PEER REVIEWED

Opening the operating window of impulse
drying—Part II: Pressure differential as a
source of delamination

DAVID |. ORLOFF, TIMOTHY F. PATTERSON, AND PETER M. PARVIAINEN

ELAMINATION IS BELIEVED TO BE

caused by high tempera-

ture, high pressure, and

water in the sheet that is
suddenly exposed to a low-pressure
environment as the nip is opened.
This results in a large pressure differ-
ence between the inside and outside
of the sheet as well as production of
vapor that cannot readily escape the
sheet. As a consequence, the sheet
blisters.

Recent experiments at the Insti-
tute of Paper Science and Technol-
ogy (IPST) have shown that expos-
ing the sheet to elevated ambient
pressures as the nip is opened effec-
tively inhibits delamination (1). Gain-
ing additional information about the
pressure and temperature inside the
sheet would be very beneficial in fur-
ther clarifying the mechanism by
which elevated ambient pressure
inhibits delamination.

HYPOTHESIS

The purpose of this study was to
measure the temperature distribu-
tion within layers of impulse-dried
sheets at both elevated and ambient
pressures. Using these data and ther-
modynamic reasoning, pressure pro-
files were determined within the
web. Based on these profiles, the
hypothesis that delamination was
caused by an imbalance of internal
and external sheet pressure was
tested.

EXPERIMENTAL
There were two parts to the experi-
mental plan of this study:

= Determine the elevated ambient
pressure required to inhibit
delamination at selected platen
temperatures.

» Once these “critical ambient pres-
sures” were determined, similar
but layered handsheets were pre-
pared with embedded thermo-
couples to allow the measure-
ment of z-direction temperature
profiles as the layered sheets
were impulse dried.

Determination of critical

pressure
Critical ambient pressure is the
minimum pressure that is needed to
inhibit delamination, all other condi-
tions being held constant. As a base-
line, ten identical experiments were
conducted at each of four platen
temperatures with the nip opening
to 1 atm pressure to demonstrate
that delamination occurs. In the next
sequence of experiments, the ambi-
ent pressure at the nip opening was
raised until delamination was inhib-
ited. A minimum of 30 experiments
at elevated ambient pressures was
conducted at each platen tempera-
ture to accurately determine the crit-
ical ambient pressure.

Z-direction ultrasonic testing and
visual examination were used to
determine the extent of delamina-
tion. The elevated ambient pressure
was measured using a pressure trans-
ducer located inside the pressurized
impulse-drying chamber. Basis weight,
water removal, and felt weights were
collected for each of these experi-
ments.

In this work, high-ambient-pres-
sure impulse drying (HAPID) experi-
ments were conducted with thermo-
couple-containing handsheets to allow
the measurement of internal sheet
temperatures. The temperature data
were used to deduce pressure differ-
ences between the inside and outside
of the sheets and to relate these to
delamination. The results support the
view that delamination occurs when
the pressure difference across the
sheet is too high, and the buildup of
internal pressure bursts the sheet.

Application:

This work has provided an under-
standing of how delamination may be
suppressed during impulse drying.
That understanding may then be
used to develop practical equipment
modifications that will allow substan-
tially higher press roll temperatures to
be utilized in impulse drying.

Determination of internal

temperature profiles
Once the critical ambient pressures
were determined, sheets with
embedded thermocouples were pre-
pared. A minimum of ten identical
experiments was conducted at each
platen temperature. At least five
experiments were conducted at 1
atm ambient pressure, and then at
least five more experiments were
run at ambient pressures at or above
the critical ambient pressure.
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1. Measured internal sheet temperatures as a function of time
during impulse drying at a press surface temperature of 260°C
and a nip opening pressure of 101 kPa (abs)

The thermocouples were embed-
ded in four different regions of the
sheet.The thermocouples were used
to measure internal temperature
every 0.25 ms throughout the entire
impulse-drying event. Based on pre-
vious work (1), the response time of
the 0.05-mm-diam. thermocouples
was adequate for these experiments.
The objective was to determine the
effect of delamination and ambient
pressure on temperature profiles
within the sheet. The data would
then be used to determine the inter-
nal pressures within the sheet.

Experimental procedures
The details of the apparatus and pro-
cedures used in this work are given
by Parviainen (3) and were generally
similar to those used by Krause (1,
2). However, as some additional mea-
surements were made during these
experiments, the equipment and pro-
cedures involving those measure-
ments are herein described.

Furnish. A furnish and grade
were chosen that would be commer-
cially important for impulse drying.

A commercially produced 100%
virgin softwood kraft linerboard
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2. Measured internal sheet temperatures as a function of time
during impulse drying at a press surface temperature of 260°C

and a nip opening pressure of 320 kPa (abs)

pulp was selected.

Commercially produced Kkraft
linerboard pulp was received at 15%
consistency. The pulp was then
refined in a 4.54-kg valley beater.The
pulp was refined to 398 mL CSF and
then washed and dewatered in a cen-
trifugal washer to 10% consistency
(10%C). The pulp was then refriger-
ated and stored at 4°C for later use.

Single-ply handsheets. Single-ply
handsheets, to be used in determin-
ing critical ambient pressure, were
made to a target basis weight of 205
g/m2. These were produced in a
British handsheet mold according to
the procedures outlined in TAPPI T
205 om-88. The pulp was disinte-
grated at 0.25%C for 15,000 revolu-
tions. The sheets were formed from
the 0.25%C stock and were pressed
to a target of 35% solids using a man-
ually applied hydraulic press.

As a control, one out of every ten
sheets was oven dried and weighed
to ensure correct basis weight. The
pressing was done at 929 kPa for 10
seconds with three blotters on top
and one blotter on the bottom side.
The samples were cut with a 6.35-

cm-diam. knife-edged die in a
Thwing-Albert Alfa cutter Model 240-
3. Each sheet was formed, labeled,
and pressed to 35% solids and then
individually placed in sealed plastic
bags. The individually bagged sam-
ples were stored at 4°C until needed.
Thermocouple-instrumented
handsheets. To measure internal
sheet temperature profiles during
impulse drying, multilayer handsheets
were produced with imbedded ther-
mocouples. A four-layered sheet con-
taining three imbedded thermocou-
ples was used. The top layer was
made as thin as possible to allow tem-
perature measurement close to the
heated surface of the sheet, while
being thick enough to eliminate the
possibility of having it electrically
short to the surface of the heated
platen. The basis weight for the top
layer was 20 g/m2. The second and
third layers were each 50 g/m?, while
the bottom, or fourth, layer was 85
g/m2. The individual layers were
formed on the handsheet mold and
then couched off the wire. For the
light top layer, it was necessary to wet
the blotter to ensure good couching.
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3. Calculated rate of temperature change with respect to time,
assuming subcooled liquid as well as saturated mixture for vari-
ous heat transfer rates and depressurization rates at a tempera-

ture of 150°C

Sample mounting rings were
made to affix the thermocouples and
to permit easy transfer and storage of
assembled sheets. The mounting
rings are 0.32-cm-thick annular card-
board rings with a 10.2-cm OD and
approximately an 8.9-cm ID. Three
Type E 0.05-mm-diam. thermocou-
ples were attached to the mounting
rings, which were then placed on the
surface of the manual handsheet
press. The mounting rings were
weighed separately so that the per-
cent solids of the formed sheet could
accurately be determined and
adjusted. Each layer was then assem-
bled with the appropriate thermo-
couple between the layers.

When all the layers with their
respective thermocouples had been
made, four blotter sheets were placed
on the top and bottom sides of the
sample and pressed at 515 kPa for 7
seconds. The bottom thermocouple
was not placed on the mounting ring
because it was more practical to
mount the bottom thermocouple per-
manently onto the sheet lifter, which
was located above the lower platen.
To conduct the tests, the mounting
ring with sample was clamped to the
sheet lifter above the lower pressing

ture of 250°C

surface. The thermocouple leads
were then connected to the female
plugs located below the lower platen.

Thermocouples. Type E 0.05-mm-
diam. thermocouples were used to
obtain the internal sheet tempera-
tures. They were made with an
approximate 6.3-cm loop, which
would go inside the sheet. It was
important to ensure that the leads
did not cross in order to achieve an
accurate temperature reading. The
wires were insulated with approxi-
mately 10-cm-long Teflon leads. The
sheathed wires were connected to a
Type E male plug, which was
plugged into the female connector
located below the pressing surface
on the lower platen.

RESULTS
Determination of critical
pressure

The first part of the experimental
study was to determine, for the fur-
nish used and for a range of platen
surface temperatures, the minimum
ambient chamber pressures required
to inhibit delamination. The platen
temperatures chosen were 130, 200,
230, and 260°C. Ambient pressure at
the nip opening was systematically

4. Calculated rate of temperature change with respect to time,
assuming subcooled liquid as well as saturated mixture for vari-
ous heat transfer rates and depressurization rates at a tempera-

increased from atmospheric pressure
to 750 kPa (abs), depending on the
platen temperature.The highest pres-
sures were chosen to examine if
extremely high ambient pressure has
an effect on sheet properties.

To determine the critical ambient
pressure, a set of ten sheets was
impulse dried at a given temperature
and then examined visually and with
ultrasound to determine if delamina-
tion had occurred. The ultrasonic
testing was conducted at five differ-
ent regions of the sheet, four on the
outer edges and one in the center.
This testing records the velocity of
sound, or square root of the specific
elastic modulus, in the out-of-plane
direction of the sheet.As in previous
studies, the coefficient of variation of
the specific elastic modulus proved
useful in detecting delamination.The
details of these measurements are
given in Parviainen (3). The critical
pressures corresponding to the
platen temperatures of 200, 230, and
260°C were 220, 290, and 295 kPa
(abs), respectively.

Water removal
The samples that were impulse dried
in this part of the study were also
tested for moisture removal, with the
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5. Internal and sheet pressure as a function of time from nip
opening for sheets impulse dried at 260°C and an ambient pres-

sure of 101 kPa (abs)

detailed results reported in Parvi-
ainen (3). The data showed that nei-
ther delamination nor ambient pres-
sure had an effect on water removal.
Furthermore, the general trend was
that moisture removal increased with
platen temperature, as had been pre-
viously reported.

Internal sheet temperature

profiles
After the critical ambient pressures
had been determined, replicate
impulse-drying experiments, using
thermocouple-instrumented hand-
sheets, were conducted. The thermo-
couples were placed as follows:

= The top thermocouple, desig-
nated T, ., was placed below the
thin top layer representing about
10% of the total sheet weight.

e The second thermocouple, desig-
nated T, ,,, was placed below
about 35% of the total sheet
weight.

 The third thermocouple, desig-
nated T, ,,, was placed below
about 60% of the total weight of
the sheet.

» The fourth thermocouple, desig-
nated T, .., Was placed just
below the bottom of the sheet,
and in contact with the felt, the
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farthest distance from the heated
platen.

Figures 1 and 2 show typical internal
temperature profiles for the 260°C
platen surface temperature case,
where ambient pressures were set at
101 and 320 kPa, respectively.

A minimum of five replicate
experiments was conducted at each
platen temperature at both an ambi-
ent pressure of 1 atm and at the cor-
responding critical ambient pressure.

ANALYSIS
The internal sheet temperature pro-
files all show an increase in tempera-
ture while the press load is being
applied. As the nip begins to open,
the profiles also show a further rapid
increase in temperature, followed by
a rapid temperature decrease as the
press load approaches the ambient
pressure. In the region where the
temperature is rising under a heavy
load, the water inside the sheet is a
subcooled liquid.As soon as the load
is decreased, heat transfer, along with

the pressure drop, cause the
subcooled liquid to first increase in
temperature (until it reaches

saturation conditions) and then to
begin to vaporize. As the phase

6. Internal and sheet pressure as a function of time from nip
opening for sheets impulse dried at 260°C and an ambient pres-
sure of 320 kPa (abs)

change begins, vapor produced
begins to escape from the interior of
the sheet. The combined effect of
sheet expansion and vapor venting
controls the rate of pressure drop
within the sheet. By increasing the
external load (increasing the
ambient pressure) during this
period, we are also reducing the
pressure difference between the
inside and outside of the sheet.

As shown in the appendix, the
rate of temperature change with
respect to time is determined by the
rate of pressure drop as well as the
rate of heat transfer to a subcooled
liquid. Heat transfer to the system
will tend to increase system
temperature, while a system pressure
drop will also tend to increase the
system temperature. However, as
soon as the system becomes
saturated, the temperature change
will reflect the change in pressure
through the vapor pressure curve.
The rate of temperature change is
then given by:

dpP
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7. Pressure differentials between various internal locations within
the sheet and the outside of the sheet during nip opening of a
sheet that was impulse dried at a platen surface temperature of
260°C at an ambient pressure of 101 kPa (abs)

To show this graphically, this calcula-
tion has been made at fixed tempera-
tures of 150 and 250°C, as shown in
Figs. 3 and 4. Note that a substantial
drop in system temperature can only
be expected to occur if the system is
saturated, i.e., vaporization has com-
menced.

Hence, one can estimate the
instant when a particular location
within the sheet reaches saturation
conditions. In fact, we can use the
instant when the internal tempera-
ture rapidly drops to signify the start
of saturation conditions. Once vapor-
ization begins, the local pressures
within the sheet correspond to the
local saturation pressures at the mea-
sured local internal temperatures.
The pressures (in kPa) are then cal-
culated from the measured tempera-
tures (in °C) and the vapor pressure
curve.

Typical internal pressures and the
load pressure transmitted to the
sheet are plotted as a function of
time for the 260°C platen tempera-
ture case at ambient pressures of 101
and 320 kPa (abs) in Figs. 5 and 6.
Assuming that we know the external
pressure applied to the sheet, the
pressure differential between the

inside and outside of the sheet can
then be determined.
The external pressure applied
to the sheet

During impulse drying under ele-
vated ambient chamber pressure, the
sheet experiences a number of dif-
ferent forces. The force on the sheet
that is applied as the load is increas-
ing is simply the load as measured by
the load cell mounted on the shaft of
the upper platen. However, as soon
as the ambient pressure begins rising
in the chamber, the actual load
applied to the sheet is less than that
registered by the load cell. This is
because the pressurized nitrogen
inside the chamber applies an
upward force to the annular region
on the upper surface, outside of the
upper-platen and lower-platen con-
tact areas. The area of this region is
calculated as follows:

A = [(10.47 cmj— (6.35 cmj] x T4
2)

So, the net pressure applied to the
sheet is as follows:

P.=PA-PA)IA, (3

8. Pressure differentials between various internal locations within
the sheet and the outside of the sheet during nip opening of a
sheet that was impulse dried at a platen surface temperature of
260°C at an ambient pressure of 320 kPa (abs)

where

P, = pressue gplied to the sheet
P . = pressue on the load cell

A, = area of the sheet

P. = pressue in the bamber

A, = ara of analar region.

Equation 3 is only applicable
when the upper platen and lower
platen are in contact. As soon as the
two platens separate, the load cell
registers a constant load, which is
simply the area of the piston multi-
plied by the chamber pressure (P).
The fact that the load is constant at
this point indicates that the two
platens are separated and that the
elevated chamber pressure acts on
the entire surface, not only on the
annular region. Using this reasoning,
the time at which the two platens
first separate can be determined. It
was then assumed that for the atmos-
pheric cases, the upper and lower
platens separate at that same
moment in time as for the pressur-
ized case. After the nip has opened,
the pressure on the sheet is just the
chamber pressure. The combination
of all of these events can be used to
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9. Peak pressure differential as a function of platen surface tem-
perature as measured at the 1/4 position of the sheet

determine the external pressure on
the sheet during the entire pressing
cycle, as shown in Figs. 5 and 6.

Using the determined pressure
on the sheet, designated as P, in
the graphs, the pressure differential
between the internal and external
regions of the sheet was calculated.
Typical pressure differential results
are plotted in Figs. 7 and 8 for the
260°C-platen-temperature case at
both 101 and 320 kPa (abs) ambient
pressure.

Similar plots were constructed
for all cases, and the peak pressure
drop was determined for each case.
We anticipate that the instant of peak
pressure drop is the time at which
delamination most likely occurs. It
appears that elevated ambient pres-
sure inhibits delamination because it
decreases the maximum pressure
drop.This is evident in Fig. 9, where
the maximum pressure differential at
the 1/4 location is plotted as a func-
tion of platen surface temperature.
Note that the maximum pressure dif-
ferential increased linearly with
platen surface temperature and
decreased with increasing ambient
pressure at the nip opening. Recall
that the cases at an ambient pressure
of 101 kPa delaminated, while those
at ambient pressures above the criti-
cal pressures did not delaminate.

To demonstrate that delamination
was eliminated because of an
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increase in ambient pressure, and not
a reduction in the internal pressure,
we plot the peak internal sheet tem-
perature as a function of platen tem-
perature in Fig. 10. We observe that
the peak internal temperature at
position 1/4 was independent of
ambient pressure. As the internal
pressure is directly related to the
internal temperature, raising the
ambient pressure at the nip opening
had no influence on the peak inter-
nal pressure.

Note that sheets that were
impulse dried at an ambient pressure
of 101 kPa (abs) and a platen tem-
perature of 200°C delaminated, while
similar sheets that were impulse
dried at an ambient pressure of 320
kPa (abs) and a platen temperature of
260°C did not delaminate. From Fig.
9, we then conclude that delamina-
tion must occur at the 1/4 location in
the sheet, when the peak pressure
differential exceeds about 225 kPa.

CONCLUSIONS
Samples of 205-g/m? 100% virgin
kraft linerboard refined to 398 mL
CSF were impulse dried using platen
temperatures of 200, 230, and 260°C.
At atmospheric conditions, delamina-
tion was always present. Exposing
the sheet to elevated ambient pres-
sure upon opening the nip inhibited
delamination. This is because the
fiber network can withstand the

10. Peak internal temperature as a function of platen surface
temperature as measured at the 1/4 position of the sheet

lower pressure differentials experi-
enced during elevated-ambient-pres-
sure impulse drying but not those
experienced during conventional
impulse drying.

The experiments conducted in
this study indicate that there was a
maximum threshold difference
between the internal and external
pressure of the sheet above which
delamination will occur. In this case,
the maximum allowable pressure
drop between the 1/4 layer of the
sheet and the surface was about 225
kPa. Pressure differences greater than
225 kPa always caused delamina-
tion.TJ
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APPENDIX: A THERMODYNAMIC INTERPRETATION
OF THE
NIP-OPENING PROCESS

Recent Institute studies have shown that changes in
the nip-opening process can significantly impact sheet
delamination during impulse drying. To better under-
stand the nip-opening process, a thermodynamic
model was developed.

A CONCEPTUAL VIEW
In this appendix, the nip-opening process is viewed as
a series of thermodynamic processes that are experi-
enced by the sheet. Figure 11 is a conceptual view of
the out-of-plane moisture, pressure, and temperature
profiles in a sheet that is undergoing impulse drying at
a time just prior to the start of nip opening.The top
surface of the sheet is in contact with the heated press
roll, which acts as a heat source, while the bottom sur-
face of the sheet is in contact with the press felt, which
acts as a water reservoir. Sheet moisture is at its lowest
value at the sheet-roll interface and at its highest value
at the sheet—felt interface. Sheet temperature is at its
maximum at the sheet-roll interface and at its mini-
mum at the sheet—felt interface.
There are three distinct regions of the sheet:

< In region A, near the press roll surface, the pores of
the sheet contain little water and are at high tem-
perature.

< In region B, in the middle of the sheet, the pores
contain water and are at moderately high tempera-
tures (above 100°C).

< In region C, near the press felt, the pores contain a
substantial amount of water and are at a low tem-
perature (below 100°C).

In this conceptual model, only the pores in region B of
the sheet contain enough water and are at sufficiently
high temperature for flashing to vapor to occur as the
nip opens.

As the nip opens, the applied pressure decreases
until the heated surface of the sheet is no longer in
contact with the heated press roll. During this time
interval, the heated press roll continues to transfer heat
to the sheet and to the pores.This combination of pres-
sure drop and heat transfer results in rapid flash evap-
oration of the liquid contained in the pores of region B,
and in evaporative cooling.

It has been previously proposed that sheet delami-
nation is the result of the flash evaporation process. If
the sheet above region B were assumed (in the
extreme case) to be impermeable, flashing in the pores
would result in sheet expansion. In the more realistic
case, where the sheet above region B is permeable,
flashing in the pores will result in both venting of
flashed vapor, to the sheet—platen interface, and sheet
expansion. In both cases, interfiber bond failure will
occur when the net forces on the sheet, above region
B, exceed the failure strength of region B.

We propose that the probability of delamination
can be reduced by modifying the nip-opening process
to reduce the net forces on the sheet.The intent of the
following model is to begin to develop an understand-
ing of the variables that would be expected to influ-
ence the process.The model represents a limiting case
in that it assumes that the web is impermeable above
region B, and hence, that there is no venting.

THERMODYNAMIC MODEL
Consider a pore in region B of the sheet. The mass of
water contained within that pore may be defined as a
thermodynamic system. As the sheet is expected to
increase in caliper as the nip opens, the boundaries of
the thermodynamic system (pore) expand when the

In contact with water within
heated roll —~— - undergoes a
. o / g change of
S h Fig-
B W phase. Fig
C ure 12
shows the

In contact thermody-
with felt namic  sys-

Out-of-plane .

¥ direction * == Moisture tem at the
= = = = Temperature beginning of
e Q the process
INITIAL TIME LATER TIME and at some
time later in

11. Conceptual moisture and temperature
profile just prior to the nip opening

12.The thermodynamic system

the process.
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In Fig. 12, and in the following
derivation, we define the following
variables:

m = the system mass @er)

the heatranser to the system
from the suoundings

W = the work done ly the system on
the suroundings.

The following assumptions are
introduced:

* The mass of the system is con-
served.There is no water vapor
venting or transfer of water dur-
ing depressurization of the sheet.

» The surface of the system
expands with time, doing
reversible work on the surround-
ings.

= Heat is transferred from the sur-
roundings to the system.

» The pressure of the system
depends on its z-directional loca-
tion in the sheet, the decreasing
applied load, and various initial
conditions.

At the beginning of depressuriza-
tion, the thermodynamic system is at
a pressure P__ and at a temperature
T, Itis anticipated that P__may be
higher than the saturation pressure,
P, corresponding to the tempera-
ture T . Hence, at the onset of
depressurization, the system may be
a subcooled liquid. In such a case,
depressurization will proceed until
the system becomes a saturated lig-
uid. From that point on, continued
depressurization results in vaporiza-
tion, with a subsequent substantial
increase in volume.As a special case,
P ..« May be equal to P_, so that the
system begins as a saturated liquid,
and vaporization proceeds immedi-
ately with depressurization.

If the starting pressure, P __ ,were
less than P_, then no vaporization
would take place as the system
would already be a superheated

vapor. In that case, vaporization
would take place in a pore that is
located farther away from the heated
surface of the sheet at the saturation
temperature, T_,, corresponding to
the starting pressure, P __ .

Figure 13 shows the process on a
T-v diagram. Observe that the
process may be separated into two
regimes: a subcooled liquid regime,
where the system volume increases
slightly with a reduction in system
pressure, and a saturated regime,
where a system pressure decrease
results in vaporization and a large
increase in system volume.

THE SUBCOOLED REGIME
In the subcooled regime, the specific
volume of the system, v, is a function
of both system temperature T and
system pressure P, as follows:
v=Vv(RT) (A1)
Hence, changes in pressure and tem-
perature will result in a change in
the specific volume, as follows:
(21
dv = (OP po+ a7 F’dT (A2)
As the mass m of the thermody-
namic system is constant with
respect to time, the rate of system
volume increase can be written as:

dvidt=m(dvidi)  (A3)

Substituting Eq.A2 into Eq.A3 yields:
dpP) , (9v) (dT
(dt)+(aT)p( ot )] (A4)

From the first law of thermodynam-
ics, the heat transfer to the system
must equal the sum of the change in
internal energy of the system and
the work done by the system on its
surroundings:

R

dt ™ \oP/;

8Q/dt = dU/dt + SW/dt  (A5)

The internal energy of the system is:
U=mu (AB)

Hence, the rate of increase in the sys-
tem internal energy is:

du_ du
Mt

"ol )]

dt™
The reversible work done by the sys-
tem on the surroundings is:

oW/dt = P(dV/dt) (A8)
Substituting Eq.A4 into Eq.A8 yields:
=Pl (60 (67), (&)
dt oP/\dt/ \oT/.\dt
(A9)

Combining Egs. A9 and A7 into Eg.
A5 results in:

Due to sie (A10) appeas & end of
Appendix

Solving for the rate of change of tem-

perature:
13Q|_|(ou} , p[ov) |dP
d7_{mdt)7|\op), " "\oP/ |t

(A1)
e

aT), aT),
We may now substitute Eq.A11 into

Eq. A4 to obtain the increase in the
volume of the system.

THE SATURATED REGIME

In the saturated regime, the mass of
water, m, may decrease with time,
and the mass of water vapor, m,, may
increase with time.Yet, the total mass
of water contained within the sys-
tem boundaries must remain con-
stant. Hence, from the law of conti-
nuity:

m=m +m, = Constan{Al12)

Differentiating with respect to time:
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dmdt = dm /dt + dm/dt = 0
(A13)

Hence, the rate of water loss, m , is
equal and opposite in sign to the rate
of water vapor increase, m,:

dm/dt=—dm,/dt) (A14)
The system volume may be calcu-
lated from the volume of the water

(liquid) and the water vapor con-
tained within the system boundaries:

V=my, +my, (A15)

Differentiating with respect to time:

ﬂ/z dv dmL +m % v by dn\,
dt dt fdt dt gdt
(A16)

The rate of increase in the system
volume can be simplified by recog-
nizing that v, and v, are both only
functions of pressure (note:vfg =V, -
v, and by using Eq.Al4:

dv _ dn\,

)dv
at Vedr

ap de
(A17)

Gl

where dP/dt is the rate of change of
the system pressure.

Again, from the first law of ther-
modynamics:

5Q/dt = dU/dt + SWidt (A18)

Here the system internal energy, U, is
given by:

U=mu +mu, (A19)
Noting that U, = u, — U, we may
write the rate of change of the sys-
tem internal energy as:

_U_ y dn\,+ dP( du du,
gt Year atllap Vap
(A20)

Because all of the work done by the
system is boundary expansion work:

3W = PdV (A21)

Hence:

oW/dt = P(dV/dt)  (A22)
Substituting Eq. A17 into Eq. A22
yields:

dw _

dm, ( dv, dv;)
dat Pdt Map ™M

Pat dP
(A23)

Combining Egs. A23, A20, and A18,
we may solve for the evaporation
rate:

Due to sie (A24) appeas & end of
Appendix

Knowing the initial thermodynamic
state of the system, the rate of change
of the system pressure, and the rate
of heat transfer, as imposed by the
surroundings, we may use EqQs. 24
and 12 to predict the water vapor
contained in the system as a function
of time.

400
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o
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0.001 0.01
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SPECIFIC VOLUME, m3fkg

= (3,

5Q d

R R
dm, _dt ~dt|["aP " "op dp P

+

ov\ [dP
P(aP)T

dt

ou ov| [dT
(aT)p * P(aT)p dt]

(A10)

dt
0.1 1

13. T-v diagram showing the nip-opening process

u +v P
(A24)
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