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The Institute of P
aper S

cience and Technology is a unique organization w
hose charitable, educational, and

scientific purpose evolves from
 the singular relationship betw

een the Institute and the pulp and paper industry
w

hich has existed since 1929. The purpose of the Institute is fulfilled through three m
issions, w

hich are:

* 
to provide high quality students w

ith a m
ultidisciplinary graduate educational experience w

hich is of the
highest standard of excellence recognized by the national academ

ic com
m

unity and w
hich enables them

 to
perform

 to their m
axim

um
 potential in a society w

ith a technological base; and

* 
to sustain an international position of leadership in dynam

ic scientific research w
hich is participated in by

both students and faculty and w
hich is focused on areas of significance to the pulp and paper industry; and

* 
to contribute to the econom

ic and technical w
ell-being of the nation through innovative educational,

inform
ational, and technical services.
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The Institute of P
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cience and Technology is accredited by the C
om

m
ission on C

olleges of the S
outhern

A
ssociation of C

olleges and S
chools to aw

ard the M
aster of S

cience and D
octor of P

hilosophy degrees.
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The Institute of P
aper S

cience and Technology (IPST) has provided a high standard of professional service
and has put forth its best efforts w

ithin the tim
e and funds available for this project. The inform

ation and
conclusions are advisory and are intended only for internal use by any com

pany w
ho m

ay receive this report.
E

ach com
pany m

ust decide for itself the best approach to solving any problem
s it m

ay have and how
, or

w
hether, this reported inform

ation should be considered in its approach.

IPST does not recom
m

end particular products, procedures, m
aterials, or service. These are included only in

the interest of com
pleteness w

ithin a laboratory context and budgetary constraint. A
ctual products, procedures,

m
aterials, and services used m

ay differ and are peculiar to the operations of each com
pany.

In no event shall IP
S

T or its em
ployees and agents have any obligation or liability for dam

ages including, but
not lim

ited to, consequential dam
ages arising out of or in connection w

ith any com
pany's use of or inability to

use the reported inform
ation. IP

S
T provides no w

arranty or guaranty of results.

The Institute of P
aper S

cience and Technology assures equal opportunity to all qualified persons w
ithout

regard to race, color, religion, sex, national origin, age, handicap, m
arital status, or V

ietnam
 era veterans status

in the adm
ission to, participation in, treatm

ent of, or em
ploym

ent in the program
s and activities w

hich the
Institute operates.
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Project Title:
Project Staff:
Budget (FY93-94):
Reporting Period:
Division:
Project Code:
Project No.

FUNDAMENTALS OF DRYING
David Orloff
$207,000
March 1993 - March 1994
Engineering and Paper Materials
DRYING
3470

w

OBJECTIVE

To develop an understanding and a database for commercialization of advanced water removal systems,
based on high intensity drying principles. This new technology will reduce capital costs, increase machine
productivity, reduce the amount of energy used, and improve properties.

GOAL

To commercialize the impulse drying process by 1998.



SUMMARY

Over the past year we have focused on mechanical design issues as well as process issues.

Key accomplishments for the reporting period include:

"Union Camp, Beloit and the Institute have agreed, "in principle", to jointly
commercialize impulse drying for board grades.

"Experiments on Beloits' batch-pilot extended-nip shoe press confirmed the
conditions under which multi-ply/recycle containing linerboard could be
successfully impulse dried and printed. Sheet sticking problems were resolved by
insuring the smoothness of the surface of the press roll.

°A numerical model of a proposed controlled-crown impulse drying press roll was
initiated in order to explore design parameters that optimize energy utilization and
to predict stress within the impulse drying press roll.

°A high speed test stand, to document the long term durability of impulse drying
press roll coatings, has been designed. The hydraulics and controls of the Institutes'
impulse drying simulator have been improved to allow better control of press pulse
shape.



SUMMARY (CONTINUED)

"Student work is being completed, to determine the interdependency of the
"thermal mass" of the heated press roll surface and press impulse on impulse
drying performance.

O Student work to measure heat and mass transfer to a sheet during steam box
operation has begun with the design and construction of an apparatus that can
operate at speeds of 2500 feet per minute.

"Student work to investigate ways of opening the operating window of impulse
drying have begun with the design of an apparatus to determine the effect of nip
opening pressure on flash evaporation and sheet delamination.



DISCUSSION OF KEY RESULTS

Commercialization Of Impulse Drying For Board Grades

Agreement is being finalized.

A proposal to DOE is in preparation.

Batch-Pilot Extended-Nip Shoe Press Experiments At the Beloit Corporation

Sheet Sticking:: Previously observed high temperature sheet sticking was due to
excessive press roll surface roughness.

Press Roll Surface Strength: The IPST "C" roll coating was susceptible to chipping
under shear, while the Beloit "A" roll did not chip.

Critical Impulse Drying Temperature: Critical impulse drying temperature was
confirmed to depend on the hydrodynamic specific surface of the heated layer of
the sheet and was higher for the "low thermal mass" IPST "C" press roll than for
the "higher thermal mass" Beloit "A" press roll. Felt choice influenced critical
temperature.



DISCUSSION OF KEY RESULTS

Batch-Pilot Extended-Nip Shoe Press Experiments At the Beloit Corporation

Press Dryness: Press dryness decreased when the hydrodynamic specific surface
of the sheet increased. Impulse dried dryness was generally higher than that
achieved by double-felted pressing. The Beloit "A" roll yielded higher press
dryness than the IPST "C" roll, even though it was generally operated at lower
temperature.

STFI Compression Strength: The Geometric mean STFI compression strength of
impulse dried sheets were consistently higher than that obtained by double-felted
pressing. No substantial strength difference was observed comparing sheets
impulse dried with the Beloit "A" roll to those dried using the IPST "C" press roll.

Sheet Surface Roughness: Impulse dried samples were smoother than single-felted
pressed samples, which were smoother than double-felted pressed samples.

Printability: Selected samples were printed on a commercial flexographic printing
press and evaluated for print quality. Double felted pressed sheets tended to have
the worst mottle, while the mottle exhibited by impulse dried sheets was equal to or
less than that exhibited by single felted pressed sheets.



DISCUSSION OF KEY RESULTS

A Numerical Model Of A Proposed Controlled-Crown Impulse Drying Press Roll

The long term durability of press roll surfaces requires study. Hence, an analytical
modeling effort was initiated that will eventually lead to the prediction of stress
and temperature as a function of position and time in the various layers of a
commercial impulse drying press roll.

As a first step, a closed form model of lubrication and heat transfer at the boundary
between the internal hydrostatic shoe and the inside of the roll shell was
undertaken. The objective of the analysis was to predict pressure and temperature
distributions at this interface. Once accomplished, these distributions will act as
boundary conditions to a finite element model of the varied layer press roll. An
additional objective of the lubrication and heat transfer models was to provide
design assistance to Beloit.



DISCUSSION OF KEY RESULTS

Design Of A High Speed Press Roll Durability Test Stand

Through an EPRI grant IPST has designed a modification to the existing pilot
impulse dryer to allow it to function as a press roll durability test stand. The design
calls for removing the second nip and installing the induction heater on the first nip
in place of the infrared heater. With some additional drive changes, this will allow
test stand to operate at speeds of 2500 fpm.

DOE will fund the construction, instrumentation and operation of the durability test
stand. Three test coatings will be tested at the same time.The coated roll will be
heated, by induction, to 250°C, will be driven at 2500 fpm and will be loaded
against a wet felt acting as a heat sink. The roll surface will be continuously
monitored by infrared thermography to detect the onset of surface flaws in the
coating and surface strain will be measured using three dimensional speckle
interferometry. Experimental surface strains will be compared to the predictions of
the finite element model.



DISCUSSION OF KEY RESULTS

Interdependency Of "Thermal Mass" And Press Impulse

Laboratory experiments were conducted to determine the interdependency of the
"thermal mass" of the heated press roll surface and press impulse on impulse
drying performance. Process conditions were chosen that were similar to the
conditions used for the Beloit batch-pilot extended-nip shoe press experiments,
providing laboratory confirmation of the results. The IPST "C" surface coating and
an alternate coating IPST "A" were used as well as a mild steel surface for contrast,
all platens having surface thermocouples mounted to record surface energy
transfer. Each surface coating was tested at a constant dwell time of 40 ms and
pressures of 6000, 7500, and 9000 pli using extra sheets of furnishes

CDo
5 ~ ~FD5 (100% OCC @ 450 ml CSF) and FD6 (740 virgin Kraft top ply with 50/50

blend of virgin Kraft and OCC bottom ply), left over from the pilot trials.

"Thermal mass" values for each coating type

Temperature IPST "A" IPST "C" Mild Steel

(2C)
100 3260 1973 7211
200 3619 2050 7729
300 3949 2084 8178
400 4633 2091 8624



DISCUSSION OF KEY RESULTS

Interdependency Of "Thermal Mass" And Press Impulse

Critical impulse drying temperatures were substantially higher for FD6 sheets having hydodynamic specific
surface of 1.3 m 2 /g than for FD5 sheets having hydodynamic specific surface of 10.5 m 2 /g. Use of platens
with lower "Thermal Mass" resulted in higher critical temperatures. For the FD6 sheets, increased press
loading increases critical temperature until a maximum is reached at about 8000 pli.
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DISCUSSION OF KEY RESULTS

Interdependency Of "Thermal Mass" And Press Impulse

Limited outgoing solids data suggests that even though the IPST "C" roll operated at higher temperature than
the IPST "A" surface, outgoing solids were higher for the IPST "A' case than the IPST "C" case. For the
IPST "A" surface, outgoing solids was highest at the highest press load of 9000 pli, while the IPST "C"
surface yielded maximum outgoing solids at about 8000 pli.
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DISCUSSION OF KEY RESULTS

Interdependency Of "Thermal Mass" And Press Impulse

The IPST "C" roll surface is relatively independent of press load, while the IPST "S" roll surface is highly
dependent on press load. Unfortunately, we do not have sufficient energy data for the IPST "A" surface to
show its press load dependency. It is interesting to note the similar sheet impulse dried at the same impulse
but with different press roll surfaces delaminated at different amounts of energy transfer. This suggests that
we examine differences in the permeability of the heated layer of sheets to explain this dissimilarity. At the
time of this writing, we have initiated these measurements.
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DISCUSSION OF KEY RESULTS

Interdependency Of "Thermal Mass" And Press Impulse

The ratio of water removed to energy transferred during impulse drying is plotted, as a function of press
load, in the figure below. The data confirms, that the IPST "C" roll surface results in more water removal for
a given abount of energy transfer to the sheet.
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DISCUSSION OF KEY RESULTS

Heat And Mass Transfer To A Sheet During Steam Box Operation

Impulse drying performance is maximized when the sheet has been preheated as close to 100°C as possible.
To ensure optimum performance of impulse drying, as well as conventional pressing, steam boxes may be
used to preheat paper webs. Published heat and mass transfer correlations, allowing the accurate sizing of
steam boxes, is scarce. There are disagreements as to the relative benefits of various commercial designs and
operating conditions. There is no data to predict steam box performance as a function of sheet
structure/permeability.

Two student projects have been initiated to develop instrumentation to measure temperature and moisture
profiles, through sheets traversing under pilot steam boxes at commercial speeds. The apparatus to accelerate
and decelerate an instrumented paper web under an instrumented pilot steam box has been constructed as
shown below. Sled

Steom Box

Steam Box Comporator

Broke Mechonism

Propulsion/Drive
Mechanism

The IPST Steam Box Comparator - "Rocket Sled"

_n



DISCUSSION OF KEY RESULTS

The Effect Of Nip Opening Pressure On Flash Evaporation And Sheet Delamination.

We believe that sheet delamination occurs when sub-cooled water (at high pressure and at temperature above
the ambient boiling point), in the sheet flashes to vapor when the nip opens to ambient pressure. To
rigorously test this hypothesis, a student project has been initiated to impulse dry sheets at "ambient"
pressures well above atmospheric pressure. A schematic of the experimental apparatus is shown below.

!(~ !|~~ ~SIDE VIEW - Center Cut

'__h__ll |||_________-1| II' Mounting Plote/Rod;otor

____|________________________ t w cood n ot s1 hos

AD.4.~~~~~~~ ^ "|' ^ qPressure Cylinder Cop

o _r p 4i n... I

P, ,fat. td _ -l--i ~ Pressure P;ston

rtrcte*<Llcogwctor I '~I i I
'~i

An Apparatus To Determine The Effect Of Ambient Pressure On Sheet Delamination



GOALS FOR FY: 1994-1995

The Institute will complete the formation of the agreement to commercialize impulse drying. Once formed,
and funded by DOE, the Institutes dues' funded impulse drying work will concentrate aspects which will
expand the usefulness of impulse drying technology to grades outside the scope of the commercialization
agreement.

Work planned for FY'94-95 will focus on these major objectives.

Complete the numerical model of a proposed controlled-crown impulse drying
press roll to explore design parameters that optimize energy utilization and to
predict stress and temperature within the impulse drying press roll during typical

~l-'<^ ~~operation.

Construct and use the high speed test stand to document the long term durability of
impulse drying press roll coatings.

Complete student work to determine the interdependency of the "thermal mass" of
the heated press roll surface and press impulse on impulse drying performance.

Complete student work to measure heat and mass transfer to a sheet during steam
box operation.

Complete student work to investigate ways of opening the operating window of
impulse drying.
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ORGANIZATION OF
PRESENTATION

* Studies of Coat-Weight Nonuniformities
r' (Wet Streaks)

* A Superior Short-Dwell Blade Coater

* Computational Fluid Dynamic Analysis of
Coating and Other Papermaking Processes
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N
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(1) 
Increasing the shear viscosity of the liquid enhances
interfacial instability and consequently air entrainm
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(2) 
T

he phase speed of the w
aves at the interface agree

w
ith experim
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Short-T
erm

 R
esearch 

Plans

1. 
D

ynam
ic C

ontact L
ine

A
 fundam

ental study of the interaction of the coating fluid
com

ing into contact w
ith a m

oving surface at velocities of up
to 2000 m

/m
in. 

T
he extensional stress levels experienced by

the coating fluid in the neighborhood of the dynam
ic contact

line.

2. 
A

ir E
ntrainm

ent

M
echanism

 of air entrainm
ent at high-speed

E
ffects of air entrainm

ent on surface properties

H
ow

 w
ould the theological characteristics of the fluid

influence air entrainm
ent into the system

 from
 the contact

line.

3. 
R

heological C
haracterization

Identify the key rheological characteristics of coating colors
w

hich can explain the problem
 w

ith runnability of certain
form

ulations.

D
evise a m

odel or theory that can provide a prediction of the
theological data to coater perform

ance.

E
stablish a consistent rheological constitutive m

odel for use
in com

putational analysis and optim
ization.
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Up Lin Lgap q= U, x o K p COM-
MENIS

2UpLin/3 surf.tens viscosity viscosity density

Run m/s in m I/s/m m/s kg/s2 kg/(m s) kg/(m s) kg/m 3

C1 3.0 0.0025 50 10-6 5.00 20.0 0.05 0.05 1.00 0.01 1200 0.65 <-- S

C2 30.0 S

C3 40.0 S

C11 5.0 0.0025 50 10-6 8.33 20.0 0.05 0.05 1.00 0.01 1200 0.65 S

C12 8.0 13.33 S

C13 12.0 20.0 S

C14 16.0 26.67 A

C15 20.0 33.33 <-- A

INPUT PARAMETERS FOR THE SIMULATION OF NON-NEWTONIAN FLOW (Carreau Model)

TABLE 1.

A, Attached Flow
S, Separated Flow

w
o



Ub Lin Lgap qq Uw x o K P n COM-
MENTS

pumped surf.tens viscosity viscosity density

Run m/s m m Ils/m I/s/m m/s kg/s2 kg/(m s) kg/(n s) kg/in 3

NB51 5.0 0.0025 50 10-6 0.0 6.25 30.0 0.05 0.05 1.00 0.01 1200 0.65 S

NB52 5.0 2.5 8.75 S

NB53 5.0 5.0 11.25 S

NB54 10.0 0.0 12.50 S

NB55 10.0 5.0 17.50 <-- A

NB61 5.0 0.0025 50 10-6 5.0 11.25 40.0 0.05 0.05 1.00 0.01 1200 0.65 S

NB62 10.0 5.0 17.50 A

NB63 15.0 5.0 23.75 A

INPUT PARAMETERS FOR THE SIMULATION OF NON-NEWTONIAN FLOW (Carreau Model)

TABLE 2.

A, Attached Flow
S, Separated Flow

w
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1. 
D

evelop a new
 high-speed coating system

 to provide
acceptable coat-w

eight uniform
ities in both

m
acroscopic and m

icroscopic scales at m
achine

speeds up to 2400 m
/m

in w
ith a broad spectrum

 of
coating form

ulations.

2. 
A

ssist in the developm
ent of an im

proved short-dw
ell coater

to allow
 a w

ide operating w
indow

 in term
s of coating

form
ulations.

3. 
D

evelop on-line instrum
entation for theological

characterization and control of coating colors.
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Progress Report
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Research Advisory Committee

on Project 3730

Air/Sheet Interactions
by

Cyrus K. Aidun
Associate Professor

Institute of Paper Science and Technology
A privately funded non-profit graduate university
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mounts to
pneumatic press

Sensotec load cell

Hastings
mass flow
meter \

rIJ

pressure
trnsducer

Aluminum target
_2 for eddy current

7/ detection

- Fixed eddy current
sensor for thickness
measurement

- O-ring

lower head
(stationary)

Exhaust to
atmosphere

Air flow apparatus for measurements in ceramic paper.

. .



3.5-mil plastic
with
0.67-inch hole

These two layers .
are bonded together
by silicon sealant. \

wCAi
LU

Bronze wire with silicon
sealant around outer edge

Paper machine forming
fabric (fine plastic mesh)
with silicon sealant
around outer edge

0.4-mil plastic with
0.67-inch hole

i Ceramic paper sample

Bottom assembly is
a mirror image of the
top assembly

Sample assembly for air flow measurements.



I
ttp6)

Effective fiber diameter as a function of shot content and fiber diameter.



Inertial coefficient as a function of shot content and fiber diameter.
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Porosity Definitions

Term Definition
Total porosity, E Volume fraction of pore

space, or 1 - volume
fraction of solid matrix

Effective flow porosity, Eeff Volume fraction of pore
space open to flow

Relative flow porosity, erel Ratio of pore space open to
flow to total pore space:
__rel = £eff/£

Extrafiber porosity, Eo Volume fraction of pore
space between swollen
fibers, or 1 - volume
fraction of swollen fibers
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Direction of flow

Unit cell of a fibrous medium used in the analysis of Kyan et al.
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0.6-

' 0 0.40
o 0.65 cc/g

§ <^1.0 cc/g

I 0.2

*0^ ^ ^ ^^ ^ ^ 1 .8 c c /g

0.5 0.6 0.7 0.8 0.9
Porosity

Relative porosity results based on a combination of Kyan's model and extrafiber
porosity analysis. Unhydrated fiber corresponds to (a = 0.65 cc/g.
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Use of Specific Volume Data

1 -oc
£

1 -oaps(1 -E)
£

oa = specific volume, cc/g fiber
* c = fiber concentration, g/cc
* p = density of pure solid, g/cc

Crel £
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Mounted plate to accept load
from Carver press

Transparent
plastic cube

Optical path
to camera or VCR

Compressed paper
disk with lateral flow
of dyed fluid

Plastic pressing block with mirror for optical access to a compressed sheet.

Metallic
mirror
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Flow direction - >

Tube wall /

Distortion of a flat dye-water boundary moving in a flow with a parabolic velocity
profile. Some of the dye advances faster than the average flow velocity.

I _



Total porosity

6 8 10 12 14
Dye zone diameter, cm

Relative porosity versus dye diameter in bleached
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Dye zone diameter, cm

Relative porosity results in saturated blotter
diameter injected into
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paper as a function of dye zone
the sheet.
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Radial geometry of fibrous mat with dye injection flow.
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Computed breakthrough curves for P = 10.
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Computed breakthrough curves for P = 100.
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