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February 13, 1997

TO: MEMBERS OF THE PAPERMAKING PROJECT ADVISORY COMMITTEE

Attached for your review are the Status Reports for the projects to be discussed at the
Papermaking Project Advisory Committee meeting The Program Review is scheduled
for Tuesday, March 25, 1997, at 8'00 a.m. to 12'00 p.m. and the PAC Committee
Meeting will meet from 1:00 p.m. to 5'00 p.m.

Please note that the meeting is being held at the Institute of Paper Science and
Technology.

We look forward to seeing you at this time.

Sincerely, .,, / ......,_

David I. Orloff, Ph.D.

Professor of Engineering & Director
Engineering and Paper Materials Division
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PROJECT TITLE: Fundamemals of Headbox and Forming Hydrodynamics

PROJECT CODE: FORM

PRO.CT NUMBER: F005

DIVISION: Engineering and Paper Materials Division

PROJECT STAFF: Cyrus Aidun, Principal Investigator

Xiao-Liang (Shawn) Ye and Paul McKay, Assistant Engineers

PROJECT BUDGET: $171,900 (FY 96-97)

OBJECTIVES

The objectives of this project are to'

(1) gain a understanding of the paper and board forming processes,

(2) develop novel methods for analysis and control of paper forming, and

(3) develop more effective headbox design and paper forming procedures.

SCOPE OF THE PROJECT

Based on the Headbox & Paper Forming questionnaires, the top three issues of importance are

i. CD nonuniformities (basis-weight, streaks, fiber orientation, moisture, filler and fines
distribution...)

ii. Enhance CD properties (stiffness), ring-crash, STFI, ...

iii. Underst_d and improve formation (fiber dispersion in the headbox and on the
forming wire, ...)

the long-term issue of importance is'

iv. Design an optimized headbox and forming section
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TASKS FOR July 1995 to June 1997

1. Fix the IPST paper machine for high-speed flow visualization studies of the flow in the
headbox and the jet/wire interaction (complete);

2. Design a generic headbox (Gl) for the IPST pilot paper machine (complete);

3. Construct a computational model of the generic headbox (complete);

4. Install a narrow section of a commercial headbox (G2) in the CE Hydraulics Lab for laser
doppler velocity and turbulence measurements (complete, Laser Doppler Anemometer
system has been installed, measurements are in progress);

5. Fabricate and install the G1 headbox on the IPST machine (complete, a new pump, partly
donated/purchased for this machine has been installed);

6. Examine the effects of tube geometry, forming jet angle, rush/drag and jet/wire interaction,
and other adjustable features (in progress) on small-scale (order of 1 inch) basis-weight
nonuniformities, fiber orientation nonuniformities, and CD strength properties in the forming
section by using computational analysis and the following experimental tools (in progress):
a. G1 headbox using Laser Doppler Anemometer (in progress);
b. G2 headbox using Laser Doppler Anemometer (in progress);
c. G1 headbox using computational and image analysis (in progress);

7. Use a pilot machine to examine the effects of adjustable parameters to the headbox on
formation, fiber orientation nonuniformities, and CD strength properties of the sheet
(in progress, the tube section has been redesigned with our current swirl-generating
concept. The pilot trials will start in March);

8. Analyze the effects of turbulent flow in the headbox and the forming section on fiber
dispersion/flocculation/distribution and, subsequently, on paper formation (in progress as a
Ph.D. project by Chang Shin Park);

9. Prepare a set of guidelines for achieving good fiber orientation (we will expect completion by
the Spring PAC meeting.)
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TIMETABLE FOR THE TASKS FOR 1995-1997

(starting from July 1995)

Jan. 1997

I
I

Months: 1 3 6 9 121 15 18 21 24
I

Tasks I

1 +...... + (complete)
2 +..... + (complete)
3 +.................. + (complete)
4 +....... + (complete)
5 +......... +(complete)
6a +................................................ + (inprogress)
6b +.......................................... + (inprogress)
6c +................................................ + (inprogress)
7 +.................

8 +............................................................... (in progress)
9 +--..........+

GOALS FOR THE LAST PERIOD

The major goal for the last period was to complete the experimental setup with the new G1
headbox, to install an LDA system on the machine, and to make detailed measurements of the
flow characteristics inside the headbox, at the forming jet, and on the wire.

SUMMARY OF RECENT RESULTS

Immediately applicable results:

1. Methods to quantify and compare the results from high-speed digital imaging and
image analysis of various forming sections have been developed. These methods can
be used as diagnostic tools for the characterization of forming section streaks.
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Progress during the last six months toward goals:

2. A flow loop has been constructed for measuring the pressure drop across individual
tubes as a function of the flow rate. This flow loop is. also being used to evaluate the
new tubes with spiral fins that are under development using water.

3. The Laser Doppler Anemometer (LDA) measurements of the streamwise velocity
component through the new tubes are complete. These measurements provide the
streamwise velocity profile of the flow and the effect of swirl on the streamwise flow
characteristics. These measurements need to be repeated with the upgraded LDA
system to measure the azimuthal velocity component as a function of the spiral fin
pitch and flow rate (Swirl number).

4. Computational prediction of the streamwise velocity component of the flow in
individual robes has been completed, and the results show good agreement with the
LDA measurements.

5. Preliminary LDA measurements of the velocity profile in the converging zone of the
G1 headbox have been completed (Xulong Fu, MS project). These measurements
need to be repeated at higher flow rates with the upgraded LDA system to measure
the secondary velocity field in the headbox.

6. The LDA system for the G2 headbox has been installed. Most of the measurements
with and without the sheets (vanes) inside the headbox have been completed.

7. Actual tubes with spiral fins have been designed and fabricated (with great difficulty)
for pilot trials in March.

8. A flow loop for evaluation of swirl-generating tubes with fiber suspension has been
constructed and the tubes have been tested for plugging potential. More than two
hours of testing have not shown any sign of plugging. A 1% fiber concentration
(consistency) has been used for these experiments with a flow rate of 26 gpm.
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VELOCITY PROFILE MEASUREMENTS FOR INDIVIDUAL TUBES

As a preliminary evaluation of the new tubes designed with interior spiral fins, we measure the
axial velocity profile at several locations downstream from the outlet of the tubes. Five swirl
tubes have been tested using a flow loop specially built for these measurements. A Laser
Doppler Anemometry (LDA) system has been used to measure the velocity profile.

An LDA system with one velocity component has been used to measure the fluid flow velocity
profile. This system measures the velocity of suspended particles in the liquid, which pass
through the intersection point of two laser beams. The backscattered light is interfered with a
reference beam, and the doppler signal from the LDA optical system is sent by optical fiber to a
photodetector and converted to an electronic analog signal, result'rog in a doppler burst. The
analog signal is connected to the digitizer input of a processor. Once the signal is digitized, the
Doppler Signal Processor (DSP) board performs Doppler Fast Fourier Tr_sform (DFFT) for
each doppler burst and calculates the doppler frequency and the fluid velocity.

To accurately position the beam intersection point, we use three micrometers to translate the
beam in each direction.

The schematic of the experimental setup is shown in Fig. 1. The flow loop consists of two 107-
gal supply tanks and one 60-gal rectangular tank to receive the jet from the tube, one adjustable
speed Moyno pump for the supply line, a centrifugal pump for the return line, a highly accurate
(< 0.02%) magnetic flow meter for flow rate measurements, and an accurate (< 0.25%) fluid
pressure transducer and digital indicator assembled on clear PVC pipeline near the inlet of the
tube.

A number of difference tubes have been investigated with the LDA system. The conventional
step diffuser tubes are the regular 12 mm and 9 mm commercial tubes with 12 mm and 9 mm
inlet diameter with a step change to a larger diameter section. The new tubes have spiral fins
inside the tube to generate controlled axial vorticity in the jet. Tubes A, B, and C are the largest,
middle, and smallest pitch swirl tubes, respectively. The general configuration is shown below.

Fluid inlet.
inside d=l 1 mm,

I

II % ! ! _ I
j_l I I I I j I I
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Tube C' is the modified version of tube C with shorter swirl section and aluminum insert, as
shown below.

Aluminum
·_--'---_---',,,_ ,,...../_[ ``_;2_._d_;_?:.._!_._._;.2!_;J:_J?._?.._i_._?j.¢.._i;_;_2_._i?_.Ji_.ji?'2._ij_.....:i_"i'_i_'_ insert,inside

i _ ! I f I
[/ ,,, / , / [! d:ll mm,
F_(/__-,. ',,' ¢ 'I?$ii_._`......:_ii_!_i_i_$I._..._i_..._._i_?_i_.$_?._i_T..._`......_i!_i_!__'

.......................... ]ii!_l[----

Tube C" is the modified tube C with shorter swirl section and without aluminum insert, as shown
below.

-,',--,_-- _'F--_r[ Id

/, /_ / _ /I.

[ _ / ', [ I / [" :20 mm
I ' I t I

I ' I t I-I

[___L_'__U'__2,,'4,

Tubes A, B, C, C', and C" have been made with the fast prototyping method at the Advanced
Manufacturing Center at Georgia Tech using stereolith0graphy. The surfaces of these tubes are,
therefore, rough and not suitable for fiber suspension flows. We use these tubes only with water
to make the pressure and LDA measurements. A different set of tubes has also been designed
and fabricated using injection molding methods. These tubes have very smooth interior surfaces
and are well-suited for fiber suspension experiments. There are two sets of these tubes, which
we refer to as A70 and A40. A schematic diagram of these tubes is given below.

- . ;, ,,, ,, [4/_ t_ _ ,,_.,
! I I I t _ i _ I

I I i I III I t I 1 I
I I I I I I _ I
I I I I ! I I _ I

_11__. I I I I__/ _ / _ / _i........ _._;_ _ _Y_

Current headboxes have a transition region from circular cross section to rectangular cross
section at the outlet. In some headboxes, this transition is with a section shown below. In our
G1 headbox, this transition section, made of Brass tubes, is placed in a removable section of the
tube bank.

Square Circleinlet.

outlet --'- /with inside d=l 6
33minx_a _/ mm,
33 mm

102mm
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Several setups have been used in the experiments. Setup A is the Swirl tube + brass robe + clear
square tube, as shown below.

SETUP A: pressure sensor

/: /,, ?, ir_x_ ( fluid inletclear tube Brass tube t I t ! I Il! PVC clear pipe _ '

swirl tube

Setup B is the Swirl tube + clear square tube, as shown here.

SETUP B:
pressure sensor

fluid inlet/

I,Itt _ ,f _ tt _, / C clear pipe _ '
clear tube

t L_ ,_/ ,/ ¢ I.

/

swirl tube

A clear acrylic square tube, as shown below, placed at the outlet of Setups A and B is used for
the LDA measurement area.

Circleoutlet, Z
d =25 mm

_//' '"'_\_ i -Y- < _. Flow direction
I! }/

let cross section (34 mm x 34 mm)/ 1

235 mm -_ at position x=0 mm
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Some definitions are provided below:

Cross section section perpendicular to the center line of the clear tube
u x componentof themeanvelocity
w z componentof the meanvelocity
v y componentof themeanvelocity

45 degree position swirl fins are positioned as "x"
90 degree position swirl fins are positioned as "+"

RESULTS

As shown in Setup A, to have a robe configuration comparable to a commercial headbox tube
assembly, we connect the outlet of the swirl tube with a standard brass tube, then connect the
outlet of the brass tube with a transparent acrylic square tube, which is specially designed for
LDA measurements. We measure the pressure drop through all of the tubes as the flow rate
varies from 10 to 24 gpm. The initial swirl tube is made by Stereolithography (SLA) using
liquid photopolymer material to form a solid three-dimensional part. This material becomes soft
and slightly deformable when in contact with water for more than 30 minutes. Therefore, we
limit each experiment to less than 30 minutes.

Based on Setup A, most velocity measurements are performed at the cross-sectional surface near
the outlet of the brass tube. To measure the mean velocity at a point, we average at least three
measurements of the mean velocity with a good signal. Each mean velocity is an average of
several thousand instantaneous doppler bursts.

Measurements of the x component (i.e., streamwise) profile velocity profile, u, for Tube A along
the z axis at the center of the outlet (i.e., y=0) are presented in Fig. 2. These include 45- and 90
degree alignments. The accuracy of the LDA measurements of the mean velocity profile is about
2-7% when the magnitude of velocity is near one. From the measurements, the average velocity
in the tube is 0.966 m/s compared to 0.927 m/s calculated average velocity over the cross-
sectional area of the tube at 16 gpm (i.e., V=Q/A). The results show that the alignment of the
tube from 45 and 90 degrees does not have a significant impact on the results. This is primarily
due to the symmetry of the swirl fins. Based on this observation, we use a 45 degree robe
alignment in all of the following measurements. For practical reasons, it is important to have an
axial symmetric flow of the jet leaving the tubes, although the structure of the fins inside the tube
is not axisymmetric. If the flow is axisymmetric, then the angular orientation of the fins is not an
issue during installation.
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Figures 3-4 show the axial velocity profile of Tube B along y and z axes at 45-degree tube
orientation. The flow rates considered in these measurements are 14, 16, and 18 gpm with
respective mean velocities (fluxes) over the tube cross section of 0.811, 0.9268, and 1.0427 m/s.

During experiments with Tube C, it was observed that the spiral fin section need not be too long.
We, therefore, modified the design of Tube C to C' and C," as mentioned above. The
streamwise velocity profiles for Tube C" at 16 and 18 gpm are shown in Fig. 5.

The streamwise velocity components shown in Figures 3 to 5 indicate a much larger velocity at
the centerline of the tube immediately at the outlet. However, in less than 40 mm from the outlet
of the tube, the velocity profile becomes almost flat. If the swirl number (the ratio of the angular
to the axial momentum) becomes too large, a deficit in velocity profile appears around the
centerline of the jet. This velocity deficit is directly related to the swirl number and could
become negative in extreme cases. The fact that the swirl number can control the velocity profile
in this manner is an interesting feature of this system.

We have also tried to measure the z and y components of the velocity profile along the same
positions. However, the data were not accurate enough because of the low signal bust rate and
inaccuracies due to the high repeated measurements. The primary reason for this is the limited
capability of our original LDA system. During the last two months, we have upgraded our LDA
system to a frequency domain system. The new system is much more accurate and can be used
to measure small values of velocity. We are currently evaluating the accuracy of this system
against one of the best LDA systems at Georgia Tech.

With Setup B, we directly connect the swirl tube to the clear acrylic square tube. We can then
directly measure the velocity profile at the outlet of the swirl tube. All of the following
measurements are based on the 45-degree alignment of the swirl tubes.

We have measured the axial velocity profile, u, for the Sections along the x axis at a fixed flow
rate of 16 gpm. The calculated averaged u velocities of the clear acrylic square section and swirl
tube outlet section are 0.8995 and 4.516 m/s for a 16 gpm flow rate.

The streamwise velocity profiles for Tube B at cross sections x=3 to 53 mm from the outlet plane
are given in Fig. 6. The velocities are measured along the z axis at y=0. Near the tube outlet, the
velocity at the center is much larger than the surrounding regions. However, the velocity profile
becomes flat at a short distance downstream from the tube outlet.

The axial velocity (x axis) profiles for Tube B at the A-A cross section (x=3 mm from swirl tube
outlet), section B-B (x=13 mm), and section C-C (x=23 mm) are provided in Fig. 7-9. On each
sectional plane, the measurements are taken at y=0 (center) to y=14.7 (close to the wall) along
the z axis.
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The streamwise velocity profile for tube C' (modified tube C with shorter swirl section and
aluminum insert) is given in Fig. 10. This tube generates a similar profile to the Tube B velocity
profile.

We have measured the z component of velocity, w, for Setup B. The results are presented in
Fig. 11-12. The first figure is the velocity profile along the z axis near the wall at y=l 6 mm for
the sections A-A (x=3 mm) and B-B (x=l 3 mm). The averaged standard deviation (related to the
turbulent Reynolds stress, Iw'w'l,where Iolis an ensemble average of o and w'=w-lwl)is about
40% at section A-A and 70% at section B-B. This component of the Reynolds stress is much
larger than the streamwise component, which is normally around 20-30% (i.e., Iw'w'l 21u'u'l).

We have also measured w along the y axis. The results, as presented in Fig. 12, show that the z
component of velocity gradually increases from the center to a maximum value near the edge
followed by a rapid drop to zero at the wall.

SUMMARY OF RESULTS AND CONCLUSIONS

The velocity profile measurements show an interesting behavior near the outlet of the tube.
Because the flow has axial swirl, there is a pressure gradient in the radial direction reducing the
pressure at the center of the jet. Depending on the swirl number, that is the ratio of the angular to
axial momentum of the jet, the pressure at the center can become small enough to create flow
reversal. The swirl number in our tubes is always less than the critical value for this transition.
The spiral fins at the center have a circular opening with a 4-mm diameter. Therefore, the
velocity through the central core of the tube is generally larger than the surrounding regions.
This counter-balances the adverse pressure gradient caused by the swirl. At a few millimeters
from the outlet of the tube, the axial velocity profile becomes flat, and, in some cases, a velocity
deficit appears at the central region. At the central core of the tube, a counterrotating flow is
created due to the curvature of the spiral fins.

We have recently enhanced our single component LDA system with the addition of a Bragg Cell
frequency shifter. With the enhanced system, we are able to measure small velocities in a flow
field with unknown flow directions. The system is now very sensitive, allowing measurement of
large and small mean flows at the same time.

Without frequency shift, the fringe pattern in the measurement probe is stationary. A particle
crossing the beam generates a doppler signal, FD. With dual beam frequency shifting, one beam
is shifted at a higher frequency, FH, while the other beam is shifted at a lower frequency, FL.
This causes the optical fringes in the measurement probe to move in a direction from FH shifted
beam to the FL shifted beam at a frequency equal to the difference of the two frequencies Fshift,

where Fshift -' FH - FL. Thus, a particle passing through this probe and moving against the fringe
movement generates a signal with an output frequency Fmeasured = Fshia+ FD.
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The Particle's moving direction is defined as positive in the output of the processor. It means
that positive direction in the flow field is defined as the direction of lower frequency-shifted
beam toward higher frequency-shifted beam. The flow velocity Vreal is calculated by

Vreal - FD * Ds = (Fmeasured - Fshift) * Ds

where D s is the fringe separation distance.
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Figure 1. Flow Loop
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Date: February 14, 1997

Project Title' Fundamentals of Coating Systems

Principal Investigator' C. Aidun

Project No.' F003
M.S. students: 3

Ph.D. students' 3

OBJECTIVES

Objectives of this project are to

1. investigate the cause and origin of coat weight nonuniformifies reported in high-speed
blade coating of paper and board,

2. explore novel coating systems for application of a more uniform coat weight profile at
higher machine speeds,

3. develop methods for analysis of suspension dynamics and rheology of coating
suspensions under high-shear regions in blade coating processes

SCOPE

The focus of the project during the last period has been on:

1. experimental trials of the original vortex-free coater at IPST;
2. preparation for pilot trials for the second version of the vortex-free coater; and
3. evaluation of the computational methods for analysis of suspensions in coating systems and

interaction of the coating with the substrate.

EXPERIMENTAL TRIALS WITH THE ORIGINAL VORTEX'FREE
COATER

There has been great difficulties in removing vibrations from the experimental setup for
quantitative evaluation and visualization of coating systems. This setup has been designed
to measure the coating thickness profile on the roll, measure the flow rate and the pond
pressure. Ph.D. candidate, Charles Hen is working on this part of the project. The
accomplishments during the last period in this area are:

· A dynamic coating thickness measurementsystem using a Laser Scan Micrometer has
been designed and built. This system has been used successfully to detect coating
thickness variation on-line due to changes in the operating parameters.

· An image reflection box has been fabricated and installed inside the roll. This allows
high-speed digital imaging of the flow inside the pond of the coater as viewed from
inside the roll capturing the details of the dynamic contact line and the pond
hydrodynamic.
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· A screw-jack system and a blade fine-adjustment system have been designed,
manufactured, and installed. These systems are used to more precisely adjust overflow
baffle gap as well as blade position to avoid structural nonuniformity.

· A flush-ended pressure transducer has been installed inside the pond of the coater. We
are now able to relate the coating pond pressure measurement with the occurrences of
hydrodynamic instabilities and air entrainment.

· Preliminary experiments have been conducted to find the critical parameters for air
entrainment, effect of air entrainment on coating thickness variation, and mechanisms to
avoid air entrainment.

· During preliminary experiments, the effects of roll speed, supply flow rate, and blade
load on air entrainment have also been evaluated.

· In both water tests and PVA test, it was found there were a stagnation point near blade
tip and air bubble circulation in the coating pond of this newly designed coater head.
However, unlike the situations in short-dwell coater, the formed air bubble circulation
can be eliminated by changing operation parameters, i.e., increasing supply flow rate.

Some experiments with water have been completed to verify proper operation of the
instrumentation. Experiments with PVA, simulating the viscosity of coating liquid, is in
progress. The results will be reported at the PAC meeting.

SUMMARY OF RESULTS:

Development of the Vortex-Free Coater-

The original vortex-free coater, examined and explained in the previous progress reports are being
examined with our coating visualization facility at IPST. The high flow rate originally believed to
be an impediment to commercial application may not be as serious as previously indicated. In fact,
if the surplus flow not entering the blade tip is allowed to re-enter through the enti'mace region of
the vortex-free coater, the net flow rate will be as small as current pond application coaters.
Therefore, we believe that the original design remains viable for commercialization. Experimental
trials at IPST show a su'ong correlation between the pressure inside the pond and the critical ak
entrainment speed. Incl'easing the flow rate or the blade load will prevent air entrainment. These
results support the idea behind the second version of the Vortex-Free coater where the application
region is pressurized with an air layer.

During the last period, a patent application has been submitted on behalf of IPST for the second
version of the vortex-free coater. A schematic of this coater is presented in Fig. 1. This coater is a
modified version of the earlier design. The modification is such that an air layer exists between the
coating liquid and the lower solid boundary where the air layer serves as a carder fluid. This
arrangement will allow the pressure inside the channel to be increased above ambient pressure, if
necessary, in order to prevent air entrainment at the dynamic contact line near the oveffiow baffle.
However, the system may also operate at ambient pressure if air entrainment is not an issue. The
revised vortex-free coater and computational simulation of the flow have been presented
previously.
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Substrate--- U .... >
I III

coating

Figure 1. Schematic of the new Vmxex-Free Coater.

PLAN FOR THE NEXT PERIOD

· We will continue the experimental flow visualization of the coating systems to gain
understanding of air entrainment in high speed pond application systems.

· The second version of the Vortex-Free coater requires further development to the pilot
scale. We will continue to work with Beloit to conduct pilot trial studies of this coater.

· Our computational method for analysis of coating suspensions at high shear based on
solution of the discrete Boltzmann equation has been verified by comparisons with
known solutions and experimental data, as presented in Aidun, et al., 1997. The
cun'ent limitations of this and any other numerical method is the exceedingly small
lattice or grid size required for resolution of the forces between two particles when the
particles get very close to one another. We are working with a new graduate student in
the Mathematics Department at Georgia Tech. who has recently joined our group to
work on a project to resolve this issue. Professor Shi Jin of the Mathematics
Department is also involved with this project.

· We are continuing plans for simultaneous high-speed digital imaging of the base sheet
forming, calendering and coating processes. A serious problem in coated grades for
color printing is due to nonuniform base sheet :formation followed by nonuniform
densification in the calendering process and subsequent fiber swelling after the coating
stage. The source of this problem, we believe is in the forming process. We are
planning to further explore

Reference

Aidun, C.K., Y. Lu and E-J. Ding, "Dynamic Simulation of Solid particles Suspended in Fluid," Proc.
bTternational Symposium on Liquid-Solid Flows, FED/ASME, June 22-26, 1997.
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TECHNIC_ PROGRAM REVIEW

Project Title: FUNDAMENTALS OF WEB HEATING

Project Code: STMBOX

Project Number: F002

Division- Engineering and Paper Materials

project Staff: Timothy Patterson, Isa_ Rudman, Jon Iwamasa

Project Budget: $133,100

1.0 Project Status Report

1.1 Program Objective

This project is an outgrowth of work done under project F001. In that work, the
Steambox Comparator, a unique apparatus for evaluating various web heating strategies
was constructed. Preliminary experiments showed that the Steambox Comparator was a
viable experimental device. At the time no comprehensive experiments were performed.
The experimental methods for utilizing the device were partially developed. Prior to the
October 1995 PAC meeting, the Papermaking PAC recommended that work on the
fundamentals of web heating be undertaken as a separate project. The objective of this
project, as approved by the Papermaking PAC, is

To develop a quantkative understanding of the processes occUnSng during
web preheating and during pressing of heated webs. Such an understanding
will make possible the optimum use of web preheating for both production
increases and product quality increases.

The project currently has two main areas of focus:
1. Web Preheating.
2. Pressing of Heated Webs.

The first area is an investigation of the fundamental mechanisms governing steam heating
of a moving paper web. The second is an investigation into water removal and sheet
properties which result from pressing preheated webs. The reason for the dual approach
is that while web preheating improves water removal it can result in changes to the web
properties, changes which may or may not be desirable. If web preheating is to be
employed, it is necessary to know both how to preheat and the results of pressing a
preheated web. These two areas of study are being pursued simultaneously.
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1.2 Summary of Results

This report covers the results from one set of steambox comparator experiments, the
results from two sets of MTS pressing experiments, a review on web heating and wet
pressing literature, and a summary of in progress steambox comparator and infrared
heating experiments. The steambox comparator experiments demonstrated the
experimental validity of the equipment and apparatus used, provided data on steam
penetration into the sheet, and provided rough estimates of the thermal conductivity of the
wet webs used. There is no other literature which presents data on the depth of steam
penetration during steambox operation. The MTS experhuents specifically addressed the
effects of temperature and moisture profile on water removal and strength development
during wet pressing. The results indicated that both factors effect water removal and wet
pressing and that the effects can change as the solids level increases. The literature
review covered research from 1954 to the present and utilized over 170 resources.

1.3 Details of Program Objectives

A number of intermediate goals have been formulated as a means of fulfilling the
objectives of this project. These goals have changed slightly since the project's inception.
The current intermediate goals are:

1. Compile a summary of all available published and unpublished data, results, etc.
pertaining to the use of web heating devices with particular attention to steamboxes.
The intent is to differentiate between experimentally proven characteristics of steambox
use and beliefs that can not be backed up with data. This information will then be
compiled and used both as a guide to the research as well as an information resource.
Literature search and write up: October 1996 - March 19962

2. Develop a comprehensive model of the steam web preheating process. This model will
account for the conduction, convection, diffusion, and condensation processes which
occur during steam heating. The model requires the solution of several coupled partial
differential equations which describe these processes. Write a computer program
implementing the model using finite difference techniques.
Literature search and model selection: October 1995 - March 19961

Investigation of implementation method and initiation of implementation: March 1996
- October 1996 s

Completion of implementation and comparison with experiment: October 1996-
March 1997 s.

3. Perform a series of steambox comparator experiments which:
a. Verify that the current operating procedures produce reliable and accurate
results.

I st $teambox Comparator experiments: March 1996- October 19962
b. Provide data for use in verifying the analytical model.



ProjectF002 35 StatusReport

IstSteambox Comparator experiments: March 1996- October 19962
2"dSteambox Comparator experiments: October 1996- March 19973

c. Provide data which enhances the understanding of the fundamental
mechanisms governing steam heating and addresses the any discrepancies
identified in item 1.

]st Steambox Comparator experiments.' March 1996- October 19962
2"dSteambox Comparator experiments.' October 1996- March 19973

4. Perform a series of pressing experiments which:
a. Provide data which enhances the understanding of the ftmdament_

mechanisms governing heated web pressing.
Literature search on pressing models: October 1995 - March 19961
jst Mrs experiments: March 1996- October 19962
2 nd Mrs experiments: October 1996- March 19972

b. Address any discrepancies identified in item 1.

1. Description in PAC Report March 1996
2. Description in PAC Report March 1997.
3. Not included in PAC Report March 1997, but work completed by March 1997.

1.4 Summary of Previous Work: October 1995 - March 1996

The period October 1995 - March 1996 was the first period where any
experimental/theoretical work was performed on this project. At the Fall 1995 PAC
meeting, a number of immediate research objectives were stated:

1. Determine if there is a correlation between specific surface and sheet
heating.

2. Identify major factors influencing the effectiveness of vacuum in steam
heating - Steambox Comparator Tests (MS Thesis)

3. Investigate applicability of existing heat and mass transfer models to
web heating.

4. Determine relative importance of boundary layer in steam heating -
Steambox Comparator Tests.

5. Use the MTS one-dimensional press to determine: If there is a
correlation between specific surface, sheet temperature, and web
dewatering. If there is a correlation between specific surface, sheet
temperature and S TFI.

The plan was to attempt to complete these objectives by March 1996. In an effort to
produce a more coordinated research effort, the priority of these tasks was rearranged.
Priority was given to identifying an appropriate mathematical model for the steaming
problem. Placing a priority on developing a quantitative method also provided a
framework from which to decide the most appropriate experimental approach. These
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objectives were incorporated into the intermediate goals described in section 1.2. The
work performed towards accomplishing each of the objectives is summarized below.

Objective 1'
The experiments performed in the period March 1995 - October 1996 were designed to
address this objective. The results are presented in this report.

Objective 2'
During the fall of 1995-96 academic year an IPST Masters student performed an
investigation to quantify several factors which could influence the effectiveness of
vacuum in heating. Extension of the vacuum box beyond the trailing edge of the
steambox and a limited exploration of vacuum box slot distribution was investigated.
The extension of the vacuum box proved to be effective in increasing the heating of the
sheet. The two vacuum box slot distributions did not produce different heating of the
sheet. The work was completed at the end of April and a summary of this work was
presented at the Fall 1996 PAC Meeting.

Objective 3'
An appropriate model was identified prior to the March 1996 PAC meeting. This model
is one dimensional and accounts for the conduction, convection, diffusion, and
condensation processes which occur in the sheet during steam heating. The model
requires the solution of several coupled partial differential equations which describe these
processes. The model is described in the March 1996 PAC Report. After the March PAC
meeting work was done to identify the best way to implement the model. This required a
search of numerical methods for solving coupled partial differential equations. An
implicit implementation of the Crank Nicholson method for hyperbolic finite difference
formulations of partial differential equations was chosen. Work on writing a computer
program to implement this method was begun and a preliminary version of the program
was completed prior to the Fall 1996 PAC meeting. Verification of the model and
comparison with experimental data should be completed by March 1997. A separate
Member Report will document this work.

Objective 4'
The investigation of steam jet impingement on the sheet was postponed to a later date.
This was an equally difficult problem and solving it would not lend as much insight into
the processes governing heating of the internal structure of the web.

Objective 5'
Two furnishes were chosen for both the web preheating and hot pressing experimental
portion of this project: a 100% OCC furnish and a 100% Virgin Kraft finnish. These



ProjectF002 37 StatusReport

represent extremes of what is used in linerboard production and were chosen to limit the
size of the experimental matrix. Quantities of both types of furnishes were obtained and
testing was done to characterize the furnishes. In the process of determining the water
permeability of various samples it was found that there was a need for improvement in
the permeability test method. The improvements were implemented and the OCC fimfish
tested at three solids levels. The work was presented at the March 1996 PAC.

A literature search on pressing models was conducted to determine if there was any
previous work which addressed the issues of concern in this project. At that time, no
simple and appropriate model was identified. A summary of _s work is provided in the
March 1996 PAC report.

1.5 Overview of Report

This report has eight additional sections, the project staff are indicated in italics'
Section 2. Analysis of Results from 1st Steambox Experiments: March

1996 - October 1996.

(TimothyPatterson, ,Ion Iwamasa)
Section 3. Summary of 2 nd Steambox Experiments' October 1996 - March

1997.

(Jon Iwamasa, Timothy Patterson)
Section 4. Analysis of Results from 2 nd MTS Heated Web Pressing

Experiments: October 1996- March 1997.
(Isaak Rudman, Timothy Patterson)

Section 5. GIT/IPST Seed Grant - Infrared Heater Investigation.
(Timothy Patterson, Jon Iwamasa)

Appendix A - Literature Survey of Web Heating and Pressing of Heated
Web Literature.

(Timothy Patterson, Jon Iwamasa)
Appendix B - Results from 1st MTS Heated Web Pressing Experiments:

March 1996 -October 1996.

(Isaak Rudman, Timothy Patterson)
Appendix C - Sample Preparation, Data from 1st Steambox Experiments.

(Jon Iwamasa, Timothy Patterson)
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2.0 1 st STEAMBOX COMPARATOR EXPERIMENTS March 1996 - October 1996

2.1 Introduction

Prior to the experiments described in this report, only a limited amount of non proprietary
experimental work was performed on the Steambox Comparator. The prior work
suggested some areas that influenced the effectiveness of steam heating (vacuum and
sheet solids) and also brought up several questions regarding the experimental set up.
The experiments performed during the period March 1996 - October 1996 were intended
to answer the questio_ about the experimental setup and provide more detailed data on
th e factors affecting steam heating.

The question about the steambox comparator setup involved two specific issues:
1. Funneling, which occurs when the volume of steam pulled through a given

area is greater than the volume of steam directly above this area. This results
in an actual steam mass flow rate higher than the measured steam mass flow
rate.

2. The effect of the layered sample construction on the heating of the sheet.
Previous work had shown that in the static case (stationary sample) there was
no effect, however there was no data on the dynamic case (moving sample).

These questions had to be addressed prior to the start of any fundamental investigation.

After addressing the above two questions a series of experiments were run to tin, her
investigate the factors affecting steam heating. Prior work and the desire to understand
optimum steambox placement in the press section motivated the selection of the variables
for this third portion of the experimental work. The variables selected were sheet ingoing
solids and vacuum level.

Thus, the experimental plan had four parts:
1. Sample preparation and characterization. (Appendix C. 1)
2. Determine if funneling occurs.
3. Determine if the sample layers affect the heatin g process.
4. Perform experiments with vacuum level and ingoing solids, similar to that

found before the 1st, 2nd and 3rd presses, as variables.

Sections 2.2, 2.3, and 2.4 provide the details of that work.



ProjectF002 39 StatusReport

2.2 1st STEAMBOX COMPARATOR EXPERIMENTS - FUNNELING

2.2.1 Introduction

Funneling occurs when the vacuum applied to lower surface of the felt is great enough
that the volume of steam pulled through the sample is greater than the volume of steam
which exists directly above the sample. Steam is pulled in from the area surrounding the
sample, to the top surface of the sample, and then into or through the sample. Funneling
is most likely to occur at high vacuum levels. This results in higher sheet temperatures
and a steam mass flow rate to the sample which is greater than the measured flow rate. If
fimneling did occur, it would tend to exaggerate the effectiveness of the given
steaming/sample setup. It would also make it difficult to accurately evaluate other factors
influencing the heating of the sheet. The objective of the work in this section was to
determine if fimneling could occur using the planned experimental conditions.

There had been no previous work to investigate the tim eling effect, the most effective
experimental setup was not known. There was a false start with the initial experimental
set up (Experimental Setup #1). The results are reported here because the results do
demonstrate the effect of air contamination of the steam. The second experimental setup
worked effectively and is the primary subject of this section.

2.2.2 Experimental Setup #1

The hypothesis was that funneling was the result of vacuum pulling steam from the area
surrounding the sample, to the area above the sample, and then into or through the
sample. Thus, the experimental setup consisted of two parts; the standard
steambox/vacuum box which could potentially allow for funneling (Fig. 2.1) and a setup
which was intended to prevent fimneling (Fig. 2.2). The space between the steambox and
vacuum box is greatly exaggerated in these figures.

The steambox used in this study has two CD sections of equal width, 14.9 cm (5.875 in).
The sample width was 10.2 cm (4 in). Flow to the sections is controlled by manual
valves. For the setup shown in Fig. 2.1 the valves to both sections were completely open,
allowing maximum flow to the entire width of the steambox. The sample passed directly
beneath the center of the steambox. For the setup shown in Fig. 2.2, one valve was
closed shutting off steam flow to that section, while the other valve was completely open.
In addition, some of the steam vents in the open portion were blocked with a piece of
aluminum angle backed on one leg by a high temperature gasket material. This reduced
the CD width of the steambox to 10.2 cm (4 in). The sample was centered beneath this
vent area during the test runs. In this setup, the only steam available to heat the sample,
was the steam directly above the sample.
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In both setups, the vacuum box was deckled so that vacuum was provided only to that
area directly beneath the sample. The maximum possible vacuum was used for both
setups. A control was provided by running no vacuum cases for both setups.

I steamboxIj_ steambox Iclose open i_,,,Ste m

[open iopen

Funneling_l_, ._,¢ ¢ _,<_,_ Steam 1_ _, air

Vacuum ...._' '_-" _ Sample Vacuum *q'_'x_-

Cn _l

vacuumbox vacuumbo ample

Figure 2.1 Full Width Figure 2.2 Half Width

Experimental Setup #1

The separation between the steambox and the vacuum box was approximately 2.5 cm (1
in) in both setups. This resulted in the steambox being approximately 1.9 cm (0.75 in)
above the sample. The steam mass flow rate was adjusted so both setups had
approximately the same flow rate per unit width of the steambox. The flow rate was
equivalent to 0.096 lb steam/lb fiber. The sample speed was 2000 fpm +50/- 150 fpm.
The solids content of all samples was 35%. The samples were prepared as described in
Appendix C. 1. All tests were run with the sample on top of a felt containing 16% water.
The felt was typical of that used on linerboard machines. The average experimental
conditions are shown in Table 2.1.

There were three "good" full vacuum and two "good" no vacuum runs with the full width
setup (Fig 2.1) and three "good" full vacuum and three "good" no vacuum runs with the
half width setup (Fig 2.2). A good mn was one in which at least the top 5 thermocouples
had readings which did not indicate a short and were physically reasonable, i.e.
temperatures between the ambient temperature and the steam temperature. An average
temperature profile for a given configuration was produced by averaging across the
samples, i.e., all the top thermocouple measurements were averaged, all the next lower
thermocouple measurements were averaged, etc.

Table 2.1 Average Experimental Condit!ons for Experiment Setup #1
Full Width Steam Box Half Width Steam Box

Vacuumlevel (vacuumbox) 0 in Hg 7.5 inHg 0 in Hg 7.5 in Hg
Widthofsteambox 11.5in 11.5in 4.0 in 4.0 in

Mass flow rate of steam 204 kg/hr 204 kg/hr 74 kg/hr 74 kg/hr
Mass flow rate of steam / w!dth 17.7 kg/hr in 17.7 kg/hr in 18.5 kg/hr in 18.5 kg/hr in
Lbs steam/lbs paper 0.093 0.093 1.000 1.000

Steamtemperature 113C 113C 113C 111C

Steampressure 14psi 14psi 13psi 13psi

SampleSpeed 2000fpm 2000f-pm 2000fpm 2000fpm



ProjectF002 41 StatusReport

If funneling occurred in the full vacuum case two things would be expected; the
temperature rise in the full width setup would require more energy than was available in

the steam directly above the sample and the full width setup would yield higher sample

temperatures than the half width setup. The energy required to produce the measured

sample temperatures was calculated as follows:

Ereq'd= Z(m:c:+mwCw)[(Ti._-T;)- T_,_,a_] (2.1)
layers

where

mI = mass of fiber in layer, g
mw = mass of water in layer, g

cl = heat capacity of cellulose, 1.33 J/(g °C) Chem. Eng. HB

c: = heat capacity of pine wood, 2.60 J/(g °C) Chem. Eng. HB
% = heat capacity of water, 4.19 J/(g °C)

T_+_= temperature top side of layer, °C

Ti = temperature bottom side of layer, °C

Ti,,iat= initial layer temperature, °C.

The two values of c: represent extremes of what is quoted in the literature. The energy
available was calculated as follows'

iws p,box1E_,_b_ = m_t_am [h:g'{- Cp-steam (Tsteam- Tsat)] (2.2)

Wvent J _ 'Wsample

where

msteam = mass flow rate of steam to steambox,
210 kg/hr (full width), 71 kg/_ (half width)

wv_,,t = CD width of vent area, 0.30 m (full width), 0.10 m (half width)

w_mp_,= width of sample, 0.10 m (half width)

vs,,,,p_= speed of sample, 600 m/min
lbo,_ = length of steam box, 0.30 m

h:g = heat of condensation, 2257 kJ/kg.

cp.ste_, = heat capacity of steam, 1.41 kJ/(kg °C)
T team = temperature of steam (after exiting steambox orifices), 111 °C

rsa t = saturation temperature of steam, 100 °C.

Table 2.2 shows, for the various test conditions, the energy available in the steam directly

above the sample, the energy required to produce the sample temperature profile which

existed at the steambox exit, the energy required to produce the greatest temperature rise

measured (typically this occurred slightly after exiting the steambox), and the energy

required as a percentage of the energy available. Temperature and energy values are

based on the average temperature response at each thermocouple position and the average

basis weight for each layer.

According to the hypothesis, fimneling occurs only when vacuum is applied to the

sample. Therefore, the two setups should yield similar results when vacuum is not used.
The test data for the no vacuum rtms shows a small difference between the two cases.
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Because of the limited number of runs made for the no vacuum case it is difficult to say if
the difference is significant. An argument that the difference is significant is that the

steam mass flow rate for the half width cases was slightly greater, yet the temperature rise
and energy required was less than for the full width case. Air contamination of the steam

would produce this result. Section 2.2.3 also presents results which would tend to

support the conclusion that the difference is significant.

Table 2.2 shows that the energy absorbed by the sample was never greater than the steam

energy available directly over the sample. This suggests that no tim eling occurred. It

also shows that the average energy for the half width, full vacuum case was less than the

average energy for the full width, full vacuum case. If, no fimneling occurred the lower

temperature and energy required values for the half width case could not be attributed to

that cause. The most likely alternative cause is that the steambox height above the

sample combined with the sample's close proximity to the edge of the steambox resulted

in air contaminating the steam. Such contamination would reduce the heat transport
capacity of the steam.

Table 2.2

Ener[[y Comparison Experimental Setup #1 - Steambox Exit
Test Condition Energy cf--1.33 cf--2.60

Available

Energy %of Energy %of
Req' d Avail. Req' d Avail.

Setup #1' Full Width, No Vacuum 1.302 kJ 0.130 kJ 9.9% 0.135 kJ 10.4%i

Setup #2' Half Width, No Vacuum i 1.396 kJ 0.106 kJ 7.6% 0.114 kJ 8.2%[

Setup #1' Full Width, Full Vacuum 1.302 kJ 0.378 kJ 29.0% ! 0.344 kJ 26.4%
Setup #2' Half Width, FullVacuum 1.396 kJ 0.189 kJ 13.5% 0.216 kJ 15.5%

Energy Comparison Experimental Setup #1 - Maximum Measured, Post Steambox Exit
Test Condition Energy cfl.33 Cf=2.60

Available

Energy %of Energy %of
Req'd Ava!l. Req'd Avail.

Setup # 1' Full Width, No Vacuum 1.302kJ 0.188 kJ- 14.4% 0.183 kJ 14.0%
Setup #2' Half Width, No Vacuum 1.396 kJ 0.151 kJ 10.8% 0.151 kJ 10.8%
Setup #1' Full Width, Full Vacuum 1.302 kJ 0.407 kJ 31.2% 0.422 kJ 32.4%
Setup #2' Half Width, Full Vacuum 1.396 kJ 0.268 kJ 19.2% 0.306 kJ 21.9%

A rough estimate of the how much steam would have to be replaced to produce the results

shown in Table 2.2 can be produced in the following manner:

1. Find the difference in steam energy used for the two full vacuum cases

Full Width, Full Vacuum (cf--1.33) 0.378kJ

Half Width, Half Vacuum (cf=1.33) - 0.189kJ

0.189kJ

2. Calculate the steam mass, 1 atm, 100 °C, represented by the energy difference,

m = Q/hfg
m = 0.189kJ / 2257kJ
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m = 8.379 x 10-skg
3. Calculate the volume of the steam mass,

v=m/p
v = (8.379 x 10-skg)/(0.597 kg/m 3)
v = 1.4 x 10-4m3

4. Calculate volume relative to space between steambox and sample,
steambox length, 0.30 m
steambox height, 0.019 m
width req'd for length and height = v/(1 h)

= (1.4 x 10-4 m3)/((0.30m)(0.019m))
= 0.024 m (2.4 cm).

5. An equal volume could be accounted for by reducing the steambox height by
0.0047 m.

The calculations indicate that if the steam contained in a volume with a length equal to
the steambox length, a height equal to the separation between the steambox and sample
and a width of 2.4 cm and replaced by a substance contributing no heat energy to the
sample then the recorded results would occur. Air at ambient temperature would
contribute negligible heat energy to a sample at ambient temperature. While it is not
possible to confirm air contamination from the experimental data, it is not unreasonable
to assume that contamination by this mount of air could occur.

Section 2.2.3 provides a possible explanation for the difference between the energy
required at the steambox exit and the energy required for the maximum sample
temperature.

2.2.3 Experimental Setup #2

The results described in Section 2.2.2 suggested several changes to the experimental
setup. Figures 2.3 and 2.4 show the changes. The space between the steambox and
vacuum box is greatly exaggerated in these figures. The setup shown in Fig 2.3 is
identical to that in Fig 2.1, except the height of the steambox above the vacuum box was
decreased from 2.54 cm (1.0 in) to 1.59 cm (0.625 in), reducing the steambox height
above the sample to 0.99 cm. The setup shown in Fig. 2.4 is similar to that in Fig. 2.2,
the steambox valve positions were the same. However, instead of one piece of angle, two
aluminum pieces were attached to the underside of the steambox. The purpose was to
seal some of the vents in the open portion of the steambox and to fill the space adjacent to
the steam vents. The vents were sealed to produce a CD vent width of 10.2 cm (4 in).
The open space adjacent to the vent area was filled to block air from entering the
steaming area. In this setup the only steam available to heat the sample, was the steam
directly above the sample. The sample was centered beneath the vent area during the test
runs.
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In both setups the vacuum box was deckled so that vacuum was provided only to that area

directly beneath the sample. The maximum possible vacuum was used for both setups.

A control was provided by nmning no vacuum cases for both setups. The experimental

conditions were the approximately same as those used for Experimental Setup #1 and are
summarized in Table 2.3.

I stean_boxI_ stearnbox I
Iopen i open

Funneling_1 _.,.¢.._:_<__._ Steam closei_ Steam

Vacuum q_q_¢¢ _ Sample Vacuum q'q'q'q'"'q-Samplevacuumbox vacuumbox I

Figure 2.3 Full Width Figure 2.4 Half Width

Experimental Setup #2

Table 2.3 Avera_[eExper!mental Conditions for Experiment Setup #2
Full Width Steam Box Half Width Steam Box

Vacuum level (vacuumbox) 0 inH_ 7.5 in Hg 0 in H_ 7.5 in Hg
Widthofsteambox 11.5in 11.5in 4.0in 4.0in

Mass flow rate of steam 210 kg/hr 210 k_/hr 74 kg/hr 74 kg/hr
Mass flow rate of steam / width 18.3 kg/hr in 18.3 kg/hr in 18.5 kg/hr in 18.5 kg/hr in
Lbs steam/lbs paper 0.096 0.096 1.000 1.000
Steamtemperature 113C 113C 113C 111C
Steampressure 14psi 14psi 13psi 13psi
Sample Speed 2000 fpm 2000 f-pm 2000 fpm 2000 fpm

Table 2.4 shows, the energy available in the steam directly above the sample, the energy

required to produce the sample temperature profile which existed at the steambox exit or

at the point of greatest temperature rise, and the energy required as a percentage of the

energy available. These are the average values for each test condition.

According to the hypothesis funneling occurs only when vacuum is applied to the sample.

Therefore, the two setups should yield similar results when vacuum is not used. This was

the case. Neither the sample temperature rise nor the energy required differed

significantly for the two setups. The results produced with experimental setup #2 are in

direct contrast to those produced by setup #1 and further indicate that air contamination

of the steam did occur in the previous setup.
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Table 2.4

Enerl[y Comparison Experimenta! Setup #2 - Steambox Exit
Test Condition Energy cf--1.33 cr=2.60

Available

Energy %of Energy % of
Req'd Avail. Req'd Avail.

Setup #1' Full Width, No Vacuum 1.340kJ 0.132 kJ 9.8% 0.133 kJ 9.9%
Setup #2' Half Width, No Vacuum 1.396kJ 0.140 kJ 10.0% 0.146 kJ 10.4%
Setup #1' Full Width, Full Vacuum 1.340kJ 0.363 kJ 27.1% 0.314 kJ 23.4%....

Setup #2' Half Width, Full Vacuum 1.396kJ 0.366 kJ 26.2% i 0.312 kJ 22.3%

iEper[[y Comparison Experimental Setup #2 - Maximum Measured, Post Steambox Exit
Test Condition Energy cf--1.33 cf=2.60

Available

Energy %of Energy %of
Req'd Avail. Req'd Avail.

Setup #1' Full Width, No Vacuum 1.340kJ 0.201 kJ 15.0% 0.183 kJ 13.6%
Setup #2- Half Width, No Vacuum 1.396kJ 0.214 kJ 15.3% 0.213 kJ 15.2%
Setup #1' Full Width, Full Vacuum 1.340kJ 0.392 kJ 29.2% 0.397 kJ 29.6%

Setup #2' Half Width, Full Vacuum 1.396kJ 0.395 kJ 28.3% 0.391 kJ 28.0%

If funneling occurred in the full vacuum cases, one and possibly two things would be

expected; the full width setup would yield higher sample temperatures than the half width

setup, and possibly the temperature rise in the full width sample would require more

ener_ than was available in the steam directly above the sample. The energy required to

produce the measured sample temperatures was calculated as shown in section 2.2.2

The table shows that the energy absorbed was similar in both the full and half width

cases, and that the energy absorbed by the sample was never greaterthen the steam

directly above the sample. If funneling had occurred, the full width sample would have

absorbed steam from the area not directly above the sample, and the half width sample

would have absorbed air from the area not directly above the sample. The result would

be a higher average temperature and a greater energy required to attain that temperature,

in the full width case. Graphs of Energy Required Vs. Time are given in Appendix C.

As Tables 2.2 and 2.4 and the graphs in Appendix C show, the maximum average sample

energy did not occur at the steambox exit. It occurred at some time after the sample

exited the steambox, typically 0.020-0.030 seconds. At a speed of 600 m/min (2000 fpm)

this translates into a distance of 0.20-0.30 m (7- 12 in). Examination of the average

temperature and energy plots for these cases shows that after exiting the steambox the top

surface temperature either rose for 10-15 ms and then began cooling or began cooling

immediately. The inner plies of the sample continued to increase in temperature after

exiting the steambox. The temperature increase for the inner layers is of the same rate

expected for a conduction process. In Section 2.3 the conduction aspect of the sheet

heating is dealt with in greater detail.
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One possible explanation for this result is that some steam exits the rear of the stembox
with the sample and then condenses on the surface of the sample relatively quickly. The
energy is then conducted towards the inner layers of the sample, cooling the top surface
and warming the inner layers. A rough estimate of the how much steam would have to be
replaced to produce the results shown in Table 2.2 can be produced in a manner similar to
the calculation for air contamination in the previous section. The results of such
calculations are shown in Table 2.5

Table 2.5

Experimental Setup #2
Full Width Half Width Full Width Half Width

Vacuum Full Full None None

Energy SBExit 0.363kJ 0.366kJ 0.132kJ 0.140kJ

EnergyMax. 0.392kJ 0.395kJ 0.201kJ 0.214kJ
Energy Difference 0.029kJ 0.029kJ 0.069kJ 0.074kJ

Equivalent Mass 1.28xl 0-5k_ 1.28xl 0.5kg 3.06xl 0-5kg 3.28xl 0-5kg
Equiv. Volume 2.14x10 -5m3 2.14x10-5m3 5.12x10-5m3 5.48x10 -5m3

Equiv. Length* 0.01 lm (1.1cm) 0.01 lm (1.1cm) 0.026m (2.6cm) 0.029m (2.9cm)

Equiv. Time** 0.0011 s 0.0011 s 0.0026 s 0.0029 s

* Equivalent Length = (equivalent volume)/[(steambox-sample separation)(sample
width)]
** Equivalent Time = (equiv. length)/(sample speed)

Table 2.5 shows that the amount of steam, both mass and volume, required to cause the
continued increase in temperature is of a magnitude that could reasonably be
accommodated by the proposed explanation. It is worth noting that the energy
differences are greater for the no vacuum cases than for the vacuum cases. If steam does
exit the rear of the steambox with the sample, then one would expect there would be more
steam available for this purpose in the no vacuum case. In the vacuum Case more steam
condenses in the sheet prior to leaving the steambox. This is shown by the higher
temperatures produced in the sheet. Thus, there is less total steam available to follow the
sheet out of the rear of the steambox. This argument is further supported if one examines
the energy differences between the vacuum and no vacuum cases both at the steambox
exit and at the point of maximum energy which occurs after the steambox exit (see Table
2.6).

A related phenomenon was noted by J. C. Debraal in his Master's Thesis work. In that
work a vacuum box which extended 0.23 m (9 in) beyond the trailing edge of the
steambox was employed. In comparison with a vacuum box that ended at the trailing
edge of the steambox, the sheet showed an average temperature that was 10 °C higher. A
different finnish was used in that study making a direct comparison with this study
difficult. The furnish used resulted in higher sheet temperatures and correspondingly
greater amounts of steam condensed in the sheet. However, the 10 °C temperature
difference represents approximately a 0.125 kJ energy difference. If one accepts the idea
that the existence of vacuum causes a greater mount of steam to be drawn along with the
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sample, then the value does not appear unreasonable. Further confirmation is not
possible with the current data as the there was no measurement or direct recording of the
time and location of steam condensation.

Table 2.6

Comparison Difference in

Energy
Full width, steambox exit, full vacuum- no vacuum 0.231 kJ
Half width, steambox exit, full vacuum- no vacuum 0.226 kJ

Full width, max. Energy, full vacuum- no vacuum 0.191 kJ

Half width, max. Ener_, full vacuum- no vacuum 0.181 kJ

2.2.4 Conclusions

The primary conclusion from the work described in this section is:

Given the finnish used, 615 CSF OCC, 205 g/m2, and a vacuum level of 7.5 in Hg no
fimneling occurs. At lower freeness, greater basis weights, and similar vacuum levels it
can reasonably be expected that there will also be no funneling.

Air contamination of steam can cause a decrease in sheet heating.

Some steam follows the sample out of the rear of the steambox and condenses on the
surface of the sheet, causing increased heating. The amount of steam is less in the
vacuum case than in the no vacuum case when the vacuum box ends at the same point as
the steambox.
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2.3 1sT STEAMBOX COMPARATOREXPERIMENTS- LAYERING

2.3.1 Introduction

As described in Appendix C. 1, the samples used for the steambox comparator testing are
layered sheets with a thermocouple between each of the layers. There existed the
possibility that the layers may affect the heating characteristics of the sample. When the
steambox comparator was first constructed a series of static tests were conducted to
determine if there was a difference between the heating of single-ply samples and
multi-ply samples. There was no difference observed. In this case "static" meant that the
sample was stationary. At the time, no dynamic (moving sample) tests were conducted.
In the intervening period, a number of observers have questioned the validity of using
multi-ply samples. Given that the current tests were the first of what was envisioned as a
long term study, it was decided to address the issue of dynamic heating characteristics of
the layered samples. This section describes that investigation.

2.3.2 Experimental Setup

The previous investigation of layering effects, under static conditions, compared the
response of two-ply samples to that of multi-ply samples. The rationale was that if
layering had an effect it would be more pronounced in the cases with the greatest number
of layers. Since there was no method for embedding a thermocouple inside a single ply
sheet, comparison of two ply sheet with five ply sheets was the next best alternative. The
dynamic investigation of layering employed the same approach.

Figure 2.5 shows the sample types compared and the vacuum conditions employed. All
samples had one thermocouple (represented by black ellipses) on the top surface, one
thermocouple on the bottom surface, and at least one thermocouple at either 82g or 123g
beneath the top surface. The funneling experiments (Sec. 2.2) provided the data for the
five layer cases. The sample types with thermocouples 82g beneath the top surface of the
sheet were tested both with vacuum and without vacuum. The sample types with
thermocouples 123g beneath the top surface of the sheet were tested with vacuum only.
Data from the funneling tests showed that steam heating without vacuum produced only
minor temperature increases at that depth.

The steambox setup was the same as the full width funneling experiments, Experimental
Setup #2. The test conditions (steam flow rate, vacuum level, and sample speed) were
also the same. All tests were nm with the sample on top of a felt containing 16% water.
The felt was typical of that used on linerboard machines. Sheet solids were 35%.
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2.2.3 Experimental Results

Appendix C.3 presents average temperature vs. time plot for each case. The average

temperature was calculated by averaging across samples at equal sheet depths. The

thickness of the two layer sheets made any average energy per layer calculation

inaccurate. A reasonably accurate energy calculation, under transient conditions, requires

a higher temperature resolution than that provided by the two layer sample. Therefore

there are no average energy Vs. time plots. Table 2.6 summarize the results.

o o o o
Jk _

41g 41g
Ir 82g _'al, l_

i 123g
i41g 41g

ar O O _'

41g 41g
_' O O

1[ 123g _'
141g 41gIr I r

_' _' 82g
41g 41g

ar O O , a, O . O

VacuumLevels VacuumLevels VacuumLevels VacuumLevels
FullVacuum FullVacuum FullVacuum FullVacuum
NoVacuum NoVacuum

(DataFrom (DataFrom
FunnelingCase) FunnelingCase)

Figure 2.5 Dynamic Layering Investigation: Experimental Setup

Table 2.6 Comparison of Averaf[e Temperature Response
5-Layer 2-Layer

Sheet Depth Average Temp. Standard Dev. Average Temp. Standard Dev.
Steambox Exit Steambox Exit Steambox Exit Steambox Exit

I nl r II II I

82 g (no vacuum) 38°C +/- 3°C 42°C +/- 2°C
82 g (full vacuum)+ 58°C +/- 10°C 47°C +/- 3°C
82 g (full vacuum)* 47°C +/- 3°C n/a n/a
82 g (full vacuum)** 65°C +/- 2.5°C n/a n/a
123 g (full vacuum) 41°C +/- 6°C 34°C +/- 4°C

+ Combined Response
* Low temperature response only
** High Temperature response only

In the full vacuum case at 82 g/m 2, Table 2.6 lists three entries, the first is the 'combined

response' or the average of all hms taken together. This is somewhat misleading in that

there were two distinct types of responses produced by the five layer samples.

The first is the 'low temperature response', this response has the same shape as produced

in the 123 g/m 2 cases, but the temperature reached is higher. It also begins just as the
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sheet exits the steambox and does not reach a maximum temperature until more than
150 ms have passed. At 600m/min, that time represents 1.5 m (59 in). Given the
calculations in Section 2.2 regarding approximate amounts of steam that may follow the
sample from the rear of the steambox, there is no possibility that condensing steam
caused this response. In Section 2.4 this type of response is duplicated using transient
conduction model implemented using a finite difference scheme to solve the partial
diffferential equations. This was the only type of response demonstrated by the two layer
samples.

The second type of response is the 'high temperature response' which has a sharp
temperature rise while under the steam box. This behavior is more characteristic of a
point closer to the top surface of the sheet and is indicative of condensation heat transfer.
Given the thermal characteristics of the sheet, conduction cannot transfer the required
amount of energy in the allotted time. At a depth of 0.0002 rn (-_82 g) into the sheet, the

temperature rises 30 °C in 0.010 sec. Using a sample area of 0.01m 2, this temperature
rise requires an estimated thermal conductivity of 12 W/(m °C). In comparison the
thermal conductivity of sawdust is 0.059 W/(m °C), of water is 0.566 W/(m °C), and
NiCr is 12.6 W/(m °C).

In some tests two or more thermocouples were positioned at the same depth in the sheet.
One thermocouple would yield the high temperature response and one would yield the
low temperature response. Two possible explanations for these results are: the layers are
thin enough that a significant portion of fines were lost during the forming process thus
giving a more permeable sheet or there were local variations in either sheet basis weight
or moisture content.

A fiber analysis was performed by IPST Research Services Division on samples of 5
different basis weights, the results are summarized in Table 2.7. The fiber analysis results
indicate that there is little difference in fiber length. The percentage of fines is slightly
less for the lighter weight sheets, however the report states that the variability within a
sample is some times greater than the difference between samples.

Caliper, porosity and air permeability measurements were performed on the layered
samples at solids contents of 25%, 35%, and 45%. The results are summarized in Table
2.8. Examination of the table shows that there is considerable variability in the 25 and
35% solids samples. The 45% solids samples does not show the same level of variability,
this is probably due to both increased consolidation and decreased solids.

Tables 2.7 and 2.8 show that the low and high temperature response shown at the 82 g
depth of the sample is probably due to local variations in sheet structure and moisture
content. The same variations are not seen deeper into the sheet because the greater sheet
thickness produces an averaging of the sheet structure properties. There is a greater
standard deviation in the temperature response for the five layer samples than there is for
the two layer samples. This difference is probably due to a similar effect, the formation
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of the thicker sheet produces a more glob_ly uniform sheet, the local variation are
averaged.

Table 2.7 Fiber Analysis of Samples
Sample Weighted Average Fiber Percentage of Fines

Length
41 g_/m2 2.46 mm 1.49

82 g/m2 2.45 mm 1.39
123 g/m2 2.57 mm 1.54

164 g/m2 2.53 mm 1.76

205 5/m2 2.41 mm 1.74

Table 2.8 Caliper, Porosity and Permeability of Layered Samples

Solids Caliper Porosity Air Permeability

_tm m2
45% Avg 759.80 5.52 3.28E-10

! StdDev 29.55 0.81 0.56E-11

35% Avg 848.20 5.17 4.80E-10

StdDev 60.39 2.95 2.28E-10

25% Avg 848.40 5.22 4.28E-10
StdDev 76.99 2.20 1.54E-10

2.3.4 Vacuum vs Non Vacuum Response

In the 82 g/m 2 no vacuum case, heating is slightly greater in the 2-layer sample than in the
5-layer sample. However, in the 82 g/m2 full vacuum cases, heating is greater in the 5-
layer sample. Two possible explanations are;

In the case of no vacuum, the temperature rise recorded at the 82 g/m2 level occurs after
the sample has passed the trailing edge of the steambox. Therefore, the heat transfer must
be due to conduction. A difference in temperature response must be due to a difference in
thermal conductivity characteristics. In Section 2.4 this idea is examined in detail. The
results indicate that sheets with greater consolidation have higher thermal conductivity
characteristics. A five layer sheet with an interface between the 41g and 82g will
inherently have thermal contact resistance at the boundary. A two-layer sheet with no
interface at that location will not have such additional thermal resistance and will have a

higher thermal conductivity.

In the vacuum cases the five layer sample reaches a higher temperature than the two layer
sample. The difference between the vacuum and no vacuum cases, is that in the vacuum
case the pressure difference is a driving force for gas flow (steam and/or air) in the sheet.
Therefore, the difference must be due to a flow related phenomenom. The high
variability in the caliper and permeability of the 35% five layer sheet suggests that its
structure is loosely compacted. It should therefore present a lessened resistance to gas
flow, when compared to the potentially more uniform structure of the two-layer sample.
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While there is no direct proof of this, the two temperature responses tend to support the
hypothesis.

2.3.5 Conclusions

There are several conclusions that can be drawn from this part of the work:
1. The layering of the sample can have an effect on the temperature

response of the sheet.
2. The effect of layering is quantifiable, in the case studied it results in a

slightly lower temperature response for the no vacuum case (-_4 °C ) and
a slightly higher temperature response for the vacuum case (-5 °C).

3. Since the difference in the no vacuum case appears to be the result of a
thermal conductivity difference, the variation should be less for more
compacted or consolidated sheets.

4. Since the difference in the vacuum case appears to be the result of a
different resistance to flow, the variation should be less for sheets with
higher flow resistance. Higher flow resistance results in lower flow
velocities and decreases the influence of flow phenomenon.

5. Despite the slight difference in response between the two types of
sheets, the layered sheets can be used to compare the effectiveness of
different equipment implementations.
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2.4 1sT STEAMBOX COMPARATOREXPERIMENTS-
PRIMARY EXPERIMENTAL MATRIX

2.4.1 Introduction

The intent of the primary experimental matrix was two fold. First to investigate the effect
of vacuum and solids level on the effectiveness of steam heating and second to provide
data for verification and comparison with the analytical model that is currently being
implemented. As the literature search in Appendix A states, there is a general belief that
steamboxes are more effective when used in conjunction with vacuum. Despite this
belief there is relatively little data documenting the effect. There is also a general belief
that it is easier to heat a sheet with higher solids contents than with lower solids content.
This is because there is less water in the sheet and the heat capacity of water is
significantly greater than that of dry fiber. There is data in the literature to support this
concept. There is however, little or no data on interactions between the effects of solids
level and vacuum.

The original test matrix included nine different cases. These are shown in Table 2.8. The
25% solids cases were the first to be addressed. The middle vacuum case did not yield
significantly different results from that of the no vacuum case. Therefore, it was decided
to leave the 35% and 45% middle vacuum cases until the end and to perform those tests
only if time allowed. In the end testing took longer than expected and these cases were
omitted along with the no vacuum 45% solids case.

Table 2.8 Experimental Matrix: Moisture & Vacuum
No 3inHg 7 inHg

Vacuum Vacuum Vacuum

25% completed completed completed

35% completed notdone completed

45% not done not done completed

In the cases that were addressed the intent was to perform five replicates, each of which
produced reliable data. This was not an insignificant goal, given the fragility of the
thermocouples used. In some cases only four reliable replicates were obtained. The
sample preparation method is described in Appendix C.1. The average conditions for
each of the cases are shown in Appendix C.2. The average temperature responses for
each completed case are given in Appendix C.3. Also, given in Appendix C.3 are plots of
sample thermal energy as a fimction of time. The thermal energy was calculated at each
time step (0.001 seconds) using the thermocouple data and equation 2.1

Ereq'd-' Y'.(mscs +mwCw)[(r,.l- Ti)- Ti.i_a,] (2.1)
layers

where

= mass of fiber in layer, g%
rn = mass of water in layer, gW

= heat capacity of cellulose, 1.33 J/(g °C) Chem. Eng. HBcs
= heat capacity of pine wood, 2.60 J/(g °C) Chem. Eng. HBcs
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c = heat capacity of water, 4.19 J/(g °C)

T+l = temperature top side of layer, °C

T_ = temperature bottom side of layer, °C

Yinitial -- initial layer temperature, °C

Table 2.9 summarizes the graphs that are presented in Appendix C.3. In examining the
graphs, two expected results are found:

1. As the solids level increases the sample reaches a higher average
temperature.

2. As the vacuum level increases the sample reaches a higher average
temperature.

Several other interesting results become apparent with further examination:
3. As the solids level decreases the mount of energy transferred to the

sample increases, a sample at 25% solids has more steam condense in it
than a 45% solids sample, yet does not reach an equal temperature.

4. As the vacuum level increases the mount of energy transferred to the
sample increases.

5. After passing the steambox, the total thermal energy in the sample
remains relatively constant. The 25% solids, 7 in Hg vacuum is a slight
exception.

6. As shown by the plot of temperature profile, once the sample has passed
the steambox, the top of the sample cools but the deeper layers of the
sheet warm up.

Tale 2.9 Summary of Graphs
Table Type Variable

Temperature Energy Funnelin_ Layerin_ Profile Vacuum Solids
C3.1 X i X Xi

C3.2 X i X Xi
C3.3 X X
C3.4 X X
C3.5 X X

C3.6 X X

C3.7i X 25%
I

C3.8 X 35%

C3.9 X 25%
C3.10 X 25%

C3.11 X 35%
C3.12 X 45%

1

C3.13 X i ! X
C3.14 X X
C3.15 X X
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The effect of increased temperature with increased solids appears to grow as the solids
increased. The temperature difference between the 25% and 35% full vacuum case was
_5 °C, while the difference between the 35% and 45% solids case at the same vacuum
was _7 °C.

The application of vacuum magnified the effect of solids content. At no vacuum the 35%
solids sample reached a temperature barely higher than that of the 25% solids sample. At
7 in Hg the difference was -5 °C.

The tendency of the lower solids sample to have more steam condense in it does not
offset the addition energy requirement for raising the sample temperature an equal
amount. One would expect that this would remain tree regardless of other conditions as
the condensation rate is largely dependent on the temperature difference between the
condensing surface and the steam. As shown in Section 2.4.4 the only other variable
which could make a difference is pore size. Whether refining can affect pore size enough
for a 25% sample with large pores to be heated to the same temperature as a 45% with
small pores, given other conditions equal was not addressed in this study. There is a
limited amount of data in the literature [1] to support this idea.

Points 5 and 6 suggest that convection heat loss from the surface of high solids samples at
temperatures at least as high as 60 °C is not significant in the time frames considered. At
the speeds used, the time frames of 200ms translate into a distance of 2 m (6.6 ft). The
convection heat transfer appears to play a slightly larger roll in the case of the warmest
25% solids sample. Of equal significance is that if one were to use only the surface
temperatures of the sample, one would not have an accurate representation of either the
average sheet temperature or the energy absorbed by the sample. This is because the
majority of the heat transfer in the sheet after passing the steambox appears to be internal
conduction towards the colder bottom side. The total energy remains almost constant, the
top surface temperature drops, and the internal sheet temperatures gradually increase.

This brings up two additional points. If pressing works better with a un/form temperature
profile, then in the case of a heavy sheet it may be advantageous to place the steambox
farther away from the press rather then as close as possible. This would be particularly
true in the case of a steambox before the third press. At that point the sheet is drier and if
the data of this study holds tree, the convection heat losses are not significant. The other
point is that surface temperatures may be misleading. This may be of particular
importance in commercial applications where the only means of obtaining temperature
measurements is by using an optical pyrometer.

2.4.2 Order of Magnitude Calculations

Appendix C.3 presents graphs of the various temperature responses produced during the
testing. Graph C3.12 shows the response of a five layer sample at 35% solids when
exposed to full vacuum (7 in Hg). The thermocouple at the 82 g/m2 position shows a
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sharp increase just as the sample exits the steambox. The temperature increases
approximately 30 °C in 10 ms. The question arises as to what process could cause t_s
increase. The following order of magnitude calculations demonstrate that only steam
condensation could cause this rise.

The approximate amount of energy required to cause this temperature rise is calculated
using:

q= [mr Cpfq- mw Cpw](Tfinal- Tinitial)-

which yields
q = [(82 g/m2)(0.01 m2)(1.33 J/(°C g))+(152g/m2)(0.0I m2)(4. I9 J/(°C g))]30°C

= 223 J.

Given the t'nue period of 0.01 seconds, the heat transfer rate is,
qrat_= 223J/0.01 sec

= 22.3 kJ/s.

The conduction heat transfer rate is given by the equation
qrate= (kA/Ax)AT.

Using an approximate sample area of 0.01 m 2, and assuming that 82g/m 2 is 2/5ths of the
thickness of a 1 mm thick sheet, the equation yields,

22.3 kJ/s= (k)(0.01 m2)/(0.0002 m)(30 °C)
k = 0.0149 kJ/(m s °C)

= 14.9 W/(m °C).

This is roughly equivalent to the thermal conductivity of 80% Ni/20% Cr (12.6 W/m°C).
Thus, it can be seen that conduction, if present, contributes only a minor mount to the
temperature rise of the sample.

An alternative means of heat transfer is convection. A similar type of calculation is
performed below. Cansler [2] gives the figure of h =-2 kW/(m 2 °C) as a rough estimate
of the convection heat transfer coefficient for a sintered steel plate. Using the equation,

qrate= h A(T_ow- T_._e)

and the sample parameters used for the conduction case gives

q_t¢=[2 kW/(m 2 °C)][(0.0 lm2)(30 °C)]
- 0.6kJ/s

q- (0.6 kJ/s)(0.01 s)
- 0.006 kJ
= 6 J << 22.3 J

and it is seen that while convection may contribute more than conduction it does not
make a significant contribution to the temperature rise which occurs during the time
period under consideration.
The potential heat transfer contribution of condensation is considered next. Using a
formulation for condensation inside an array of tubes given by J.P. Holman [3] an
at)proximation of the condensation contribution can be found. This particular



ProjectF002 57 StatusReport

formulation is for low reynolds numbers, which is appropriate for this case. The pertinent
equation is,

hbar= 0.5 5 5 { [Pliquid (Pliquid'Pvapor) g k 3 hfg]/[g d (Tg-Tw)]}v4

where

Pliquid- densityof water
Pvapor ' densityof steam
g- acceleration due to gravity
k- conductance of water at 100 °C
hfg- heat of condensation
g- viscosity of water at 100 °C
d - diameteroftubes(pores)assumedto be 1/20thof sheetthickness
Tv- Temperature of steam
T1 - Temperature of web, assumed slightly higher than the actual as the temperature will

rise during the condensation

hb_r= 0.555{[(9602)(9.8)(2.257xl06)(0.683)]/[(2.82x10'4)(0.001/20)(100-35)]}1/4
= 28540W/m°C.

The heat transfer is then found
q = hbarAT

= (28540 W/m2°C)(100-35)=1855kW/m2.

The required steam mass transfer rate is calculated from the heat transfer rate,
mdot= qhfg

= (1855 kJ/(m 2 s))(2257kJ/kg) '_
= 0.822 kg/(m 2 s).

Using the mass transfer rate the amount of condensed steam is calculated
m_on&n_= (mdot)(area)(time)

=822g/(m 2 s)(0.01 m2)(0.0 Is)
=0.0822 g.

The heat transfer is then found

q = mcondense hfg

= (0.0822g)(2257J/g)
= 185 J.

The heat energy required for the recorded temperature rise was 223 J, which is 20%
greater than the calculated value. Given the approximations made the agreement is good
and confirms that the recorded temperature rise was mostly due to condensation. The
observed temperature rises which occur while the sample is under the steambox all
demonstrate this type of response. Thus, it is reasonable to assume that while the sample
is under the steambox the recorded temperature rises are due primarily to condensation.
The factor that makes this assumption possible is the short time duration. As is shown in
Section 2.4.4 this assumption is not valid once the sample has exited the steambox. The
time scale is considerably different. The dwell under the steambox is on the order of
0.030 sec, while the time duration after exiting the steambox is 0.200 - 0.300 sec, an
order of magnitude larger.




