygrometer dew point
temperature output (Pa)

Psat, sample db ¢

Psat, sample dp 6

Psarr = saturated water vapour pressure T Kelvin (mbar)

Py = water vapour partial pressure (Pa)

Q = differential heat of water vapour sorption (J.kg™)

Qr = differential heat of sorption as calculated by Reardon (J.kg™)

Qs = heat of sorption (J.mol™)

R = gas constant (8.314 J.K'mol™)

r = radius of curvature of the fluting rolls (dimensions not stated)

R? = correlation coefficient (%)

RCT. = overall ring crush test strength of the linerboards (dimensions
not stated)

Ros = gas constant (cal.R™.mol™)

RH = air relative humidity (%)

Rmax = maximum pore radius (m)

Ro = gas constant (82.05 cm®.atm.gmol*K™)

RR = retention ratio — ratio of compressive strengths of fluted to
non-fluted medium (dimensionless)

S =  degree of fractional saturation (dimensionless)

s? = variance for sample 1 (dimensions vary)

s?%, =  variance for sample 2 (dimensions vary)

SC = fluting medium sheet thickness (m)

SCR = secondary region compression rate (in.in"hr™)

SSCS = short span compression strength (kN.m™)

SSCScp-peL =  short span compression strength of the double-backer
linerboard in the cross-machine direction (N.m™)

SSCScp-m =  short span compression strength of the fluting medium in the
cross-machine direction (N.m™)

SSCScp-srL =  short span compression strength of the single-facer linerboard

in the cross-machine direction (N.m™)
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KaB
KAT
Kr

error sum of squares (dimensions vary)

temperature (K)

temperature of sample 1 (K)

temperature of sample 1 (K)

time (s)

take-up factor (Mnuting mediummboard-l)

initial temperature of the fluting medium i.e. temperature of
the fluting medium on the roll-stand (°C)

total pressure of condition 1 (atm)

total pressure of condition 2 (atm)

tensile stiffness of the liner (N.m™)

tensile strength (kN.m-1)

t statistic for two-sample t test (dimensionless)

time to failure (hours)

tensile force vector (N.m™)

air velocity (m.s™)

air velocity at boundary layer edge (m.s™)

molar volume of water (18 m®.gmol™)

water vapour pressure of the air at temperature 0 (Pa)
vapour pressure ratio (Pa Pa™)

saturated vapour pressure at temperature 0 (Pa)

width of fluting medium — cross-machine direction (m)
proportion of conduction heat transfer via parallel analogy
average of sample 1 (dimensions vary)

average of sample 2 (dimensions vary)

estimated dependent variable value (dimensions vary)
measured dependent variable value (dimensions vary)
dimension in the fluting medium thickness direction (m)
heat of adsorption of water vapour onto adsorbent (cal.mol™)
difference in enthalpy between bulk liquid and multilayer,
fitted variable (J.mol™)

heat of condensation of water (cal.mol™)

difference in enthalpy between monolayer and multilayer,
fitted (J.mol™)

fitted constant to express temperature dependence of M,
(J.mol™)

0.0 for difference between two means (dimensions vary)
diffusibility factor (dimensions not stated)

fluting medium temperature (°C)

temperature of ambient air or preconditioner in contact with
bottom surface (°C)

temperature of ambient air or preconditioner in contact with
top surface (°C)

contact angle between fluting medium and preconditioner roll
)

permeability of ambient air at bottom surface (m?)
permeability of ambient air at top surface (m?)

relative permeability (m?)
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saturated intrinsic permeability (m?

fluting medium water vapour permeability (m?)

thermal conductivity for components in series (W.m™K™)
thermal conductivity for components in parallel (W.m™K™)
combined thermal conductivity of fibre, liquid water and water
vapour (W.m™'K™)

effective conduction coefficient (W.m'lK'l)

paper fibre thermal conductivity (W.m*K™)

water vapour thermal conductivity (W.m™K™)

liquid water thermal conductivity (W.m*K™)

water vapour viscosity (kg.m™s™)

pi (dimensionless)

air density (kg.m™)

density of paper fibre (kg.m™)

density of fluting medium (dimensions not stated)

density of water vapour (kg.m™)

density of liquid water (kg.m™)

diameter of pressure roll (m)

water vapour density (KGwatervapour-M™)

water vapour density of ambient air (KQuater.m™)

water vapour density of ambient air in contact with bottom
surface (KQwater.M™)

tortuosity factor (dimensions not stated)

water content dependent function (dimensions not stated)
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