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ABSTRACT

L

. An experimental and analytical .investigation was made of .a reverse-

roll, corrugating glue machine.  Film thickness measurements were made on a

laboratory adhesive applicator and -the effects:of various .system parameters

were tested for several Newtonian and non-Newtonian fluids.,K An analytical model

was formulated to simulate the metering flow in the nip and to predict the film

thicknesses on the applicator roll.

Experimentally, several results of industrial significance were dis-

covered:

a)

For typical starch adhesives, there is an optimum metering

to applicator roll speed ratio which yields a constant film
thickness regardless of operating speed.

The optimum speed ratio is inversely related to the fluid
viscosity measured at the shear rates experienced in the nip.
Viscosity measurements made with a Stein-Hall cup viscometer

do not provide adequate informétion to determine the optimum
speed ratio and an alternative technique fof in-plant viscosity
measurements is proposed.

The non-Newtonian characteristics of the adhesive are not
significant to the metering process because at high shear rates
experienced in the nip, the adhesives exhibit a nearly

Newtonian behavior.

Additionally, important system parameters were investigated. These include:

the gap between rolls, temperature effects, and the depth of roll submersion into

the fluid.

The analytical model was based on the hydrodynamic theory of lubrica-

tion and was modified to include developing flow effects. The model qualitatively

iv




predicts the trends seen in the experimental data. However, no attempt was made

to duplicate experimental results because two essential .parameters could not be
obtained with the existing experimental equipment. The undetermined parameters
were the point of fluid separation from the metering roll and the location of the

maximum pressure below the nip.
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THE INSTITUTE OF PAPER CHEMISTRY

Appleton, Wisconsin
A STUDY OF BONDING MECHANISMS OF CORRUGATING MEDIUM
1.0 INTRODUCTION
1.1 HISTORICAL BACKGROUND

'Project 2696-1T7 was initiated to study the adhesive bonding mechanisﬁs
of corrugated medium. . In particular, the objective was to understand the process
by which adhesive is transferred frém the applicator roll to the flute nips of the
corrugated medium. The initial work involving surface receptivity and surface
roughness of the medium proved unsuccessful and it was concluded that in order
to properly examine the adhesive bonding mechanisms, the dynamics of the applica-
tor sysfem must be described. The project was then divided into two phases. The
first phaée would be a study of the dynamics of the system and would include
the metering of the adhesive film and the translation of the film on the surface
of the applicator roll. The second phase would examine the trahsfer of the
adhesive from the applicator roll to the fluté tips of the medium. This report

concludes the work on the first portion of Phase 1.

Before undertaking this project, the Institute was aware of the research
being done at the Forest Products Laboratory for CID (;). The CID effort dealt
with modifying the adhesive formulation to provide a uniform film thickness
regardless of the appiicator roll speed. The results showed that for a typical
Stein-Hall adhésive there is a metering-to-applicator roll speed ratio for which
the fiiﬁ thickness is independent of speed. The CID effort has since moved to
in-plant trials where the metering ?atio and other system variables are being

studied to determine their effect on consumption and board quality.
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The emphasis of the work at The Institute of Paper Chemistry was directed
at understanding the fundamental mechanics of the applicator system through experi-
mental tests on a laboratory glue machine andltheldevelopment of an analytical
model to predict film thicknesses for various operating conditions. This-.basic
knowledge complements the CID investigations and provides insight for improvements
in glue-anplication.and equipment design. Throughout the project, there was open

communication between the Institute and CID in an effort to av01d poss1ble dupllca-

tion of effort.
1.2 PROBLEM DESCRIPTION

The common meens of applying adhesive to the flute tips of corrugated
medium is shown in Fig. 1.1 and is referred to as a reverse—roll applicator system.
A layer of glue adheres to the surface of the applicator roll as it rotates in
the adhesive tray. The adhe51ve is then forced into the nip erea whereAmost of it
is sheared from the agpplicator roli. Only a thin film passes through the nip and
is translated on the surfece,of the applicator roll to where it contacts the flute
tips of the medium. A small amount of adhesive is retained on the flute tip.in

preparation for bonding with the liner.

| One of the problems limiting the development of corrugators is the unpre—
dictable variation in adhesive film thickness-thet occurs with‘changing'operating
conditions. Meny of the contributing factors such as nonparsilel rolls, poor
bearings, out;of-round rolis, differences in surface conditions, and the manner
in Wthh the metering roll is wiped can be corrected with proper maintenance. :
However, the changes in the film thickness caused by system parameters such es
the gap between rolls and the metering—to—applicator roll (M/A) speed ratio

were unknown. Little previous work has been devoted to the fluid dynamics of
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the applicator and its importance in the metering process. This is demonstrated
by the frequent association of film thickness variations to the complex rheology
of the adhesive without real Justification. The objective of this research was
to define the fundamental fluid dynamics of the metering process by determining
the parameters controlling the film thickness and relating them to the rheolog-

ical properties of the fluid.

ADHESIVE APPLICATOR SYSTEM

corrugated

v

applicator
roll

metering
roll

Figure 1.1. Reverse Roll Glue Applicator System

The research program consisted of an analytical model to describe the
flow and an experimental applicator system to test. various fluids under different
operating conditions. The laboratory device was also used to provide data for the
verification of the analytical model. The model and the experimental apparatus

are described in the following sections.
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2.0 ANALYTICAL MODEL
2.1 INTRODUCTION

Initially, & simple Couette flow model was proposed to describe the flow

in the nip area. The non-Newtonian characteristics of the fluid and the effects
of the pressure distribution under the rolls due to the rapid change of fluid
momentum were included in the analysis. These additional factors made it necessary
to consider the axial flow direction and involved the use of the hydfodynamic
theory of lubrication (g). Most of the analytical work in the modeling of bladg
and roll coating phenomena also begins with lubication theory (;,3). The modifi-
cation of the governing equations for non-Newtonian fluids followed the development

of Flumerfelt, et al. (j). The detailed description of this preliminary model is

contained in an initial progress report for the project (6).

Thevearly experimental data obtéined in this study and the data obtained
in a similar work by Koning (7), showed that the preliminary analytical ﬁodel was
incépable’of describing various flow situations. In particular, it could not
accoun£lfor the observed increase in film thickness with increasing speed ratio:.
The limitation that cauéed the discrepancy was the fact that the modelrconsidered
thé flow to Be fully developed in the nip. vFor most operating.speeds, the time
‘period for shearing the fluia is émaller than fhat requiréd for fully'aeveloped
flow conditions to exist. The model was revised to consider a developing flow

regime.

The following two subsections describe the fundamentals of Couette flow -

and developing flow in more detail. The last subsection describes the analytical -

model used in the project.
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2.2 COUETTE FLOW

Couette flow refers to the motion of a fluid between two parallel bound
aries induced by the motion to gither or both of the boundaries (see Fig. 2.1).
The simplest case 1s the fluid motion created by the movement-of the -upper pléte
while the lower plate remains fixed. The equation of motion for this fiow regime

is given by Brodkey (8).

dp '
- —— — )
v 0 (2.1)

For simplicity, the pressure gradient is not considered and with this assump-

tion Equation (2.1) reduces to

o
N
o

— =0 (2.2)
dy
with bouhdary conditions
u=20 at y=0
(2.3)
u = ua at y=nh
Equation (2.2) is easily integrated and the solution has the form
u = Coy + C (2.4)

The constants of integration can be solved using the boundary conditions given in
Equation (2.3) )
Co = u/h

(2.5)
Ci =0
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and the final solution is
u=u y/h (2.6)

The velocity profile is linear as indicated in the figure.

Ug SERVE NV

—A— | Upper boundary .
S SIL Ll LLL L LLLLELLLLLLLLLL L ELL L L L LS

‘//Veloci'ty profile
Fluid

h
Q=uh/2

o Lower boundary

Figure 2.1. Couette Flow: One Wall Stationary

If the same flow regime is considered with the bottom boundary moving

in a direction opposite to the top plate, the equation for velocity is ’
= + - .
u (ua um) y/h w (2.7)

and the velocity profile is shown in Fig. 2.2. Here, the velocity profile is

again linear except that it now possesses a forward and a reverse fluid motion.

The flow rate between the two boundaries can be determined by integrating

the velocity profile across the gap,

Q= fh u dy (2.8)
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Ug : ,
— Upper boundary
LLLLLLLLLLLLLLL L L LLLLLLLL L LLLLLL L L L L L L LS
A

Z.-— Velocity

| fil
Fluid Protte

Q= (ug- um) h/2

Um Lower boundary

Figure 2.2. Couette Flow: Both Walls Moving
h

Q = uy?/on (2.9)
a 0

Q = u h/2 (2.10)
If the lower plate is set in motion, as in the second example, the flow rate becomes
Q= (u, -u)hn/2 (2.11)

Physically, the flow rate is represented by the area under the profiles in Fig. 2.1

and 2.2. In Fig. 2.2, the area is obtained by subtracting»of Area B from Area A.

The model can be used to approximate the flow in the nip by considering the
upper and lower boundaries as the applicator and metering rolls, respectively. This
is demonstrated in Fig. 2.3 where the nip area is magnified 100 times and the flow

geometry is approximately the flow between two parallel plates.

The problem associated with the model occurs when the speed ratio is
greater than one, i.e., the metering roll has a surface speed faster than the
applicator roll. For this condition, the flow rate through the nip becomes negative

and is demonstrated in Equation (2.10) by making Em larger than Ea'
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APPLICATOR ROLL
Radius = 5 inches
Scale 10071

3 Tallg

— 4
’ I
, gap : 0.010in
( | :
J ' )
s a S—
mWm
METERING ROLL
Radius= 3 inches
Figure 2.3. Couette Flow in the Nip
Q= (u, -u)n/2<o0 (2.12)

Since in almost all cases films are observed on the applicator roll, the model
appears to fail. However, if the velocity profile is considered to be developing

(time dependent), the difficulty is overcome.
2.3 DEVELOPING FLOW

The equations Just developed for Couette flow are based on steady-state
conditions. The same flow situation may be considered with both boundaries
initially at rest. If the top boundary is then set in uniform motion it will
require a specific time interval before all of the intervening fluid is set in

motion. For example, after a time interval %, the velocity profile may appear -
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as shown in Fig. 2.4. Since the fluid must wet the moving boundary, the velocity
at the wall must be u- However, the effect of this motion is not felt immediately
across the entire spacing. After a time interval 5t;, the movement of the upper

boundary influences more of the profile and after a sufficiently long period of

time, the flow eventually sapproaches a steady-state Couette flow profile.

v
upper
Upper boundary

YOI IV I DIV IIIIIVIIIIIIIA SIS L L LLLLLLLLLLLLLLLLL L L p L L L L L Ll

t=0 t=t, t=5t, t=50t, t=e
(no fluid j Steady State
motion) (fully developed

flow)

TTT7T77777777777 7777777777777 77777777777 77777777777 7,777 777777

Uower Lower boundary

Figure 2.4. Developing Couette Flow

The flow in the nip area of the applicator system can be approximated
by assuming a developing flow situation. As the fluid is picked up from the
adhesive tray, the entire film rapidly assumes the velocity of the applicator
roll (see Fig. 2.5). At some point below the nip, the film being metered back |
to the adhesive tray joins the film being forced into the nip. From this point
to the point where the fluid finally separates from the metering roll, the fluid
is being sheared. In this interval the uniform velocity profile is being dis-
torted. The flow regime is very similar to the commencing or developing flow
situation described in the previous paragraph. The analysis of developing flow
requires that the time derivative remain in the equation of motion and a descrip—

tion of this analysis is presented in the following subsection.
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S Film thickness

. U .
Applicator - ~ :\ - : Metering.

Roll ' T /U"' Roll
‘4 , — point. of separation

from metering roli

reversed fluid motion

\

Adhesive tray

‘._...n\\\\\\\\\\\‘

Figure 2.5. Developing Flow in the Nip
2.4 NIP FLOW MODEL

As a prelude to mathematical solution for the film thickness on the
applicator roll, Fig. 2.6 illustrates t"he notation and coordinates considered
in the analysis. The axial flow coordinate, x, is considered to be positive in
the direction of the adhes’ive tray or opposite to the upward motion of the adhesive.
The equation of motion for a fluid flowing in the narrow gap between
two rotating cylinders where the hydrodynamic theory of lubrication applies is
given by Reference (2).

32
T

o,
dx 2

(2.13)

O
44

oy
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e

/X

// /\\\

Figure 2.6. Notation for ‘the Analytical Model

Here the time dependency, du/dt, is retained in the analysis. Since the governing
equations are being solved for the velocity at the point of maximum pressure, the

first term on the right-hand side of the equation can be dropped.

du 3%u
The appropriate boundary conditions are determined by requiring that the fluid
wet the surface of the rolls.-,. Therefore, the fluid at the boundary must have the

- same velocity as the roll. The initial condition is set by assuming that the
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incoming profile is uniform and equal to the surface .speed of the applicator roll.

u=u Cat y = Q
u=-u aty=h (2.15)
u=u at t =0

. a .

3

The solution for the velocity profile is presented in Appendix A~§nd‘has the form

. nﬂ]z ,
0 . - vt
u=u - (ua + um) y/h - %-(ua + um) DR (-1)% E%E-ﬁEXLE-e [%2 (2.16)

n=1

The adhesive film thickness is obtained by solving for the flow rate using the

continuity relationship.
Q= "uady (2.17)

Substituting Equation (2.16) into (2.17) and intégrating yields
) o ’ -[(2n-1)mfn )?Ivt |

d B

4 e
= - + — .
Q (ua um) hm/2 - (ua + um) b Z =L (2.18)
T n=1
The film thickness on the applicator roll is obtained from
§, = Q/u, . (2.19)
and substituting Equation (2.18) into (2.19) yields
2
), . @ [(2n-1)7/n_1* vt
68. = (l - um/ua) hm/2 + "'n—z- (l + um/ua) hm n}_:l (21’1#‘1)2 (2-20‘)

Equation (2.20) can be simplified by performing an order of magnitude

analysis on each term of the series expansion.
[(en-1)m/n 1% vt -m% vt/n ? -om? vt/n * ,
=e ' . -+ I/9 e + ... (2.21)

- - (em1)2

I
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Comparing the first and second terms gives:- .

2 2 .

e-'lT \)t/hm 8 m2 \)“t/hm?' N
— —on? wt/h 2 " 9e , 4 (2.22)
m SR : . ‘ .

1/9 e

Since nggmz is of the order of unity for typical values, the ratio of the first
and second term 1s approximately 105, Therefore, only the first term of the

series is significant and the solution can be rewritten

2 2
L =T \)_t/hm

6a = (1 - um/ua) hm/2 + }3'(1 + um/ua) hm e

(2.23)

Equation (2.23) is the final form of the film thickness relationship
and consists of two terms; a steady-state or fully developed flow component and a
time dependent or developing flow component. The flow in the nip can be viewed
from either of the two perspectives. The first is to view the flow from the
standpoint of a stationary observer at one location within the nip and evalu- -
ate the velocity profiles ét fhat point based on the amount of time available for
shearing the fluid. The second approach is to observe the flow from the view-
point of an observer on the applicator roll watchihg thelprofiles develop as the
applicator roll rotates through the nip. Both approachesiare identical and are

used interchangeably in subsequent explanations of the flow regime.

The time available.for shearing the fluid has already been mentioned
several times and its relationship to the machine speed and the M/A sﬁeéa ratio
mey be confusing. The shearing time refers to the time period in which the fluid
in fhe.nib‘is exposéa to tﬁe reverse motion of the rolls.’ The time pefibd begiﬁé
when the fluid picked-up_by the applicato; fqll fi;ét contacts the film being
removed from the pip by the mepg;ing roll. It ends when the film final;y separates

from the metering roll near thelhip. Increasing the applicator roll speed at a
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constant M/A ratio reduces the shear time provided the point of separation does

not change drastically. Increasing the M/A ratio at a constant speed also reduces

the shear time since it increases the relative velocity between the rolls.

The first term of Equation (2.23) represents the fully-developed flow
or steady-state contribution to the film thickness. The difficulty with using
only thisg portion of the solution is seen in Fig. 2.7. TFor sﬁeed ratios above
unity, the film thickness becomes negative and implies that no film remains on

the applicator roll or passes through the nip.

Couette Flow (with developing profile)

FILM THICKNESS

Couvette Flow (fully developed)

Speed Ratio=1.0
N5
AN
SPEED RATIO

Figure 2.7. Steady-State and Developing Flow Contributions to the Film Thickness

The second term of Equation (2.23) accounts for the developing flow

within the nip and is intimately related to the time available for shearing the

fluid. If the fluid is sheared for a very short period of time, the second tefm
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becomes the dominant contribution to the film thickness. When the fluid is

sheared for a long period of time, the exponential term approaches zero and only

the fully developed contribution is significant.

The film thickness in Equation (2.23) is dependent upon the speed ratio,
the gap spacing at the point of maximum pressure, the high shear viscosity, and
thé timé the fluid is sheared. The speed ratio and viscosity are considered as input
parameters and this leaves the gap spacing and shear time as unknown variables.
Two independent relations are required to obtain a closed form solution. The
present solution technique is to obtain the two relations from the experimentally
determined pressure distribution in the nip. The location of the point of maximum
pressure, Em’ is used to calculate the gap spacing, gm. Also, the point of fluid

separation from the metering roll, Es’ can be estimated by assuming that it occurs

when the pressure gradient reaches a maximum (see Fig. 2.8). The value of X is

used to calculate the shearing time.

Only a limited amount of experimental pressure data is available and
some results using this data are presented in Section 4.2. The thorough defini-
tion of the empirical relationships for X and Es will be part of the second por-

tion of this project.
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Fourdrinier Kraft Board Group
of The:American Paper Institute
Project 2696-17

Bu 8P 9%y
P73y =" ax T Hay2

Xmax - point of maximum
pressure

X - point of fluid separation

s
from metering roll

DISTANCE FROM THE NIP

Figure 2.8.

Pressure Distribution in the Nip
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3.0 EXPERIMENTAL

3.1 BASIC APPARATUS

An experimental laboratory applicator similar to industrial reverse-roll
systems was built and is shown in Fig. 3.1. A heavy steel frame was constructed ..
to maintain rigidity at high operating speeds, and the frame has interior dimen-
sions of 36 x 26 x 8 inches. The entire device is mounted with the laboratory
unit at the top and the drive motors below. Hot and cpld water outlets are readily

accessiblé to the unit for temperature control.

. The metering and applicator rolls have radial dimensions of 3 and 5
inches, respectively, and are 4-1/2 inches wide. The roll surfaces were ground
steel andlwere not coated, plated, or etched. The rolls and supporting shafts
are hollow. This allows them to be heated so the same apparatus can be used in
future studies with a set-back adhesive being developed for cold corrugation.

Both rollg are independently driven with separate variable speed motors. The roll
séeéds are monitored electrconically. A magnetic sensor counts the number of pulses
obtained from teeth of & gear attached to the end of the rolls. The digital out-
put ﬁas calibrated to surface speeds obtained from a contact speedometer. The
control éonsole is shown in Fig. 3.2. The gap spacing between the roils is vari-
able from 0.008 to 0.020 inch and is controiled by an eccentric mounting of the

netering roll.

The adhesive tray is double-walled and heated with hot water. For
most experiments, the tray was heated to 100°F to duplicate indusfrial conditions.
The height of the tray is adjusteble and it was positioned at approximately 1/2
inch from the surface of the applicator roll. The fluid in the tray is used con-
tinuously and the sample scraped from the roll surface is pumped back into the

tray.
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A schematic of the collection device used in determining the film thick-
ness on the‘appliéator roll is shown in Fig. 3.3. The scraper blade is 2-inches

- wide and‘Qas made of two blue steel sheets. A pivoting rod in the center of the
blade holder allows the blade to be pressed to the surface of the roll. The
blade pressure is held constant by using a removable‘pressure rod at lowerignd of
the blade holder. Since the adhesive film thicknesses are in range of:a féw mils,

the constant blade pressure is necessary for repeataﬁle results.

COLLECTION SYSTEM

Adhesive Film _" o

Applicator
Roll

Scraper
Blade

Pressure Rod

— . Pump

Adhesive )
L

Adhesive Tray

£ B

SN

Figure 3.3. Film Thickness Sampling Device

The film scraped from the applicator roll flows down the channel to a
collecting pan. A short time interval is required to permit the flow rate down
_ _the channel to stabilize. - This is-approximately 30 seconds. Next, the time re-

quired to obtain & 1/2 to l-pound sample is recorded. The sample weight is
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obtained from a visual observation of the dial indicator between the scale grad-
uations. The timer is manually controlled and is accurate to a hundredth of a
second. This process is the major source of experimental error and weighing and
timing mechanisms are currently being modified for future experimentation. Never-
theless, the data is accurate to about *2.5% and the reproducibility is shown

with several examples in Section 4.1. Approximately one out of every five points
was checked for reproducibility. After a sample is recorded, the collected fluid

is then pumped back into the adhesive tray to maintain a constant fluid level.
3.2 FLUIDS TESTED

It was originally planned to study only 3 fluids. However, the initial
experimental data indicated that a peculiar relationship existed between the film
thickness curves and high shear viscosity of the material. To adequately define
this relationship, some additional fluids were tested. These include:

Water

Magie 0il #500

Polybutene #6

Polybutene #8 :

Stein-Hall (Carrier Adhesive), 17% solids

Stein-Hall (Carrier Adhesive), 20% solids

Stein-Hall (Carrier Adhesive), 26% solids

No Carrier Adhesive, 20% solids

The formulas used in preparing the starch adhesives are contained in Appendix B.
3.3 VISCOSITY MEASUREMENTS

One of the problems faced at the beginning of the project was the method
of obtaining the fluid viscosities. Industrially, low shear viscosity measure-
ments made with a Stein-Hall viscometer are used to compare adhesives (9). The
Stein~Hall cup viscometer is a cylindrical tube with an orifice plate positioned

at the bottom (see Fig. 3.4). The tube is filled with adhesive and the time
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required for the fluid level to pass between two indicétors on the cylinder is
used as a measure of viscosity. Since the flow is induced by the gravitational
head, which is at most a few inches, the shear rates are generélly low (1000

sec ! maximum).

The flow in the nip area is normally under very high shear conditions
(S,OOO.to 20,000 reciprocal seconds based on the gap spaciné,an& relative veloc-
ities of the rolls). In order to duplicate this situation, all fluid viscosity
measurements were made on a Hercules high shear viscometer shown in Fig. 3.5.
The device is based on the principle of Couette flow between two rotating concentric
cylinders and typical rheograms are shown in Fig. 3.6. The viscosity of the fluid
is related to the inverse of the slope of the curve. Therefore, Curve A repre-
sents a low viscosity fluid while Curve D is typical of a much higher viscosity
fluid. Also, both curves have a constant slope which implies a constant viscos-
ity, i.e., & Newtonian fluid. Curve C represents a typical rheogram for & starch
adhésive. Note that the curve is not a straight line and the adhesive is not a
Newtonian fluid. However, at the high shear portion of the curve the relationship
is nearly linear. This portion of the curve covers the range of shear rates nor-
mally encountered in the nip while the nonlinear portion of the curve exists at
the lower shear rates where Stein-Hall cup viscosities are usually made. The
rheograms imply that the adhesive behaves like a Newtonian fluid at high shear
rates and Stein-Hall cup viscosities may have little bearing on the metering pro-
cess. Additionally, the up and down portions of the rheogram indicates that the
starch adhesive is a slightly thixotropic fluid. When the adhesive was sheared
for about‘a minute, the up and down portioné of the curve nearly coincided and

this curve was recorded and used in the analysis.
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Figure 3.6. Typical Hercules Viscometer Rheogram
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The fluids used in the experimental portion of the program are listed
in Section 3.2. The results of the Hercules viscometer measurements for these
fluids are shown in Fig. 3.7. The,oils and water are Newtonian fluiés with a
viscosity range from 1 to 200 cp{ A;éo, the olls are known to be te@pe;ature
dependent, but since the tray was\teﬁpérature controlled, significant variations
in rheological properties were avoided: The starch adhesive viscosities at the

higher shear rates ranged from about 25 to 45 cp.
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Magie Oil
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Polybutene No. 6 (38 cp)

Carrier Adhesive
“26% Solids (45cp)

Corrier Adhesive
17% Solids (29 cp)

No Carrier Adhesive
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Carrier Adhesive
20% Solids (33 cp)

Polybutene No. 8 (200 cp)
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Figure 3.7. Rheograms of the Tested Fluids
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4,0 RESULTS AND DISCUSSION
4.1 EXPERIMENTAL

The behavior of the fluids listed in Section 3.2 was investigated for
several applicator system parameters including: machine speed, metering-to-
applicator roll speed ratio, gap spacing between rolls, and depth of applicator
roll submersion into the adhesive tray. The results are contained in the

following subsections.

4.1.1 Applicator Roll Surface Speed

Initially, three fluids were studied: water, an oil (Polybutene #6)
and a starch adhesive. The plots of film thickness versus the applicator roll

surface speed for these fluids are shown in Fig. 4.1, 4.2, and 4.3.

In Fig. 4.1, the relationship between the film thickness and speed is
nearly linear. The slopes of the curves are positive for all speed ratios but

the slopes seem to approach a horizontal line as the speed ratio increases.

The results for a Stein-Hall adhesive with a 20% solids content are
shown in Fig. 4.2. The slopes of the curves change from positive to negative
values as the speed ratios are increased. This implies that at some M/A ratio
the curve is a horizontal line, and the adhesive film thickness at this speed
ratio is constant for any machine speed. The phenomenon is important industrially
since it allows the adhesive applicator to be independent of the operating speed

of the corrugator.

In Fig. 4.3, the same phenomenon occurs for Polybutene #6. The lines of

constant speed have positive slopes at low speed ratios and they become nega-
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ratio which produces a uniform film thickness at any operating speed.

10 MIL GAP BETWEEN ROLLS

& METERING/APPLICATOR
E b SPEED RATIO
o -- 0.4
a .
4 I- © -- 0.6
A o8
Y 6 --1.0
gﬁ 3 + - 1.2
!
&
=
2 i
= i
__.3 ¥
EZ \
m'ﬂr"
E;'-!f t
<X
E; T — a— - )| ___A 1 A
200 400 800

APPLICATOR ROLL SPEED - FPM

Figure 4.1. Water: Film Thickness Versus Roll Speed

Once this unique phenomenon with speed was discovered, it became obvious
that it would be more informative to plot the data with the speed ratio as the

abscissa. The experimental results for all the other fluids are presented in this

manner.

k.1.2 Metering to Applicator Roll (M/A) Speed Ratio

The result of blotting the data of Fig. 4.1 on a speed ratio basis

is shown in Fig. 4k.4. The 200, 400, and 600 feet per minute speed lines were

extended to higher M/A ratios in an attempt to define a point where the lines

of constent speed intersect. The intersection point is indicative of a uniform
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STARCH ADHESIVE 4
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Figure 4.2. Stein-Hall Adhesive (20% Solids): Film Thickness
Versus Roll Speed
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POLYBUTENE #6
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Figure 4.3. Polybutene #6: Film Thickness Versus Roll Speed
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For water, the speed lines do not

actually intersect for the range of M/A ratios considered but they appear to

reach & common point at & much higher speed ratio.

mils

FILM THICKNESS,

E~N

N

WATER

Applicator Roll Speed
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500
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+ b 0O %
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— .
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——0 T—— gt —
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J | ] ] | | ! ] J
0:4 0.8 1.2 1.6 2.0
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Figure ‘4.4. Water: Film Thicknesé Versus Speed Ratio

In Fig. 4.5, the speed lines have an intersection point at a M/A ratio

of approximately 0.6 to 0.8. At speed ratios lower than the intersection point,

higher speeds tend to give larger values for the film thickness.

tendency is ‘observed for speed ratios greater than the critical value.

The opposite
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Polybutene #8
10 MIL GAP BETWEEN ROLLS
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2 21 -- 400 fpm
if & -- 500 fpm
g 4 -- 600 fpm
iw 1t

A [ n

a4 .8
Speed Ratio

Figure 4.5. Polybutene #6: Film Thickness Versus Speed Ratio

The data for the Stein-Hall adhesive (20% solids) was extended to higher
values of M/A ratio as shown in Fig. 4.6. The intersection point is more clearly
defined at approximately 0.85. Again, there appears to be a great deal of

similarity with the previous curves for oil and water.

Whert the data for all three fluids are plotted on the same graph (see
Fig. 4.7), the similarity between the fluids is readily seen. All of the fluids
exhibit a preintersection point region where higher speeds yield larger film

thickness. As the M/A ratios increase, the speed lines approach the intersection
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point. Both the adhesive and oil have a well defined intersection point. At

M/A ratios greater than the intersection point, the tendency is reversed and the

lower speeds yield the larger films. Additionally, the tendency to reach the

intersection point appears to be correlated with the magnitude of the fluid viscos-

ity. The viscosities of water, adhesive and oil are 1, 33, and 38 cp, respective-

ly, and the intersection point for water occurs at & very large speed ratio while

the critical M/A ratios for the adhesive and the oil decrease sccording to in-—

creasing viscosity (see Table 4.1).

STARCH ADHESIVE

10 MIL GAP BETWEEN ROLLS

O -- 300 fpm

& -- 500 fpm
4 -- 600 fpm

4}
A
e |
v 3¢
"
o
£ APPLICATOR ROLL SPEED
o 2F O -- 200 fpm
=
b=
E
E

[
L

O -- 400 fpm:

-

"l : 1 %

2 4 -6 .8 1.0

Speed Ratio

Figure 4.6. Stein-Hall Adhesive (20% Solids):
Versus Speed Ratio

Film Thickness
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TABLE k4.1

DEPENDENCE OF SPEED RATIO INTERSECTION POINT
ON FLUID VISCOSITY

Viscosity, Speed Ratio at |
Fluid ep Intersection Point
Water 1 Large
Adhesive 33 0. 80
0il 38 0. T0 i

The similarity between curves for water, oil, and the starch adhesive
is . surprising since the water and oil are well-behaved Newtonian fluids and
the starch adhesive is slightly thixotropic. 1In the Introduction, it was stated
that the unpredictable variation in the film thickness was often attributed to
the complexvrheological behavior of the starch adhesive. The similarity shown
" here indicates thét a common mechanism is controlling the behavior of the fluids
but it is not related to the thixotropy of the adhesive. The rheogram for a étarch
adhesive in Fig. 3.6 supports this premise. At the high shear rates experienced
in the nip, i.e., above 5000 sec—13 the relationship is nearly linear for both
the up and down portions of the curve. This implies that in this range the ad-
hesive behaves like a Newtonién fluid. Additionally, there is only a small spacing
between the lines and this is equivglent fo at most a few centipoise in viscosity.
The similarity of the fluids discussed in the preceeding paragraph implies that
the mechanisms controlling the film thickness are related to the fluid dynamics
of the system and the magnitude of the high shear viscosity. This dependence
on tﬁe system dynamics and fluid viscosity rather than the complex rheology of

the adhesive is demonstrated by the bulk of material remaining in this section.
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To clarify the relatidnship betweén thevintersection point and viscosity,
several other fiuids with a variety of Viscosities were tested. 1In Fig. 4.8, the
speed ratio plot fof a no-carrier adhesive with a 20% solids content is shown. The
curve is very similar to Fig. 4.6 for the Stein-Hall adhesive at 20% solids. The
high shear viscosity of the no-carrier adhesive is approximately 31 cp and is
slightly lower than the value of the Stein-Hall adhesive. Assuming that an in-
crease in viscosity drives the intersection point.closer to the origin, the inter-
section point for this fluid should have a slightly larger value than that of the

Stein-Hall adhesive. A comparison of Fig. 4.8 and 4.6 shows that the correct tendency

is predicted.

or NO CARRIER ADHESIVE
20% Solids B<_a—
—
5k A 10mil gap between rolls géﬁgé\
ig‘ X @:::::jx”///’ o
) X
% D\ /u/
:Z: \g\ 7 Applicator Speed
5 3 \é O 300 fpm
T , 0 400 fpm
s 2 ' 4 500 fpm
L__: X 600 fpm
1
: | - 1 ] | 1 ] ] ] J
0 0.4 0.8 1.2 1.6 2.0

SPEED RATIO

Figure 4.8. HNo-Carrier Adhesive (20% Solids): Film Thickness
Versus Speed Ratio
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Thus far, all.the flulds considered except water have had approximétely
the same high shear viscosity and appear to havg similar mechanisms controlling
the shape of the speed ratio curves. Several other fluids were tested to verify
the relationship between viscosity and intersectign point and to possibly define

the behavior 6f fluids with viscosities between water and ‘those of approximatély

30 cp.

The results for Magie 0il #500, an oil with a viscosity of about 5 cp, -

are shown in Fig. 4.9. Although the constant speed lines do not reach an inter-

section point, they do resemble the speed ratio curves for water (Fig. 4.L). The
film thickness decreases and the speed curves level out as the M/A ratios are in-

creased above 1.0. The similarity with water is expected since the fluids have

nearly the same viscosity.

b MAGIE OIL No. 500
' ' | Applicator Roll Speed
- - o 200 fpm
‘E x 300
4k A 500
A + 600
Z
5 u 3
= x\ 10 mil Gap between rolls
= \g\ 100°F  1.5" Pan depth
2 O =
B \0 X\x 5 § )K(
0.\—0 -0 o e}
! L | ! ] ] 1 Ll
0 0.4 0.8 1.2 1.6 : 2.0
SPEED RATIO '

Figure 4.9. Magie 0il #500: Film Thickness Versus Speed Ratio




Fourdrinier Kraft Board Group
of The American Paper Institute Page 39
Project 2696-1T - Report One
Two more Stein-Hall adhesive formulations are compared in Fig. 4.10
and 4.11. The first adhesive is a 17% solids mix and has a viscosity of approxi-
mately 29 cp. The shape of the curve is similar to the other adhesives and, as
expected, the intersection point moves to a slightly higher M/A ratio (Just over
unity): The other adheéivelformulatidn has a 26% solids content and a high shear
viscosity of approximafely 45 ep. With the higher viscosity, it is expected that
the intersection point would move closer to the origin (speed ratio = 0). Unfor-
tunately some problems were encountered with maintaining the starcﬁ consistency
and a well-defined interséction‘point was not obtainéd. However, By éomparing
the general shape of this curve with previous results, a rough estimate of the
location of the intersection point or the area in which a change in controlling
mechanisms takes place can be made. The estimated location is at a speed ratio

between 0.4 and 0.6. Again the hypothesis is reinforced.

| STEIN-HALL ADHESIVE 17% Solids
) E Applicator Roll Speed
Ak 200 fpm

300 , o —0
400 .
500 —

N
|

FILM  THICKNESS,
i

B 10 mil Gop between rolls 100°F

1 I | i |
. 0 0.4 0.8 1.2 1.6

SPEED RATIO

Figure 4.10. Stein-Hall Adhesive (17% Solids): Film Thickness Versus
Speed Ratio at 100°F
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Figure h;li. Stein-Hall Adhesive (26% Solids): Film Thickness Versus
Speed Ratio at 100°F
To complete thé investigation of the intersection point-viscosity

relationship, a high viscosity fluid (Polybutene #8) was tested. The viscosity
of the oil is aboﬁt 200 cp and is an order of magnitude larger than the other
fluids. In Fig; h.lQ; the speed lines are similar to those observed at M/A |
ratios heyond intersection point, i.e., lower speeds have the larger films
thicknesses. This implies that the change in mechanisms which causes the
point of intersection occurs at a very low speed ratio and only the postinter-~
section point region is observed. Again, the relationship between inferéectiop

point and high shear viscosity is supported.

As a brief summary for this section, Fig. 4.13 shows a plot of inter-
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different mechanisms are dominating the behavior of the fluids in the applicator
system. Starch adhesives and the Polybutene #6 oil have intermediate viscosities

for which the shift from one mechanism to the other causes an intersection of

the speed lines.

or . " POLYBUTENE No. 8
. 5 10 mil (g)ap-between rolls B/g'___—g* g
= 100°F _—=H——"——no O
- o——0——° =87
v 0 _x—— X"
v 4_' ,//’/é 0 A
i AR
pv4
) //////
T 3L : % ' Applicator Speed
- 6 200 fpm
z Ll . x 300 fpm
- O 400 fpm
A 500 fpm
- ' + 600 fpm
1 I | ! | | l 1 1 J
0 0.4 0.8 1.2 1.6 2.0
SPEED RATIO |

Figure 4.12. Polybutene #8: Film Thickness Versus Speed Ratio

4.1.3 Temperature Effects

The effect of increasing the temperature of the Magie oil is shown in
Fig; 4.14. Raising the temperatures corresponds to a drop in the fluid viscosity

and the film thickness becomes slightly larger at the low M/A speed ratios.

The Fig. 4.15 and 4.16 illustrate the movement of the intersection
point as the viscosity is changed for a starch adhesive. The temperature effect
on viscosity is exactly bpposite of the trend seen with the oil. Recall that

increasing the temperature of the adhésive drives it closer to its gel point and
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Figure 4.13. Speed Ratio Intersection Points Versus High Shear Viscosity
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Figure 4.14., Temperature Effect on Film Thickness, Magie 0il #500 »
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therefore increases its viscosity. As the temperature is increased from 95°F to
105°F, the intersection point moves from about 1.1 to 0.95. In fact if the data
from Fig. 4.10, 4.15, and 4.16 are plotted together as shown in Fig. U4.17, the
motion of the point of intersection with viscosity is clearly illustrated. The
film thickness is uplifted with increasing temperaturé and the intersection point
is moved toward lower values of speed ratio. The increased viscosity is fespoh-
sible for a larger film thickness at the higher M/A ratios but it'haé little

effect at the lower wvalues.

STEIN-HALL ADHESIVE 17% Solids

6_.
Applicator Roll Speed
| o 200 fpm
K x 300
E o 400
w4 A 500
W
Z 8
I A ___o——
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! ! I ! ! | 1 1 | 1
0] 0.4 0.8 1.2 1.6 2.0
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Figure 4.15. Stein-Hall Adhesive (17% Solids): Film Thickness Versus
Speed Ratio at 95°F
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STEIN - HALL ADHESIVE 17% Solids
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Figure 4.16. Stein~Hall Adhesive (17% Solids): Film Thickness Versus
Speed Ratioc at 105°F
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Figure 4.17. Temperature Effect: Stein-Hall Adhesive (17% Solids)

Finally, a similar phenomensa is observed in Fig. 4.18 which shows the
effect of temperature on the 26% solids Stein-Hall adhesive. With increasing
temperature and therefore viscosities, the uplifted portion of the curve moves
toward the origin. The uplifting of the speed lines cause the intersection point

and is highly correlated with the fluid viscosity.

hA.l.h Gap Spacing

Logically, the gap spacing between the rolls is expected to exert a
large influence on the film thickness. The following results demonstrate that
although the variations in film thickness with gap spacing are sizable, they are

quite predictable and well behaved.

»”
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Figure 4.18. Temperature Effect: Stein-Hall Adhesive (26% Solids)

In Fig. 4.19, 4.20, 4.21, and 4.22, the increases in film thickness

_ with gap spacing are uniform whether the data is plotted on a speed or speed ratio
basis. Also, the percentage increase in the film thickness for a specific gap
increment is not strongly dependent upon the fluid. In general, the highgr vis-
cosity fluids tend to yield a slightly larger percentage increase in film thick-
ness. The relationship between the gap spacing and film thickness is almost con-
stant and linear as shown in Fig. 4.23. This result suggests that the gap spacing
is a suitable control variable for making modifications in the film thickness.

Also, the repeatibility of the data is demonstrated in Fig. L4.23.

4.1.5 Depth of Roll Submersion

Another parameter that was believed to exert some influence on the

film thickness is the depth of roll submersion into the fluid. The results
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Figure 4.19. Gap Between Rolls: Water
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Figure 4.20. Gap Between Rolls: Stein-Hall Adhesive (20% Solids)
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POLYBUTENE No. 6
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Figure 4.21. Gap Between Rolls: Polybutene #6
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Figure 4.22. Gap Between Rolls: Polybutene #8
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are shown in Fig. 4.2L4, 4.25, and 4.26 for water, Magie 0il, and Polybutene #6.
For water (Fig. 4.24), the film thicknesses for the 1.0 and 1.5 inch depths

are almost identical. However, when the'depth is lowered to 0.5 inch, there

is a small increase in film thickness. This last result is somewhat surprising
since the opposite trend would be expécted. The film thicknesses for Magie o0il
in Fig. 4.25 appear to be'only slightly affected by depth changes and it is dif-
‘ficult to analyze the differences since the error bands are of the same order of
magnitude as the differences. In Fig. 4.26 for Polybutene #6, there is a dramatic
change ip'film thickness. At high speeds, the film thickness drops substantially
for the 1.0-inch depth implying that the roll contact time with the fluid ih the
tray is reduced to a point where a sméller amount of fluid is picked up. Since.

less fluid is forced into the nip, the film thickness decreases.

4,2 ANALYTICAL RESULTS

The basic equation for the film thickness on the applicator roll is

derived in Section 2 and Equation (2.23) is restated here for convenience.
L -t/t1 L
Ga = (1 - um/ua) hm/2 + 3 (1 + um/ua) h e (4.1)

The equation consists of steady state and developing flow contributions, and the
exponent of the time dependent contribution is expressed in terms of the shearing
time, t, and the time constant, 1:. No attempt was made to use this equation for .
modeling the experimental data because the gap spacing, gm, and the shearing
time, 1, are unknown functions of the system parameters and fluid properties.

However, the model qualitatively predicts the tendencies seen in experimental

data.
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Figure 4.25. Depth of Submersion: Magie 0il #500
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Figure 4.26. Depth of Submersion: Polybutene #6

Two experimental observations are essential to the discussion of some

portions of the analytical model. They are:

1) The importance of the pressure distribution to the analytical model
has been demonstrated in Section 2.0. ZEarly in the experimental
program it was realized that the pressure under the rolls has a

significant influence on the adhesive film thickness. Therefore,

a small flattened tube was placed into the nip area from below the

rolls. The probe was attqphg@;tg‘gfgtatic,pressure manometer -

and produced the data shown in Fig. 4.27. The higher speeds
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" create much larger pressures in the nip. Since a simple
Bernoulli relationship indicates the pressure should increase
with the square of velocity, the results are expected. The
pressure drops rapidly with increasing M/A ratio becaﬁse more
fluid is removed frém the pick-up roll before being forced into
the nip. It was not possible to collect data closer than
3/8 of an inch from the nip because the probe was too large.
Since the separation point and the point of maximum pressure are
located much closer to the nip, an improved means of obtaining

pressure measurements is required and is part of the continuing

research effort.

STATIC PRESSURE
Machine Oil, h,=.015"
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- ; g —10
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Figure L.27. Static Pressure Measurements in the Nip
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The point where the fluid separates from the metering roll (see
Fig. 4.28) moves either above or below the nip depending upon
the operating conditions and the fluid properties. At low M/A
ratios, the separation point is usually above the nip. As the
M/A ratio. increases, the point of separation is pulled into the
nip. This tendency was confirmed by visual observations in
this project and also a phétographic investigation by Nikkel (;g).
In Nikkel's photographs, the thickness of the film is dependent
upon the point of separation. The film thickness decreases as
the separation point approaches the nip from above. After passing
through and separating inside the nip, the film thickness in-
creasés again. The minimum film thickness seems to occur when

the film separates exactly at the nip.

metering
roll
applicator ‘ .
rol} ~__nip location
' Xseparation

A\

 Figure 4.28. - Fluid Separation from Metering Roll
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The analyical results are presented by analyzing the relative importance
of each term in Equation (L4.1). The steady-state contribution is basically a
linear relationship between the film thickness and speed ratio. In Fig. 4.29a,
the three solid lines represent the steady-state contribution to a typical starch
adhesive plot of film thickness versus speed ratio. The inability of this term
to model the complete speed ratio plot is clearly seen asrthe film thicknesses
become negative at a speed ratio greater than 1.0. The'differences in the levels
of Curves A, B, and C must come from the gquantity Qm’ which is spacing between
thé rolls at the point of maximum pressure. Each curve represents a constant
speed line with A being the largest value. If the fluid separates from the
metering roll below the nip, the point of maximum pressure moves closer to the
nip as the speed; are incregsed. For this case, the gap between the rolls gm
would become smaller and the levels of Curves A and C would be opposite of the

experimental data.

Fortunately, the second observation which is the movement of.the point
of separation through the nip accounts for the proper tendencies in the steady-
state term of the analytical model. At speed ratios less than unity, the fluid
separates from the metering roll above the nip. A portion of the fluid forced
through the nip forms a bubble of recirculation fluid as shown in Fig. 4.30. The
size of the bubble is dependent upon the pressure below the nip which supports it.
Since the pressures increase dramatically with speed, the size of the bubble
and location of the separation point above the nip increase accordingly. This
allows the film thickness to become slightly larger for increased speeds. The
differences in the vaiues of Qm‘for the cases when the fluid separates above or

below the nip illustrates the importance of Qm in the analytical model and the

need to accurately define the pressure distribution in the nip.
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RECIRCULATING FLUID

APPLICATOR
‘ROLL

METERING
ROLL

Figure 14.30. Recirculating Fluid Bubble

Additionally, the previous -discussion implies that the film thickness
for low values of M/A ratio is controlled by the dynamics of the applicator system
rather than by.the properties of the fluid. The second.term of Equation (4.1) is
generally insignificant’at thé low speed ratios because the fluid is sheared for
a relatively long period of time. The spacing between roils, hm’ is‘the only param-
eter in the first term of the equation that varies with machine speeds and can-.
create Qifferent levels of the speéd lines. The value of Qm is dependent upon the
pressure below the ﬁip. Since the pféssure is a function of the roll speed squared

and fluid density, the film thickness is controlled primarily by the system param-

eters. This result is demonstrated in all the experimental data where the fluids,
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all having epproximstely the same density but different viscosities, have nearly
equal film thicknesses at the low M/A ratios. When the viscosity of the adhesive
was modified by changing temperaﬁure as shown in Fig. 4.17, the changes in film

thickness occurred only at the higher M/A ratios. The curves were almost iden-~

tical at the lower values of speed ratio.

The second term of Equation (4.1) accounts for developing flow effects
and becomes important when the speed ratios and speeds are large enough to reduce
the shearing time to where the velocity profile is fuller than the linear relétion—
ship obtained for steady-state flow. The fuller profile creates a larger film on
the applicator roll. At high values of M/A ratio, the separation point moves
well within the nip where it becomes stationary because of the rapidly increase-
ing gap spacing. This stabilizes the exponential term and the value of gm. The

result is & uniform film thickness at high speed ratios (see Fig. L4.29b). The

tendency is observed experimentally for all the fluids.

At high M/A ratios, the different levels of speed lines are associated
with the fluid éeparating and reaching a maximum pressure at various locations
within the nip. Higher speeds create larger pressures and force the points of
maximum pressure and separation closer to the nip. This phenomenon: .is .confirmed
by the pressure data in Fig. 4.27. Moving the maximum pressure closer to the nip
reduces gm and therefore reduces the film thickness. Since this occurs with in-

creasing speed, the tendencies of the experimental data at high speed ratios

are analytically predicted (see Fig. 4.29v).

At the high speed ratios where the developing flow term dominates the
film thickness calculations, the depth of the film is dependent upon both system
pafameters and the fluid properties. This occurs because the exponential term

~— is dependent upon the time that the fluid is sheared and tﬁé'fiuidhrésﬁon;e-far
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that shearing action, i.e., viscosity. The effect of changing the fluid viscosity

was clearly seen in Fig. 4.17. While the system parameters remain constant, the

level of the film thickness increases with increasing viscosity.

The two terms in Equation (L.1) aﬁpear to represent the limiting cases
for low and high values of speed ratio. The change from one to the other creates
an intersection point similar to that seen in the experimental data (see Fig. 4.29c).
The controlling mechaniéms for the high and :low values-of M/A ratio are different.
Before the intersection point of the speed lines, the film thickness is independent
of the fluid properties.. As the deVeloping flow term begins' to become significant,
the speed lines intersect. Since the fluid proﬁerties affect the developing flow .
contribution and not -the first term of the equation, they control the point where
the speed lines interéect. The gxperimental data indicates that the fluid high
shear viscosity has a significant influence on the second term of Equation (k.1)
and therefore controls the intersection point. Again this is clearly seen in

Fig. 4.17.

The analytical model also suggests that a change of gap spacing between
the roll has only secondary effects on the intersection point. The gap change
equally affects both terms of the equation and‘produces curves with the same
shape and uniformly increased values of film thickness. This tendency is shown
in the experimental data (see Fig. L4.19, 4.20, 4.21, and 4.22). The 'secondary

effects are seen at high values of gap spacings (Fig. 4.21 and 4, 22).

As a final illustration, it is assumed that the time constant in
Equation (4.1) is inversely related to the fluid high shear viscosity and the
effect of different levels of viscosity is: shown in Fig. 4.31. The curves.closely

resemble the plots of experimental data. Increasing the viscosity causes the
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second term of the equation to dominate at a lower M/A ratio and the intersection
point decreases accordingly. The actual values of the film thickness and the
functional relationship of the time constant with fluid viscosity can be deter-
mined from the point of maximum pressure and the point where the fluid separates

from the metering roll. These were‘not measured in this part of the project but

will be obtained in the second portion of the‘study.
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5.0 SUMMARY AND CONCLUSIONS

While describing the fundamental mechanics of the adhesive applicator

system, two significant results were discovered. The first discovery was a M/A

speed ratio for which the adhesive film thickness on the applicator roll is un-

changed at different operating conditions. The importance of this phenomena in
controlling the amount of adhesive placed on the flute tips is obvious. Addition-
ally, a correlation between the desired M/A ratio and the high shear viscosity of
the fluid was discovered. The speed ratio was found to be inversely related to
the fluid viscosity. As a result of these findings, several implications of

industrial importance can be drawn:

1) There is an optimum M/A speed ratio at which the glue machine should
be set. Currently, industriallunits operate at speed ratios tpat range from 0.33
to 1.0 and are specified by the manufacturer. The correct setting could be ob-
tained by modifying the formulation of the starch adhesive (i.e., the high shear
viscosity) to match the manufacturers setting or by mechanically adjusting the
gpplicator speed ratio to match the starch adhesive.

2) For both methods of adjusting the desired speed ratio, the high shear
viscosity of the fluid must be known. A Stein-Hall cup viscometer measures only
the low shear viscosity. The high shear viscosity of the fluid can be substantially
different from the low shear value. The industrial use of an expensive laboratory
device such as the Hercules viscometer is prohibitive. However, a simple capillary
tube Viscometer in which the adhesive is forced under pressure through a small
tube may be a practical alternative. The flow rate through the capillary tube
for a given pressure differential is directly related to the high shear viscosity.

The device is simple, rugged and therefore more suitable than the Hercules for

industrial conditions. _ . . _ . oo

L}
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3) If the speed ratio settings are variable and the high shear viscos-
ity of the adhesive can be determined, then the control of the adhesive film.
thickness is predictable. Once the M/A ratio is set to obtain a constant film
thickness, the actual thickness can be controlled by varying the gap spacing
between the rolls. In”Section 4. L, it was concluded that changes in the gap
spacing had oﬁly minor effects on the intersection point while the magnitude of
the film thickness changed uniformly with the gap spacing.
4) The predictability described in the previous paragrdph allows
other aspects of the applicator system to be studied. If the film thickness on
the applicator roll can be controlled for various operating conditiohs, then the
transfer of adhesive to the flute tips is open for analysis. The CID group is
currently investigating starch consumption and its relation to the transfer of
the adhesive to the flute tips. The proposed research objectives of this contin-

uing project are also in this area.

The second important finding of the research effort contradicts tra-
ditional beliefs coﬁcérning the rheology of starch adhesiVeé. The non-Newtonian .
behavior of the starch adhesive was traditionally used to explain the unpredict—
ability of the adhesive film thickneés. The experimental and analytical results
presented here indicate that much of this variation is caused by the dynamics
of the system and magnitude of the high shear viscosity. In fact, at the high
shear rates experienced in the :nip, the starch adhesives behave very much like

the Newtonian fluids.

Additionally, the analytical model simulates the basic metering process
of the system very well and it provides other valuable insights into the fluid dy-
namics of the glue machine. The principle addition that made it possible to model

the nip flow was the inclusion of developing flow considerations to the analysis.
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However, two parameters still need to be determined before the model cén predict
the film thicknesses for any particular fluid. The parameters are the point at
which the fluid reaches its maximum pressure and the point where it separates
from the metering roll. Both are probably related to fluid properties as well as
the applicator system variables. One objective of the next phase of this program
involves the determination of the fluid pressure distribution in the nip. The

separation point and point of maximum pressure will be obtained from this distri-

bution.

In conclusion, several other points of interest were found and while
they are not as dramatic as those Just mentioned, they do provide valuable in-

formation concerning the operation of the applicator system.

1) The effect of changing the gap between rolls should not be under-
estimated. Although a change from 10 to 12 mils seems like a minor adjustment,
it is a variation of 20% énd cofresponds to a 20% change in the film thickness.
This also illustrates the sensitivity of the two réll applicatorAsystem to mis- 4

alignments and out-of-roundness of the rolls.

2) The results of Section 4.5 indicate that the depth of roll sub-
mersion can have significant effect on the film thickness, particularly when
the fluid level is low. Generally, this is not a problem in industry but it

can be easily neglected when modifications are made to an applicator system.
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APPENDIX A
SOLUTION FOR THE VELOCITY PROFILE

The governing partial differential equation was given by Equation (2.2) -

a8
, , ,
g—‘;= y LU (A.1)
Syz'

u=u y=20
u=u t=0
a

To simplify the analysis, the following variable changes are made

- ug-u
U= (A.3)
a m ‘
¥y = v/ (A.4)
- _tv
-t = -l-l—z— (A'S)
With these changes the governing equation and boundary conditions become
- 2=
.2 . , (4.6)
0t  oy?
and
u=0" y=0
u=1 y=1 (A.7)

£
]
o
|
]
o
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The problem is nonhomogeneous in the second boundary condition but can
be converted to a homogeneous one by use of a partial solution. The common
technique is to assume that the final solution consists of a steady state and

transient term.

ﬁ(&a_{) = ﬁ(&) + v(iat) (A-B)
The steady-state solution must satisfy
32 -~ -
—U(y) =0 (A.9)
3y?
which can be easily integrated
U(y) = Coy + C1 (A.10)
The boundary conditions are
u(o) = 0
_ (A.11)
U(1) =1
and the constants of integration become
Cog=1
- (A.12)
Ci =0
The steady-state solution is simply
Uy) =¥ (A.13)

The transient solution can be expressed as

7(7,8) = 33,8 - 1) (8.14)

0
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Substituting Equation (A.1k4) into Equation (A.6) yields .

—y =~ = N2T(= T
oV (y.8) _8%7(y.¥) (4.15)

3t dy

The boundary and initial conditions for the transient solution are:
¥(1,8) = 0 ' (A.16)

The problem now has homogeneous boundary conditions and can be solvéd using

separation of variables.

Let the solution V(y,E) be expressed as a product of separate functions

of i.andli, i.e.,
F(F.5) = Y(H(E) o (A.17)

Since the substitution of Equation (A.17) into Equation (A.15) allows the equa-
tion to be separated so that one side is a function only of i_while the other is

only a function of i, both sides can be set equal to an arbitrary constant, A2,

2y(y) Y(¥) = ﬂ;—;—L/T(E‘) = -A\? - (A.18)
ay? ot /

The partial differential equation is separated into two ordinary differential

equations.
2y (2 '
W) 4 x2y(F) = 0 (A.19)
oy
. _i__laT_t + A2P(E) = 0 ‘ (A.20)

ot -
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The solutions for the equations are respectively )
Y(y) = A sin Ay + B cos Ay (A.21)

and

42
T(t) = e ATt

(A.22)"
The combined solution for V(y,t) is

V(y,t) = ¥(y)T(E) = e_kZE (A sin Ay + B cos Ay) (A.23)

The first of boundary Conditions (A.16) is

—-— — - 2—
T(0,E) =0 =e M ¥ (#A sin A0 + B cos A0) (A.2h)
or
,m , .
Be ATt 0 ‘ (A.25)
Since t is arbitrary, B must be zero.
The next boundary condition is
o A2
V(1,t) = Ae sin' A =0 (A.26)

Since t is again arbitrary and A = 0 is a trivial solution, the boundary condition

must be satisfied by

sin A =0 (A.27)
The zeros of the sin A are determined from
A= nT n=0,1, 2 ..... (A.28)
and the solution can be written as

V(y.,% v - -n?w2t
- V(y,t) %J”ZJ,An,sinwn Tyoe b

n=0

- - - " (A.29)




Fourdrinier: Kraft Board Group
of 'The ‘American Paper Institute Page 75
Project 2696-17 Report One-

For n = 0, the first term of the series is zero and can be dropped.

T el 2.2 . .
778 = [ A sinnnye™ " k (A.30)
n=1

The initial condition and orthogonality are used to determine the constants én

o
V(y,0) = -y = } An sin n Ty (A.31)
n=1
o]
-y sinm my = } A sinn Ty sin m Ty (A.32)
n=1
1- -3 1, - - =
- 6 ¥y sin m Tydy = A 6 sin n Ty sin m mydy (A.33)
n=1
1 = ¥ e
- Tgm)2 Sinm My + = cos m Ty ‘o =1/2 A (A.34)
_ 2 cos mm
A, = (A.35)
The transient solution is
TG =2 E cos n M sin n ﬂi,e—nzﬂzﬁ (A.36)
Y 7T= n - ¢

n=1

and the complete solution can be written

- = - 2
u(y,t) = y + ;‘n

cos n T sin n Ty e—n2ﬂ25

1 n

(A.37)

Nne~38

Transforming the variables according to Equations (A.3), (A.4), and (A.5) yields

2(u, um) ? cos n T sin n Ty/h

T n
n=1

u(y,t) = u, - (uEL + um) vy/h -

2.2

e vt (A.38)
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”
or

_ 2 m (-1)® sin n my/h
u(y,t) =u, = (ug +w ) y/b - +uw) nzl RE—

~(mm/m)® (4.39)

1)
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APPENDIX B

STARCH ADHESIVE FORMULATION

NO-CARRIER ADHESIVE
(20% Solids)

All Pearl Starch

1 Tank Mix

water .

Heat to 135°

Add
Add
Add
Mix
Add
Add
Add
Add

Mix

starch

sodium borate (10 mol)

sodium hydroxide solution (50%)
20 minutes “
water

sodium borate (10 mol)

starch

sodium borate (20 mol)

20 minutes

Viscosity 30-40 seconds @ 100°F

Gel

Point 145°F

Page TT
Report -One
10.22 liters - 10.22. liters
2.20 1o 2.20 1b
"13.6 ¢

157.2 5/0.157 ml

" 15.52 liters
1 86.2 g
12.8 1b
68 g
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STEIN-HALL ADHESIVE
(17.6% Solids) -

Primary
1. Add water . 5.806 liters 18.54%
2. Add starch 1.93 1b 13.68%
3. Add caustic/water 160.4 g/1.052 2.5%/3.364%

Heat to 135-140°F and caustic solution to increase temperature
to 180°F; hold 15 minutes

4., Add water 3.157 liters 10.08% R
Secondary
1. Add water 18.934 liters 60.46%
2. Add bentonite® 99.42 g 1.55%
3. Add sodium borate® 87.87 g 1.37%
4. Add starch l12.21 1b 86.32%
5. Add water — after )
dropping Primary 1.790 liters : T7.56%

a . . . '
Caustic, bentonite, and sodium borate based on the weight of dry starch. L
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STEIN-HALL ADHESIVE.
(20% Solids) ™

Top Mixer
Primary
Add water - 5.520 liters
' Add starch - : TR ot 2 1b

‘Increase temperaturé ‘to 100°F-120°F
Add sodium hydroxide solution =~ 199 g/1.0 liters
‘Increase temperature to 180°F and hold 15 minutes

Add water 3.0 liters

" Bottom Mixer

Secondary
Add water ' ‘ 18.0 liters .
Add bentonite 123.5 g .. .,
'Add sodium borste (10 mol) 108.9 g -+ .
Add starch 15.15 1b

Add primary slowly — about 30 -minutes - .
Add water 2.25 liters

Mix 30 minutes
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STEIN-HALL ‘ADHESIVE
(26.0% Solids)

Primary
1. Add water 5.246 liters 18.54% ¢
2. Add starch 2.85 1b V‘@~13,68%
3. Add caustic/water 235.9 g/0.950 ml 2.5%/3.36%

Heat to 135-140°F; add caustic solutions; increase temperature
to 180°F;’hold for 15 minutes ‘

h. Add water ] 2.852 liters ~ 10.08%
Secondary

1. Add water : . 17.108 liters 60.46%

2. Add bentonite 146.2 ¢ ‘ 1.55%

'3. Add sodium borate 129.3 g 1.37%

4. Add starch 17.95 1b 86.32%

5. Add water after ' '

dropping primary 2.139 liters . T.56%

Caustic, bentonite, sodium borate based on weight of dry starch.




RGNy

5 0602 01056247 ¢ )

!' IPST HASELTON LiBRaRY
t
i
|




