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ABSTRACT

In order to better understand the physics of impulse
drying, two numerical models have been developed to predict the
transient heat transfer, vapor pressure development, and vapor-
liquid flow during impulse drying. The first model, MIPPS-I,
examines impulse drying as a moving boundary problem in which a
sharp front of steam displaces a saturated liquid phase. While
several key insights were obtained with this approach, a
comparison of predictions with experimental data suggested that
the sharp-interface assumption should be abandoned in favor of
a two-phase zone between the dry and saturated regions. A new
model, MIPPS-II, was then developed which allows a two-phase
zone to develop. Both models use finite-difference forms of the
mass, momentum, and energy conservation equations adapted for
porous media.

Analysis of the numerical results in light of experimental
data helps clarify some of the transport processes in impulse
drying. In particular, it appears that the impulse drying
process depends on the continued boiling of liquid near the hot
surface with condensation occurring in the cooler, more
saturated regions. The process of boiling and condensation is
tied to sheet permeability and pore structure. The liquid for
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sustained boiling is available in saturated dead-end pores or
is supplied by capillary flow.

The numerical results show that the development of an
internal vapor zone is critical to several features of the im-
pulse drying process. The pressurized vapor zone enhances water
removal through direct displacement and also possibly by redu-
cing or eliminating rewet. Relationships between sheet prop-—
erties and internal vapor pressure and water removal can now be
better understood with the aid of the models.

Several new pieces of experimental information are also
presented which have guided recent model developments and, at
the same time, can be interpreted in terms of results from the
models. The new experimental data include flash x-ray
visualization of interface motion in impulse drying and several
measurements of thermal processes in both paper and model
fibrous porous media.

INTRODUCTION

Inpulse drying is a novel water removal process which was
first developed at The Institute of Paper Chemistry. At a
superficial level, impulse drying can be described as a simple
variation of wet pressing, with one roll heated to 250-375°C
(Figure 1). (When commercialized, practical systems may use a
long-nip press with a heated roll.) In impulse drying, intense
heat transfer interacts with other mechanisms to create a
process that gives significantly higher dryness than wet
pressing while using less energy than conventional cylinder
drying. Impulse drying not only offers the potential for energy
and capital savings over traditional dewatering and drying
methods, but can give significantly improved paper properties
as well (1-3).

While the key to impulse drying is believed to be the
creation of a wvapor phase within the sheet, conflicting
theories have been advanced, and even where there is consensus,
much remains poorly understood. In order to overcome the
remaining roadblocks to industrial implementation of impulse
drying, our physical understanding must be advanced. The
difficulty of directly observing transport processes inside the
nip, combined with uncertainties in interpreting experimental
data, suggest that new tools are needed to supplement
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experimental studies. Numerical modeling is such a tool. While
modeling cannot replace observation, it can greatly enhance it.
Ideally, the combined application of modeling and observation
should lead to insights not available with either approach

alone.
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Figure 1. The impulse drying concept.

The objective of this paper is to apply computational tools
to further our understanding of the impulse drying process. The
process is cyclical: experimental information about a process
is needed in order to give the modeler an idea of what
processes must be modeled. The key equations and assumptions
must then be chosen and formulated in a framework to permit
numerical solution. The resulting numerical model can be
evaluated in light of experimental data, and the data can be
interpreted in light of the model, if the model proves to be
“reasonable” or “useful.” Skepticism is always healthy, both
toward the numerical predictions and the experimental data.
With this in mind, let us first review some of the key
experimental observations (and hypotheses of experimentalists)
about impulse drying before proceeding with the model

derivation.
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OVERVIEW OF IMPULSE-DRYING PHYSICS
Thermally-driven Displacement

The results of previous studies over the past several years
have done much to characterize the impulse drying process (1-
4). The basic features of impulse drying are now well known:
intense heat transfer, rapid water removal, high energy effi-
ciency compared to conventional drying, and densification simi-
lar to that of wet pressing.

Based on their analysis of the experimental data, several
researchers (2,4,5) have concluded that impulse drying relies
on the creation of a vapor phase which helps to remove the free
liquid in the sheet. While in the nip, vapor apparently forms
in the sheet next to the hot surface, as shown in Figure 2. The
sustained hydraulic pressure from the vapor zone may help to
drive liquid water out of the sheet into the felt below. Since
most of the water is removed as a liquid in such a displacement
process, the energy efficiency would be high.
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Figure 2. A one-dimensional displacement view of impulse drying.
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In this view of impulse drying, intense heat transfer is
needed to maintain a high vapor pressure which provides the
driving force for the removal of water beyond what is possible
with regular wet pressing. Naturally, some of the mechanisms of
hot pressing (viscosity reduction, softening of fibers) also
come into play, but significant vapor-liquid displacement is
one of the key factors which distinguish impulse drying from
conventional processes.

Because impulse drying can be described as wet pressing
with a heated roll, the relation of impulse drying to other
processes such as wet pressing and hot pressing has been a
source of some confusion and speculation. These relationships
have now been at least partially clarified by Sprague (5), who
provides a new unifying framework. His analysis highlights the
unique characteristics of impulse drying, which cannot be
viewed as simply a combination of evaporative drying and
pressing. The importance of a unique heat transfer mechanism in
impulse drying is thus strengthened.

Heat Transfer

The heat transfer rate is a critical factor in the physics
of impulse drying. An example of a measured heat flux during
impulse drying is given in Figure 3, adapted from the thesis of
Burton (2). Burton used temperature data from a thermocouple
mounted in the heated head of a falling-weight press—-nip
simulator to calculate the flux into the sheet. Many similar
measurements (1,4) tend to show the general features of Figure
3: a rapid rise in heat flux to a peak near midnip, followed by
a decline. Peak heat fluxes can range from 1 to 8 MW/m?, and
measurements have shown that sustained heat flux values on the
order of 0.5 to 1.5 MA/m? are possible for 100 milliseconds or
more after the peak, if the mechanical pressure is maintained.
Sustained heat fluxes of this magnitude imply a continuing
phase-change process.
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Figure 3. Transient heat flux during an impulse drying event .
Measurement was made by Burton (2) with a falling-weight press-nip
simulator.

The observed heat transfer rates in impulse drying may be
evidence of a complex heat-pipe mechanism. A heat pipe 1is a
heterogeneous heat transfer device in which fluid 1is wicked
through a porous medium from a cool to a hot region by
capillary forces, whereupon the liquid boils into a void region
(6) . The hot vapor then flows to the low-pressure cool zone to
be condensed. Sonic velocities in the vapor phase can be
achieved in some cases. The process of boiling and condensation
allow heat to be transferred rapidly across large distances,
greatly increasing the apparent thermal conductivity of the
system.

In impulse drying, small .capillaries with high capillary
pressures may act as conduits for liquid to flow against a gas
pressure gradient back to the hot surface, where it can boil
and flow through the larger pores back toward the cooler
saturated zone. A similar mechanism has already been observed
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in the cylinder drying of paper (7). Such a process would
allow boiling heat transfer to take place over a long period of
time even though most of the liquid might be well removed from
the hot surface. This possibility will be considered in the
modeling work below.

Vapor Pressure Development and Delamination

A challenging problem which has slowed the commercial
development of impulse drying is delamination. Unfortunately,
in some cases the vapor zone can develop pressures great enough
to rupture or delaminate the sheet as it leaves the nip.
Delamination is probably related to the blistering which can
occur in the drying of coated papers with low surface porosity
in which internally released steam builds up enough pressure to
overcome z-direction bonding (8).

In furnishes where delamination may be a problem, it can be
prevented if the nip residence time is long enough for the
vapor to remove the water seal on the felt side, or if the rate
of heat transfer can be controlled in some way such that the
internal vapor pressure does not exceed the sheet strength
(9) . Much remains uncertain. An improved understanding of heat
transfer mechanisms may be especially important if the
delamination problem is to be more fully tamed.

INSIGHTS FROM NEW EXPERIMENTAL WORK

Recent experimental data from ongoing studies of impulse
drying physics conducted at The Institute of Paper Chemistry
provide new information beyond what has been previously
published. Because the implications of these studies have
relevance to the modeling work, some of the new data will be
briefly discussed here.

Flash X-ray Visualization

In an effort to visualize the steam-water interface in
impulse drying, Zavaglia and Lindsay (10) have used flash x-
ray radiography to track the motion of an x-ray-absorbing
silver nitrate tracer solution added to the upper layers of a
linerboard sheet. Impulse drying and wet pressing events were
approximated with a falling-weight press-nip simulator. During
the pressing event, a brief burst of x-rays was sent
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horizontally through the sheet and the felt, as shown in Figure
4. The location of the silver nitrate solution in the z-
direction could be observed in the radiograph. Different delay
times are used in each run, allowing fluid motion to be
observed in time.
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Figure 4. Experimental configuration for flash x-ray visualization of
liquid motion in impulse drying. The location of tracer solution in the
vertical direction can be viewed during any part of a pressing event.

Figure 5 shows radiographs taken of events under wet-pressing
and impulse-drying conditions; the only difference between the
two runs was the high surface temperature (250°C) of the
falling weight in the impulse drying case. In the wet pressing
case, the silver nitrate solution in the upper layers of the
sheet has spread in the z-direction, and some of the
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Figure 5. Flash x-ray radiographs of wet pressing and impulse drying
events in linerboard on a felt in a falling-weight press-nip simulator. Top
photo (a) shows an impulse drying event without tracer solution
present. Middle photo (b) shows a wet-pressing event with silver nitrate
tracer solution initially present as drops on the upper surface of the
paper. Bottom photo (c) shows an impulse drying event with tracer
solution under the same conditions as in (b) except the head
temperature is 245°C.
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tracer is accumulating at the felt-water interface. In the
impulse drying case, there is a notable absence of the tracer
solution in the upper layers of the sheet, where a lighter
region has developed, indicative of low density. This implies
that vapor has formed and displaced the liquid.

Unfortunately, the applied mechanical pressure in this case
was not measured but was several times greater than what occurs
in typical press nips. More recent radiographs taken under more
typical pressing conditions again show a low density region
developing in the upper layers of the sheet in impulse drying,
but the extent of the low density zone 1s not as great. It is
believed that the cbserved low density region represents a dry
zone; a larger two-phase zone containing both silver nitrate
solution and steam may not be distinguishable from a saturated
zone without further improvements in the experimental method.
In any case, the existence of a vapor zone and the motion of
fluid through a sheet can be observed with the flash x-ray
technique, which is now also being applied to impulse drying in
a small roll press (11).

The Role of Pressure: Impulse Drying vs. Wet Pressing

If displacement is occurring in impulse drying, the
relation between sheet compression and displacement velocity
becomes of interest. As a sheet is compressed, its permeability
decreases, making displacement more difficult. On the other
hand, the decreased thickness of the sheet increases the
pressure gradient, partially compensating for the lower
permeability. In impulse drying, improved thermal contact at
higher mechanical pressures may improve heat transfer and
further compensate for the lower permeability.

To explore these effects, a study was conducted in which
water removal by wet pressing and impulse drying was examined
as a function of applied pressure. The study used several
batches of linerboard handsheets with 250 g/m? basis weight and
solids contents near 35%. Impulse drying was done at 260°C. An
MTS hydraulic press system was used with a haversine pressure
pulse and a nip residence time of 30 milliseconds. Care was
taken to maintain constant felt properties and to use
randomization with respect to felts and sheets. Both handsheets
and felts were weighed before and after the pressing events to
track the water flow.
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Typical results are shown in Figure 6, where the peak
pressure is varied from 600 to 1600 psi. The water removal data
are reported as mass of water removed divided by the initial
sheet weight. The difference between the wet pressing and
impulse drying curves represents the extra water removed by
impulse drying. Interestingly, the amount of extra water
removed does not seem to decrease with increasing pressure over
the range investigated. The results of Figure 6 were replicated
in two other batches of handsheets, and the same trend was also
observed over the pressure range of 200-600 psi in other
linerboard handsheets.

0.3
= ]
f=y s
g //
z 0.2 1 - °* -
[
2 B
3 .
> m B8
) - e
o]
qE, 0.1 4
= o]
§ B Wet pressing
© ] .
= ¢ Impulse drying
0.0 — —————
600 800 1000 1200 1400 1600 1800

Peak pressure, psi

Figure 6. Comparison of water removal in wet pressing and impulse
drying as a function of pressure. 250g/m? linerboard handsheets were
used. Impulse drying temperature was 260 °C.

The extra water removed by impulse drying would be constant
if it were all due to vaporization, but the measurements of
water added to the felt show that about 90% of the extra water
removed is in liquid form (the possibility of steam breaking
through the 250 g/m? sheet and condensing in the felt is easily
ruled out by an examination of felt surface temperature in
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related measurements). This is consistent with the energy
balance and mass balance measurements made by Lavery (1,4), and
contradicts a recent speculation (12) that the heat flux into
the sheet simply provides energy to evaporate the water, and
that the gain of impulse drying over wet or hot pressing is due
to evaporative removal alone.

The small pressure-dependency in the extra water removed by
impulse drying may be due to several factors compensating each
other, as discussed above. But it also raises the possibility
that a mechanism with less pressure dependency than
displacement may be contributing to the extra water removal
found in impulse drying. Such a mechanism might be rewet
reduction, as discussed below.

Rewet Reduction by Impulse Drying

The modeling results presented in this paper along with the
physical observation of delamination both suggest that
significant vapor pressures can exist throughout the entire
pressing event, and that these pressurized vapor zones are not
just confined to the upper surface of the sheet. With a
pressurized vapor region already in the sheet, the normal
process of rewet may be greatly reduced or reversed in impulse
drying. This contribution to liquid water removal in impulse
drying has apparently not been considered before, but may be of
importance. The hypothesis is thus advanced that the enhanced
liquid water removal obtained in impulse drying is indeed due
to the presence of a pressurized vapor phase, but that the
mechanism must include both displacement and rewet reduction.
The pressurized vapor zone is expected to reduce rewet by
suction, capillary forces, and film splitting. Student research
on this possibility is currently underway (13).

Temperature History

Measurement of local temperature histories within a sheet
provides useful information. Burton reported a measurement of
internal sheet temperatures at three different layers inside a
linerboard sheet during a simulated impulse drying event (2).
In spite of uncertainties in the data and its interpretation,
the temperature history in each layer appears to be consistent
with a displacement model of impulse drying, and could be
interpreted as evidence that a distinct steam-liquid interface
was moving through the sheet. Only recently have much more
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extensive measurements of internal temperature propagation
become available as part of a study by Sprague (5). The results
require some rethinking about impulse drying processes.

Sprague used stacks of thin, wet sheets of bleached kraft
paper, each sheet having a basis weight of 50 g/m?. Extremely
thin thermocouples were sandwiched between the layers. During
impulse drying with the MTS electrohydraulic press simulator,
the temperature at each layer (including the felt-sheet
interface) could be tracked in time. Tests showed that
temperature propagation through a stack of thin sheets was
essentially the same as temperature propagation through a
single thicker sheet with the same cumulative basis weight,
indicating that interface effects between the sheets were of
minor concern.

Sample results are presented in Figures 7 and 8. Figure 7
shows the temperature at the felt-paper interface beneath a
single 50 g/m? sheet. Three thermocouples at different
locations on that interface were used, two of which gave nearly
identical results; a significantly different third curve may
have been due to a thermocouple problem or may be an indication
of real nonuniformities. The upper two curves show traits found
in several of the measurements: a steep S-shaped rise to a
plateau above the ambient boiling temperature, followed by a
rapid temperature rise which then levels off.

Measurements at three transverse locations are shown in
Figure 8, where somewhat different trends can be seen. Here
three 50 g/m? sheets have been stacked, and single
thermocouples have been placed between the sheets. The upper
curve from the thermocouple closest to the surface does not
show an intermediate plateau as in Figure 7. The second curve,
showing data from the interface between the middle and bottom
sheets, does show an S-shaped rise followed by a nearly flat
region. The thermocouple at the sheet-felt interface shows only
a gradual temperature rise.
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Figure 7. Temperature propagation at the backside of a single 50
g/m2 sheet impulse dried with a head temperature of 530°K. Three
thermocouples were placed at various locations on the paper-felt
interface.
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The above results can be interpreted in terms of the vapor-
liquid displacement concept. The existence of plateau regions
somewhat above 100°C is strong evidence for a two-phase zone
where the vapor and liquid are in equilibrium at an elevated
pressure. The two-phase zone at any point may only be
temporary, and as it is displaced or evaporated, a dry zone
with higher temperatures follows. In some cases, the two-phase
zone is very thin (or nonexistent), so a sharp steam—water
interface may be a good description of the process. Regions of
slow temperature rise, such as the bottom curve in Figure 8 or
the initial period of the S-shaped regions during the first few
milliseconds of impulse drying, show the effect of transient
conduction heating through a saturated liquid zone. In short,
the data are consistent with the proposed displacement
mechanism of impulse drying, and provide new evidence that
extended two-phase zones may be formed during impulse drying.
(The interpretation of these recent data has been aided by an
examination of the numerical results from this study.)

Another recent experimental study of impulse drying in
fiberglass sheets will be briefly discussed in conjunction with
modeling results below.

The experimental information reviewed above provides a
framework for model development and evaluation. After a brief
review of related modeling efforts, we can present the modeling
approaches of this study.

PREVIOUS NUMERICAL STUDIES

While numerical heat transfer studies of complex processes
abound in the engineering literature, the only prior numerical
investigation of impulse drying is found in a thesis by Pounder
(14) . Pounder began with a two-zone model of displacement from
Ahrens (15), and extended it to a four-zone model including
mat compressibility. The resulting model gave insight into the
complexity of the impulse drying process and represented an
ambitious first step in impulse drying modeling. While some
aspects of the model are clearly successful (the incorporation
of sheet compression, for instance), the treatment of the
different zones seems to have resulted in a number of
unrealistic predictions characterized by periods of linear
change in time punctuated with discontinuities (occasionally
large spikes) during the transition from one regime to another.
Predicted heat transfer rates in particular did not compare
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well with observation. There may have been deficiencies in the
numerics as well as in the assumed physics of the process.

Several models of conventional paper drying have also been
published (e.g.,16,17), but this process is significantly
different from impulse drying. Ahrens has developed analytical
models for vacuum drying (18) and displacement dewatering (15)
which highlight the importance of two-phase flow processes.

A number of related numerical studies outside of the paper
industry have been published. A good review of two-phase flow
modeling in soil is given by Milly (19), where some of the
challenges of such modeling are shown. Soil hydrology is
generally unconcerned with heat transfer effects, although
Pollock treated two-phase flow and heat transfer in a model
concerned with radiocactive effluents (20). Displacement
processes for the petroleum industry have frequently been
modeled (21-23), but these provide little direct assistance
for the problem at hand. Models of heat pipes have been
developed which are of relevance in understanding some heat
transfer effects, although simultaneous displacement is not
considered (24).

Moving Boundary Models

Phase-change problems in which a phase boundary moves have
received much attention recently. This class of moving boundary
problems requires unique and difficult solution methods [see
(25) for a review]. Analytical solutions are available only
for the simplest cases, and may be impossible when physical
properties change with temperature. Such problems occur in many
diverse areas, including ablation of heat shields in
spacecraft, melting of permafrost, and the melting and solidi-
fication of alloys [several examples are treated in (26)]. In
impulse drying, the vapor-liquid boundary moves not only
because of phase-change but also because the liquid is driven
out by the generated vapor pressure. Impulse drying is thus
related to another set of moving boundary problems involving
phase displacement in porous media.

In general, moving boundary problems require the
simultaneous numerical solution of transport equations in two
distinct phases which are coupled through boundary conditions
at the moving phase boundary. The location of the interface is
not known a priori, so iterative procedures are usually
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required. Both finite-element and finite-difference techniques
have been used. One-dimensional problems are most commonly
treated, although many recent studies have been published with
two and even three-dimensional solutions (27,28). Because of
the numerical difficulties in treating a sharp interface,
approximations are often employed with a “mushy” zone
separating the phases (29), but this approach will be avoided
here.

MODEL DEVELOPMENT: MIPPS-I
Model Assumptions

In MIPPS-I, impulse drying is treated as a moving boundary
problem with a sharp vapor-liquid interface. The two phases are
joined through boundary conditions that apply only at the
interface. Conservation equations for heat, mass, and momentum
are applied simultaneously to both phases in such a way that
the changing boundary conditions at the interface are
constantly satisfied.

The combination of pressure-driven displacement and phase-
change heat transfer makes the impulse drying process an
unusual and complex moving boundary problem. Furthermore,
contrary to the assumption made in wvirtually all past studies
of moving boundary problems with phase-change, the interface
pressure and temperature are not constant but vary
significantly with time.

To avoid excessive complexity in the model, the paper is
treated as rigid during the impulse drying process. This
assumption can be partially justified by viewing impulse drying
as a two-step process consisting of a wet-pressing stage and a
vapor-liquid displacement stage. Vapor pressure acts to augment
wet pressing once the wet pressing process starts to die down.
In wet pressing, peak hydraulic pressures occur before midnip,
and are dropping rapidly by midnip (30). The region of
interest for the modeling, then, begins with the near-midnip
portion of the process in which the sheet has already been
compressed and most of the water removal by compression has
already occurred. This is consistent with experimental data
taken at The Institute of Paper Chemistry showing the intense
heat transfer processes of impulse drying are not fully under-
way until most of the sheet compression has occurred (1,2) .
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For simplicity, therefore, MIPPS ignores the compression
processes early in the nip and assumes that the sheet has been
compressed before the thermal processes of impulse drying
begin. At this stage, the sheet can be treated as a rigid,
homogeneous porous medium. The sheet is assumed to consist of
cellulose and water only. Heat transfer during the compression
stage has been ignored, and only now does the paper “sense” the
hot surface at temperature T,. (These assumptions would be
exact for a truly rigid sheet.) As heat flows into the liquid,
a vapor phase forms which forces the free saturated liquid into
the felt below (see Figure 2). Because water removal by
compression has already occurred, the motion of the vapor zone
through the saturated sheet is an indication of additional
water removal by displacement in impulse drying.

The assumption of rigidity still introduces error into the
model, but the effect of compression should not significantly
affect the fundamental physics of the impulse drying process.
The effect of transient compression should primarily be a
transient change in physical properties and boundary con-
ditions.

Another key but problematic feature in MIPPS-I is the
ability for the user to specify a capillary wicking rate for
water transported from the saturated zone to the hot surface.
This is an ad hoc feature which allows the possibility of a
heat pipe mechanism to be examined. While this approach is
greatly oversimplified, it does allow some wicking effects to
be examined. It is problematic because capillary wicking
implies that a two-phase zone exists across which the wicking
occurs, a possibility excluded by the sharp-interface
assumption. If one assumes that the capillary flow occurs only
through a few small and perfectly insulated pores, the
contradiction can be overlooked. Again, we are modeling a
complex system in a simplistic way with the hope of
understanding a little more than when we began. The
sophistication of the model must proceed in steps.
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Formulation of the Conservation Equations

Because of the complexity of porous media, it is impossible
to model transport processes at the microscopic level. Instead,
the porous medium is treated as if it were a continuum by
averaging microscopic transport laws over a characteristic
volume of the porous medium (31,32). Complex tensor
relationships with dozens of empirical terms may result which
are then simplified to tractable forms by a combination of
dimensional analysis, heuristic reasoning, and pure faith. As a
result, there is always a degree of uncertainty, empiricism,
and perhaps even confusion in any so-called “fundamental” law
for transport in porous media (33). Nevertheless, many
successes have been scored with this approach, but caution is
always advised. With that proviso, we shall examine the
governing laws which are of significance to our topic.

The equation for mass continuity is one of the few laws of
transport in porous media that are beyond controversy, although
it can be expressed in several forms. In our case, we must
include a source term for vaporization or condensation.
Assuming constant porosity and one-dimensional flow, the proper
form for the gas phase is

e, 20w @

ot ox b

where € is the porosity, p is the density, u is the superficial
velocity (volumetric flow rate divided by area), and r, is the

local volume-averaged rate of evaporation in kg/sm3 [adapted
from (34), p. 150].

In complex cases where the empirical Darcy's law may not
suffice, an approximate form of the momentum equation can be
obtained from the Navier-Stokes equations by incorporating
Darcy’s law and adding nonlinear extensions [adapted from

(359)1:
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Here P is the pressure, |l i1s the vapor viscosity, K is the
permeability, and C is an empirical constant. The term
containing C [Forchheimer’s correction (36)] accounts for
inertial effects, which are unlikely to be important at the low
gas velocities involved in impulse drying. C has therefore been
set to zero. Viscosity and all other gas and liquid properties
are temperature dependent, with values given by regression of
measured properties over the Dbroad temperature range of
interest.

The two terms in Equation 2 containing du/dx would be zero
if the gas density did not change. In most cases of flow
through porous media, the transient term du/dt is also small
compared to other terms. These terms were included for
completeness, but were recently found to be relatively unimpor-
tant in predictions of impulse drying under practical con-
ditions. However, they give MIPPS-I the ability to handle some
extreme effects in gas-phase flow. (Note that elimination of
the minor terms reduces Equation 2 to Darcy’s law, u = -K/U*
dp/dx.)

The energy equation for the gas phase is obtained by
volume-averaging a form of the continuum energy equation
[Equation. 10.1.19. of (34)], resulting in

(PCy) m %%-+ (pcv)fugg- = 51 k ng - P%ﬁ + rh, , (3

where Cy 1s the constant-volume heat capacity, P is the vapor
pressure, hy is the heat of vaporization, and k¢ is the
effective thermal conductivity, defined as

k., = €k + (1-€)k

e fluid solid ° (4)

In this case, the fluid is steam and the solid is
cellulose. Physical properties averaged over the entire medium
or over the fluid phase alone (37) are referenced,
respectively, with the subscripts m and f:

(PCIm = (1=8) (PCy) [ h5q + EPCY gy y5g (5)
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(PCy) ¢ = EIPCY) £y 54 (6)

Vaporization and condensation is assumed to occur at
boundaries, so the last term in Equation 3 is not applicable to
most of the flow.

The liquid phase is assumed to be incompressible, giving
du/dx = 0 for the continuity equation. Heat transfer in the
liquid phase is given by

) oT d|, OoT
(PCo)m S + (PCH) us- = X{ke@?} : )

where Cp is the constant-pressure heat capacity, and the
definitions of Equations 4-6 apply, with water as the liquid
phase.

The transient 1liquid velocity is given by the momentum
transport equation modified for incompressible flow in porous
media:

Pou _ —op _ pu

got  9x K ' (8)
where gravitational and inertial effects have been ignored. By
applying the continuity equation to convert the partial
differential into an ordinary differential, a macroscopic
equation for the liquid velocity can be obtained:

Pint_P“

L
_[M(T(X))dx
du _ a Fr

1
R 14
dt P L X, Kp L-x_

1 (9)
€

where L is the thickness of the porous medium (the sheet), Xe
is the location of the interface, Pint is the pressure at the
interface, and Po is the specified pressure at the exit
boundary of the system.
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Boundary Conditions

The metal surface in contact with the paper is the upper
boundary. This boundary is given a constant temperature. Fluid
velocity 1is also set to zero there. At the paper-felt
interface, the effective thermal conductivity is set to zero.
This condition allows heat to be removed by convection but
implicitly assumes that water entering the felt is no longer in
thermal contact with the sheet. The liquid wvelocity at the
outlet boundary is the same as the bulk liquid wvelocity. The
pressure at this boundary is specified and constant (typically
atmospheric pressure) .

The gas and liquid phases are Joined through boundary
conditions at the interface. The interface is a common boundary
between the two phases with a single temperature, velocity, and
pressure. The temperature and pressure are required to be in
equilibrium. Equilibrium data for water are approximated with
empirical functions (38). The rate of evaporation or boiling
which occurs at the flat vapor-liquid interface is most
conveniently expressed using a superficial rate, 1M, having
units of kg/sm?, rather than using the local rate of boiling
per unit volume, 1, in kg/sm3. The relation between the two
terms is given by

r = mg/Ax , (10)

where Ax is the thickness of the zone in which the boiling
takes place (in the finite difference scheme, it is the length
of the node next to the interface).

The velocity of the interface is the liquid velocity plus
contributions from capillary wicking and from evaporation or
condensation at the interface:

_ 1. Me * My
Vine “€|% Y T, ) (11)
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where Vipt is the interface velocity, Up is the bulk liquid
velocity, me is the evaporation rate (a negative number for
condensation), and my is the capillary resupply (wicking) rate.
The evaporation rate is determined by the difference between
the incoming heat flux from the gas phase and the outgoing heat
flux into the liquid phase:

oT oT| _ .
{'kea_x] - [‘kex] = Mely s (12)
G

L

where the subscripts G and L refer to the gas and liquid
phases, respectively.

Capillary effects cause a discontinuity in pressure at the
vapor—liquid interface given by

P -P. =—, (13)

where Pg is the gas pressure, P, is the pressure of the liquid,
and O is the surface tension, and re is the effective radius of
curvature of the meniscus. The curved interface also affects
the equilibrium condition of the vapor and liquid. The equilib-
rium pressure of the liquid at a given temperature can be found
iteratively with the relationship (39):

P,RT P,
P—-P = 1n
P +— (14)

where P, 1s the saturation pressure of the liquid in a large
volume (i.e., with a flat meniscus).

Capillary forces are responsible for the assumed mechanism
of capillary resupply, but the resupply rate is not calculated
but is an input parameter. Mass and energy balances are still
satisfied as water from the saturated interface is wicked back
to the surface to undergo evaporation.
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Initial conditions assume an isothermal, saturated sheet
with a thin zone of vapor having already developed at the upper
surface of the sheet (this simplifies the start-up procedure) .

Numerical Solution

The transport equations are discretized into time-implicit
finite-difference equations. An iterative approach is required
for each time step. The equations are solved on a moving,
nonuniform, staggered grid, with a node always being kept on
the advancing interface. Equilibrium between the gas pressure
at the interface and the liquid temperature at the interface
was also maintained iteratively. Details of the numerical
solution procedure can be found in (40). In general, the meth-
ods outlined by Patankar (41) were used for much of the
numerical development, including a compressible-form of the
SIMPLE procedure for solving for the gas-phase pressure
profile.

The resulting code has been tested for thermodynamic
accuracy, physical  reasonableness (given  the initial
assumptions), and numerical stability in several ways. It
appears that the code operates as intended and does provide
solutions to the physical problem described by the chosen
equations.

MIPPS~I RESULTS

The cases reported here were computed using an initial
liquid temperature of 100°C, a constant surface temperature of
327°C (600°K), a sheet thickness of 1.0 mm, a porosity of 0.5,
and an ambient pressure of 1.013x10° Pa (1 atm). An effective
pore radius of 5 Um was also assumed in the treatment of
capillarity. Only permeability and water resupply rate were
varied in the following predictions.

Interface Motion

Figure 9 shows MIPPS predictions of interface motion for
two different permeabilities at a constant wicking rate of 0.5
kg/sm?. The predictions show 60% of the free water is displaced
within 50 milliseconds when the paper has a permeability of
1.0x10715 m?2, Displacement is about 3 times as rapid when the
permeability is increased by a factor of 10. These rates are
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consistent with observed dewatering rates in impulse drying of

linerboard, for which the permeability under compression should
be on the order of 10715 m2 (42).
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