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NEW PATHWAYS OF SCIENCE

1. For science there is no longer any money; the
observatory has gone to complete rack and ruin. 2. The
astronomy professor begs the government for funds, but in
vain. 3. In uitermost desperation he resolves to take up
astrology.

4. As astrologer he casts horoscopes for war prefiteers.
5. His prophesies are soon in much demand; he makes lots
of money. 6. Now the professor has the funds to renovate
himself and the observatory; the newest and best
instruments are procured.

Th. Th. Helne, “Neue Wege der Wlmsenschaft".
Simpliclizsimus, 25 (28 January 1821}, p. 585.



ABSTRACT

Drying of paper by impinging jets of superheated steam was studied
in an apparatus which closely simulates conditions for a potential
industrial impingement dryer.

Drying was found to consist in a constant rate period, feollowed by
a falling rate period where the drying raie decreases linearly with
moisture content. The relation found between the constant rate and
Reynolds number and temperature of the jet is consistent with a previous
correlation for air impingement heat transfer, suitezbly modified for
conditions in a steam environment. For a given mass flux, steam drying
is slower than air drying below an Inversion temperature of 175 °C and
faster above. The specific blower power for steam dfying is much lower
than for air drying at temperatures in the indusirial range.

Equilibrium moisture content measurements showed that complete
drying can be obtained at steam tenperatures only slightly above the
boiling point. Expressions for the critical moisture content in
impingement drying in steam and in air were obtained. In steam drying,
the falling rate period was found to be determined more by internal
transport resistance than by adsorption of water on the fibers.

A new arrangement for drying paper, in which the first half of the
drying is done by a conventional dryer to which steam is supplied from a
steam impingement dryer handling the second half, was analyzed. 1In
regions with low electricity cost, recirculation of steam around the
impingement dryer circuit by a mechanical fan is much more economical
than by a thermcocompressor. However, this advantage is only marginal
where electricity cost is high. The overall performance is optimized by
using the highest temperature and lowest Jjet velocity possible. The
drying cycle proposed is a realistic and attractive means to increase

drying capacity and reduce energy consumption.



RESUME

LLe séchage du papler par Jjets de vapeur surchauffée » falt 1’'objet
d'une étude expérimentale dans un appareil simulant les conditions d'un
sécheur a vapeur industriel potentiel.

Le séchage du papler comporte une période a taux constant, sulvie
d'une période & taux décroissant, pendant laquelle le taux de séchage
décroit linéalrement avec la teneur en eau. La relation entre le taux de
séchage constant et le nombre de Raynolds et la température du Jet est
conforme & wune corrélatlon développée précédemment décrivant Ile
transfert de chaleur par Jets d'air, adaptée pour les conditions d’une
atmosphére de vapeur. Pour un débit massique donné, le séchage par
vapeur est molns raplde que le séchage par l'alr sous la température
d’ inversion, qul est de 175 °c, et plus raplide au dessus de celle-cli.
Aux températures d’usage industriel, 1la puissance de venjllation
spécifique est beaucoup moins élevéejpour la vapeur que pour-f’alr.

Des mesures de teneur en eav A 1'équilibre ont démontré qu’on peut
obtenir un séchage complet par la vapeur &4 une température a pelne
supérieure au point d'ébullitlon. On a obtenu des expressions décrlivant
la teneur en eau critique pour le séchage par Jets de vapeur et d'alr,
Pour le séchage par vapeur, les caractéristiques du séchage a taux
décrolssant dépendent plus de la réslstance interne au transport de
chaleur et de masse, que de ]1’adsorption de 1'eau sur les flbres.

On propose un houveau procédé pour le séchage du papier, dans
lequel la premiére portio;a‘du séchage est falte dans un sécheur
conventionnel et la seconde dans un sécheur &4 Jets de vapeur
surchauffée, la vapegr'requise pour la premiére portlon étant fournie
par la seconde. Daﬁéﬁles réglons ol le coGt de 1'électriclité est peu
élevé, 11 est beaucoup plus économique d'utiliser un ventilateur
mécanique qu’'un thermocompresseur pour la recirculation de la vapeur.
Cependant, cet avantage est marginal 12 ot le coGt de 1'électricité est
élevé. Le rendement du procédé est optimisé en utilisant une température
aussi élevée, et une vitesse de Jjet aussi basse, que possible. Le
procédé proposé est une méthode réaliste et efficace d'augmenter la

capacité de production et de réduire la consommation énergétique.
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CHAPTER 1

INTRODUCTION

1.1 QLD AND NEW TECHNOLOGIES FOR DRYING PAPER

Papermaking consists in forming an aqueous pulp of wood fibers into
a sheet, pressing this sheet to approximately 150 % moisture per dry
fiber weight, then drying to 7 - B% moisture. The North American
production of 88 million tonnes of paper per year (Lockwood-Post, 1880)
requires the removal of about 125 million tons of water in the dryer

section.

Generally (table 1.1), current industrial practice is te dry paper

DRYER TYPE APPLICATION

Pulp Tissue Paper Board Coating TOTAL
Dryer cylinder 15 95 95 35 82.3
Impingement 70 ’ 2 2 50 7.6
Yankee 70 4.2
Infrared 3 3 15 2.8
Through dryer 15 0.9
Flash 15 1.1
Vacuum 15 1.1
TOTAL 100 100 100 100 100 100
Table 1.1 - Dryer distribution in the U. S. pulp and paper

industry, percent (adapted from McConnell, 1880).

by passing the sheet over a series of cylinders heated internally by

steam, in an atmosphere of air, shown schematically in figure 1.1:
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Figure 1.1 - Conventional dryer section and dryer cylinder.

The conventional drum dryer, characterized by a low drying rate
(average value: 15 kg/ma—h) and high energy consumption (average value:
1.5 kg steam used / kg water evaporated, Sayegh et al., 1986), is not of
the standard of modern engineering performance. The fact that, in many
mills, production capacity is dr‘yer_—limited,‘and the annual energy
consumption of &5 milliqn barrels of oil for paper drying in North
America, highlight the nééd for more efficient drying techniques.

In the early 1870’s, research at the Pulp and Paper Research
Institﬁte of Canada on a novel process combining the action of impinging

air Jjets and suction across the permeable sheet (Burgess et al., 1872a,



1972b), figure 1.2, demonstrated the feasibility of an average drying

Figure 1.2 - Schematic view_of PAPRIDRYER.

rate of 150 kg/ma—h. over ten times conventional dryer performance.
Unfortunately, since drying in this Papridryer takes place in an air
atmosphere, energy consumption is not lower than that of the
conventional dryer, as it is not possible to efficiently recover the
heat content of the exhaust stream in either case. As the higher drying
rate of the Papridryer was not sufficient alone to convince papermakers
to abandon proven technology, its development was dropped.

More recently, the Institute of Paper Chemistry (Sprague, 1985)
developed a process whereby drying occurs by passing the sheet in a high
pressure nip underneath a roll heated to very high temperature. Very
high water removal rates are achieved in this so-called impulse dryer,
shown schematically in figure 1.3. Initial tests on a static press at
IPC, confirmed by experimentation on a dynamic apparatus at the Pulp &
Paper Research Institute of Canada (Poirier and Sparkes, 1991), revealed
an energy efficiency (rate of water removg}{x enthalpy oﬁ_evaporation /

heat flux) greater than one, indicating water removal in the liquid
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Figure 1.3 - Schematic view of impulse drying process

state. It was postulated that a steam film formed at the web / roll
interface pushes molsture through the wet fiber matrix. Important
problems, however, remain with impulse drying: a tendency towards sheet
delamination, the difficulty of supplying the high heat fluxes required,
and the inability to dry paper completely. Despite its attractive energy
efficiency, the impulse dryer is a technique of limited scope and with

numerous problems to be resolved prior: to becoming an industrial

technology.

Since the eariy 1880's, researchers in the Chemical Englneering
Department of McGill University have been investigating the drying of
paper under impinging Jjets of superheated steam. This technique shows
great promise, on the three following fronts:

a) DRYING RATE. Compared to conduction drying, very high heat



transfer rates can be reached by impinging Jjets, and because of the
better transport properties of steam at high temperature, higher heat
transfer coefficients are possible in steam than in air, Drying rates
over an order of magnitude higher than those of conventional dryers can
be obtained, potentially leading to important capital costs savings and
large increases In production capacity;

b) ENERGY EFFICIENCY. Since, in superheated steam drying, the
outlet stream consists of steam alone, its heat content can be
completely recovered and the net energy expenditure for drying can be
reduced to zerc in principle. Furthermore, as a superheated steam drying
process is simultaneously a steam generation process, capital costs of
steam production in the paper mill may be reduced;

c) PAPER PROPERTIES. The higher sheet temperature and oxygen-free
environment of steam drying produce stronger paper. The preliminary
tests of Cui et al. (1985) and David (1887), followed by Poirier's
(1991) extensive study, show Iimportant strength improvements for
superheated steam dried paper, compared to conventionally dried,
establishing the potential of superheated steam drying as a technique

for enhancing paper properties.

1.2 OUTLINE OF THE THESIS

The goal of this thesis is to characterize the drying of paper
under impinging jets of superheated steam by measuring the drying rate
in conditions eof industrial relevance and by analyzing specific cycles
for implementing superheated steam drying in the paper mill. It is hoped
that the present thesis will serve as the necessary step between the

conceptual design studies which have been the focus of most of the



earlier work, and pilot plant scale trials which must precede the
implementation of superheated steam drying of paper on an industrial
scale.

A brief literature review completes this introductory chapter. The
apparatus for simulating conditions in a hypothetical industrial dryer,
and the experimental procedures, are described in chapter two. Chapter
three presents the results for constant drying rate under impinging Jets
of superheated steam and of air, comparing and contrasting the drying
performance of the two fluids., Characteristics of the falling rate
period, and measurements of the equilibrium moisture content of paper in
superheated steam, are given in chapter four. In chapter five, two
combined superheated steam impingement - conventional drying cycles are
proposed and are shown to be superior to a previously suggested cycle
with energy recovery by means of an open-cycle heat pump. The findings
of the study are summarized, and recommendations for future work are

presented, in chapter 6.

1.3 LITERATURE REVIEW

1.3.1 Studies on Superheated Steam Drying of Paper

The use of superheated steam for drying bulk materials was
introduced at the beginning of this century (Hausbrand, 1908) and has
found limited but very successful application in drying such diverse
materials as coal, lumbef. hog fuel and wood pulp.

Dungler (1952) has patented a dryer in which steam Jets impinge con
both sides of a sheet of fibrous material, through a permeable fabric,
However, he seems not to have realized the potential of this process for

energy recovery, as he proposed that the water evaporated in the dryer



simply be vented to the ambient atmosphere. The proposed dryer did not
result in an industrial application.

All the known research on using superheated steam to dry paper has
been done at McGill University. Cul and Mujumdar (1984) presented a
nodel for a combined impingement-conduction dryer using superheated
steam as the drying medium, essentially a Yankee dryer running on
superheated steam. The model predicted a net energy consumption of 700
kJ/kg water evaporated and a typical drying rate of 2B0 kg/mz—h for a
well-designed dryer with recycling of the exhaust steam by
thermocompression, compared to 6000 kJ/kg water evaporated and 200
kg/ma-h drying rates for Yankee dﬁyers.

The first measurement of tﬁe rate of drying paper in superheated
steam was made by Culi et al. (op. cit.). They made preliminary
meaéurements of the constant drying rate in a laboratory-scale steam

impingement dryer in the following ranges of conditions:

steam temperature: 190 - 230 °C
Jjet velocity: 50 - 100 m/s
Jet pressure: 100 - 200 kPa abs.

Drying rate was found to increase nearly linearly with these parameters.
The sheet temperature was measured to be that of saturated steam at the
Jet pressure.

Loo and Mujumdar (1984) made a first attempt at modeling
superheated steam drylng of paper with impingement and flow t.hr-cmgh;T
using Crotogino and Allenger’s (1979) approach of linearly combining the

impingement and through drying contributions. The impingement part was



treated by equating the heat flux with the energy required for
evaporating the water, wusing the heat transfer correlations of
Saad (1980) and Das (1982) for slot Jjets and Chance (1974) for round
Jets, and taking inte account the heat of adsorption determined
experimentally by Prahl {1968). In the absence of experimental data, the
through drying side was treated by assuming that the exhausted steam was
saturated. The latter assumption appears to be 1invalidated by the
finding of 0. Polat (1989) of unsaturated exit air in through drying of
paper. Thus Loo & Mujumdar's prediction must be considered to be of
gualitative importance only.

Beeby and Potter (1986) recently reviewed superheated steam drying,
with primary focus on bulk solids drying applications, The direct
contact superheated steam drying process consists in a heat-up period, a
constant-rate drying periord and a falling rate period. Each of these was
contrasted to its equivalent for air or for conduction drying. Important
differences are the condensation on the scolid surface during the heat-up

period and the elevated surface temperature during the constant-rate

period.

1.3.2 Heat and Mass Transfer Under Impinging Jets

1.3.2.1 Effect of geometry

In their critical review of design correlations for heat and mass
transfer under impinging Jets, Obot et al. (1980) noted that the heat
transfer coefficient is sensitive to the nozzle shape (ASME-contoured
nozzle vs. sharp-edged orifice), length-to-diameter ratio and extent of
confinement, and recommended using the average exit plane velocity and

the nozzle diameter to define the Reynolds number. Reduced correlations,



computed in this manner from the studies of Gardon and Cobonpue (19863),
Allander (1961), Hilgeroth (1965), Glaser (1962), Krétzsch (1968) and
Martin (1977) agreed within * 15 %. Martin's correlation was recommended

for arrays of circular orifices:

Nu _ hD = K (H/D,f) / £ 1 -2.2 v £ 2/3

Re
pro-42 x pro %2 1+0.2 (D-86) V¢

= F (H/D, ) Re?”® (1.1)
where the geometrical dependence factor is

5 -0.05
€ (/D.8) = [1 . [ H/D ] ] (1.2)
0.6 // £

The correlation is deemed to be valid in the Reynolds number range

2 x 10° = Re = 10°, with Re defined as

I
—
<
0

Re (1.3)

where Ej is the mean velocity at the jet exit plane, dvc the vena

contracta diameter, and v, the kinematic viscosity at the film

temperature Tr = (T_| + Tb) / 2.

1.3.2.2 Effect of variable fluld properties

In the present study, absolute temperature varies between the



nozzle exit and the sheet surface by a ratio as high as two; over this
range, thermal conductivity and viscosity vary by approximately the same
ratio (cf. appendix 4). Clearly, conditions used to define the physical
properties are very important.

Kays and Crawford (1980) restate the long established practice that
the heat transfer rate in a variable property flow can be obtained from
the constant property solution either by evaluating all properties in
the non-dimensional groups (Nu, Re, Pr) at a reference temperature, with
a value intermediate between the surface and the free stream, or by
multiplying the Nusselt number obtained with all properties evaluated at
the free stream temperature by a property ratio. For gases, since
properties vary as a power of the absolute temperature, the property
ratio is simply the temperature ratio raised to a characteristic power;

for laminar flow at a two-dimensional stagnation point, Kays and

Crawford obtained

Nu @ (1.4)

Nu T

where n = -0,10 for the fluid cooling the surface, -0.07 for the fluld

heating the surface.

The recommendation of Martin ({(op. cit.) to evaluate physical
properties at the film temperature is not based on a critical evaluatlion
of this aspect as the data with which it was obtained were for low AT,
of the order of a few tens of degrees only.

Das et al. (1985) correlated their measurements of heat transfer

from a hot turbulent air jet to a cool surface under large temperature
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differences by the property ratio expression:

Nu = a Re.” (H/W)° (T.,T )¢ pr 3 (1.5)

J b] n J s 3
where a is a geometrical heat transfer factor, b = 0.55, ¢ = -0.08,
d 2 ~0.11. They peinted out the necessity to be quite explicit as to the

basis used. To avoid any ambiguity, temperature dependence of the heat

transfer coefficient h = g / (TJ - TB) can be formulated explicitly as

d
k. Nu k ‘[T
h o= ;o - ] a Re b [ H ] [ ] ] pr 172 (1.8)
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Since the temperature sensitivity of thermal conductivity and viscosity
is much higher for steam than air, the above equation may not properly
describe the effect of temperature-dependent fluid properties in
superheated steam drying.

The only studies on the influence of the temperature dependence of
fluid properties in superheated steam heat transfer are due to Chow and
Chung (1983a, 1983b). For evaperation of water into a laminar flat plate
boundary layer of steam or air, they obtained a numerical solution of
the similarity equations of the boundary layer. For air in the
temperature range 150 °C = 'I‘m = 500 °C and for steam in the temperature

range 150 °c = Tm = 300 °C, the evaporation rates from the solution,
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. taking into account the variation in fluid properties, agreed very well
with those from the solution taking constant fluid properties evaluated

at the 1/3 rule reference conditions:

T, = T,+1/3(T -T ) (1.8)

= m +1/73¢ Mmoo, ~ W ) (1.9)

n -
a,1/3 a,a.s. 00 a,a.8.

the latter equation applying to air only. However, for steam above

300 °C, the agreement was unsatisfactory.

Haji and Chow (1888) measured evaporation rate inte a turbulent
stream of superheated steam at up to 200 °C over a flat plate, and found
good agreement with an expression derived from an empirical Nusselt
number correlation for such boundary layer flow, with all thermophysical
properties evaluated at the 1/3 reference temperature. However, such
treatment may not be valid for the turbulent Jjet heat transfer at the
very high temperature differences of the present study, as a flat plate

boundary layer is very much thicker than that of a turbulent jet.

1.3.2.3 Effect of transpiration

Unidirectional mass transfer away from a solid surface reduces
convective heat transfer rate to that surface by increasing the boundary
layer thickness and reducing the temperature gradient. Numerous authors
{(Chow and Chung, op. cit., Kast, 1982) suggest that the heat transfer

rate be corrected by a factor derived analytically for Couette flow:
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h In (1 +B)
{1.10)

h' Bh

where h‘ is the heat transfer coefflcient 1in the’ absence of mass

transfer, and the blowing parameter B = C (T_ - T ) / Ah.
h ps ® L] v

1.3.2.4 Effect of cross—-flow interference

Chance (op. cit.) studied the effect of cross-flow interference by
constralning the 5flow to exit through only one side of a square
enclosure between an implngement surface and a nozzle array, monitoring
the decrease in the local heat transfer coefflicient in the direction of
cross—flow due to mixing between the fresh lmpinging gas and the spent
exhaust gas. The reduction of 1local heat transfer coefficient was

described by a cross-flow Interference factor:

£ L
«=1.0 - 0.23 ‘1)

D
where f 1is the open area ratio, D the nozzle dlameter and L! the
distance from the closed edge of the array (i.e. the starting point for
cross-flow) to the position, denoted by index i, at which the heat
transfer rate 1s measured. Nusselt number decreases linearly with
51stance from the starting polnt for cross-flow. The cross-flow
interference factor is usually very close to one for well-designed

impinging jet arrays.
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1.3.3 Comparison of Steam and Air as Drying Fluids

Early experimental studies (Wenzel & White, 1851, Chu et al., 1953)
established the existence, for equal mass flux of the drying fluid, of
an inversion temperature below which steam drying is slower than air
drying, and faster above. However, only recently was the reason for an
inversion temperature clarif'ied, and its wvalue measured under a varlety
of conditions.

Chow and Chung (1983a) solved numerically the equations governing
evaporation of water into a laminar boundary layer of =steam, air or
steam-air mixtures over a completely wet flat plate. An Iinversion
temperature of about 250 °C was found. The existence of the inversion
temperature was explained by the interplay between higher heat transfer
coefficients for steam drying and the wet surface temperature depression
in air drying. At low drying fluid temperature, the heat transfer
driving potential is higher in air because the evaporating surface 1ls at
the wet bulb temperature, whereas in steam it is at the bolling point.
With the drying fluid at high temperature, the difference in driving
potential 1is less significant and the more favorable transport
properties of steam (higher Prandtl number and conductivity) become
dominant.

Chow and Chung (1983b) later extended their study to a turbulent
boundary layer and predicted an inversion temperature of 190 °c, which
agreed fairly well with the wvalue of 175 °C found experimentally by
Yoshida and Hyodo (1970) .

Theoretical studies of flow over a stretching surface (Al-Taleb et
al., 1987) and co-current liquid and gas flow (Hasan et al., 1986), as

well as the alumina drying experiments of Ramamurthy (1991) have come to
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similar conclusions.

Faber et ai. {1988) compared water removal rates from porous
alumina particles by steam and air in a laboratory-scale fluidized bed
dryer, in the temperature range 100 °c = T = 250 °C. In fluidized bed
drying, the drying medium leaves in thermal equilibrium with the bed.
Hence water removal rate does not depend on the transport properties,
hut only on the heat content of the inlet stream. On this basis, an

inversion temperature is predicted by the equation:

c (T _-T }y=0Cc_ (T -T) (1.12)

pa inv W.b. ps inv b

where T“w, T“.b. and Tb are the inversion, wet bulb and boiling point
temperatures, respectively, and Cpa and CIJS are the specific heat at
constant pressure of air and steam, respectively. Solving this equation
gives Tlnv = 180 °C, in excellent agreement with the data.

Shibata (1990) found that the drying of a sphere of coarse sintered
glass beads in superheated steam consists in a constant rate period,
followed by a nearly linear falling rate period. The onset of the
falling rate period is signaled by the appearance of dry spots on the
surface of the sphere. For the very low intensity drying conditions
studied (Rc e 1 kg/ma—h], the critical moisture content increases mildly
with constant drying rate, both in steam and air. For equal constant
drying rate, the critical moisture content is higher in air than in
superheated steam. The drying rate decrease during the falling rate
period ls successfully modeled by taking into account the heat transfer
resistance of a dry layer between the surface of the sphere and the

receding evaporation front.
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1.3.4 Kinetics of Paper Drying

The question of what happens within a paper sheet during drying was
investigated experimentally by Lee and Hinds. They obtained temperature
and moisture concentration profiles across a six-ply sheet of kraft
paper drying over a hot plate {temperature 105 °C) with its surface
exposed to dry air at 45 °C, conditions simulating the environment of a
drum dryer. Drying was characterized by a short heat-up period, followed
by a ceonstant rate drying period and finally, a falling rate period.
Drying proceeded at a constant rate so long as liquid diffusion due to a
capillary pressure gradient sufflced to keep the bottom of the sheet
wet. Past this peint, a layer of dry fibers formed in the immediate
vicinity of the hot surface and the drying rate fell as a result of the
increasing heat transfer resistance of this dry layer.

Clearly, the different boundary conditions of contact and
impingement drying lead to sharply contrasting transport behavior. For
drying of capillary-porous bodies, with initial and boundary conditions
similar to those encountered in impingement drying, Suzuki et al.
(1977), Endo et al. (1977), and Shishido et al. (1985) found that the
evolution of the local moisture content profile is governed by the

diffusion equation within the body:

& 9 5 o X (1.13)

at ax d x

where D is the moisture diffusivity in paper, subject to the boundary
conditions of meoisture flux at the exposed surface equal to the dryling

rate and zero flux at the bottom of the sheet:
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g X

D =R @x=0
d x
(1.14)
da X
= 0 _
3 x @ x = tp

Drying occurs at a constant rate, determined by conditions in the
external bouadary layer, as long as the surface moisture content is
higher than zero. When this point is reached ( X =08 x =0 ), the
evaporation front recedes from the impingement surface and the drying
rate falls.

Keey (ié?S) remarks that ihis receding plane model provides a
simple, yet physically realistic picture of the way porous sclids dry,
and reports that while some authors have considered critical moisture
content to be a constant property of the material.llheir original data
show clearly that it actually depends on the drying conditions,
Transport phenomena theory indicates that critical moisture content
cannot be simply a material property. For moisture diffusivity
independent of temperature and moisture content, Suzuki et al. obtained
an approximate solution to the diffusion equation by assuming a
parabolic moisture profile. The critical molisture content was found to

be

1 Rc t
X = P for N = 2 (1.18)
3 P, D (low intensity)
2
)'(.c = 1 - X “for N> 2 (1.18)
3 N °

(high intensity)
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where

(1.17)

called the drying intensity, is the ratio of internal moisture to
external vapor transport resistanc:s., In the above equation, X, the
saturation moisture content, i. e. the moisture content when all pores

are completely filled with water, can be taken, for paper, to be related

to the porcsity by:

cp
W

X = (1.18)
(1 -¢) P,

Suzuki et al. further showed that the eritical moisture content
expressions, equations 1.15 and 1.16, agree very well with the values
determinéé' numerically from the exact solution of the partial
differential equation, within their respective range of applicability,

The diffusivity of moisture in paper is expected to depend on
moisture content and temperature, For slow diffusion in kraft paper in
the very low moisture content range, 0 = X = 0.07, in the temperature
range 20 =T = 85 0C, Lin (1890, 1991) obtained the following

expression from Ast’s (1966) data:

E 1 1
D =D exp (0.5 X) exp ° - (1.19)
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where D = 2.616 x 10 ° cn’/s (base diffusivity)
-]

E = 16 050 cal/gmale {(activation energy)
a

T =298 %K (base temperature).

As the time scale in Lin's work is many days, and the moisture content
very low, it is uncertain whether this diffusivity expression is valid
for the very fast drying studied here, especially when one considers
that Luikov’'s (1978) research indicates a wide variety of patterns of
behavior for the moisture diffusivity of capillary-porous bodies.

For variable diffusivity, the diffusion equation becomes non-linear
and an analytical solution is not possible. Comparison of an approximate
solution (based on a parabolic moisture profile) with the numerical
solution for a meisture diffusivity depending exponentially on moisture
content led Suzuki et al. to suggest that the drying intensity No, based
on the dry material diffusivity, is suitable to describe slow drying of
a material with a variable moisture diffusivity. In this case, the

critical moisture content is given by

X = 1 c p (1.20)

1.3.5 Superheated Steam Drying Cycles

While practically all studies of superheated steam drying note its
potential for very low energy consumption, few have proposed how to
implement steam drying for energy recovery. Luthi (1981) has proposed a
cycle in which most of the latent heat of the exhausted steam is

recovered by means of an open-cycle heat pump. An embodiment of this
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cycle has been successfully implemented on the pilot-plant scale for
clay drying in Great Britain (Heaton and Benstead, 1984}. Luthi's cycle
is analyzed in detail in chapter 5.

A steam dryer for wood pulp or hog fuel has been operating
successfully in Rockhammar, Sweden, (Svensson, 1980, 1981), since 1978.
Low pressure steam is used to transport the wet materlial along the tube
side of a heat exchanger. The pulp is heated by high pressure steam on
the shell side. The process is a net producer of steam in an amount
equal to the water removed from the pulp. The generated steam is used as
process steam in other parts of the mill. The exhausted steam Iis
reported to be of high purity: no problems in particulate content or in
condensing it have arisen. As no significant degradation of steam ls
encountered when mixing it intimately with pulp fibers, by extension
there should be 1little problem from contacting with paper. Note,
however, that sealing this bulk material dryer is much easier than a
sheet dryer: the possibility of fouling due to leakage of air into the
dryer, which is present in steam drying of paper, does not arise in pulp
drying.

Faber et al. (1986) describe an industrial application of superheated
steam drying to carbon pellet drying. The dryer, essentially a plug-flow
fluidized bed, has been operating in South Africa without any
difficulties since 1985. The generated steam is used to preheat the
feed. The installed cost of this steam dryer is about 40 ¥ less than
that estimated for a conventional air dryer of the same capacity. The
air dryer would have had to operate at below 125 °C to avoid combustion
of the charcoal, whereas the non-oxidizing steam atmosphere allows

operation at 300 °c.
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Stubbing (1990) has patented in Great Britain the process,
previously suggested by Choudhury and Chance {1975), of converting a
conventional paper dryer into an "airless" steam dryer by making the
hood airtight and compressing the exhaust steam mechanically to 3 bar
gauge pressure. A cost-benefit analysis showed a simple payback peried
of two years. The main costs are operating and purchase costs of the
compressors and the cost of sealing and insulating the hood. Two
commercially available mechanical compressors, with a capééity of 10
tonnes/hour, we#e suggested for steam production and recycling. The
economic analysis, however, did not take into account the important
reduction in drying rate per unit area of drying cylinder which is bound
to occur as the sheet temperature is increased from the adiabatic
saturation temperature in air drying (approximately 45-70 °C) to the
atmospheric beiling point of water in steam drying. Furthermore, sealing
such a large dryer from air infiltration poses formidable problems.

A techno-economic analysis of the conversion of a Yankee dryer to
operate with superheated steam has been made by Thompson et al. (1991).
For the steam generated by the dryer, their design investigated the
alternatives of mechanical and thermocompression to 3 atmospheres, a
typical value for the low pressure steam supply in paper mills. This
analysis indicated a strong economic incentive for conversion to
superheated steam as the drying medium and identified the remaining

technical problems, which appear solvable,

1.3.6 Summary

Previous studies of drying of paper by impinging Jets of

superheated steam have established the industrial potential of this
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technique, but the drying rate must be measured under conditlons of
industrial relevance ©before a pllot-plant can be bullt with
conf'idence.

While heat and mass transfer under impinging Jjets have been
extensively studied, no reliable means of accounting for the temperature
dependence of thermophysical properties is available for superheated
steam impingement drying.

Comparison of steam and air drying rates wunder equivalent
conditions in a single apparatus are needed to ascertain the
improvements resulting from switching from air to steam drying.

Transport phenomena within a sheet material with known diffusivity
drying under impinging jets are well understcod. However, the complexity
of interaction between water and the porous fiber network in paper may
lead to substantially different behavior. The transport behavior in fast
drying in a steam environment is unknown and must be determined
experimentally to characterize the falling rate period.

Practical means of implementing superheated steam drying for energy

recovery in the paper mill requires analysis.
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CHAPTER 2

APPARATUS AND EXPERIMENTAL PROCEDURE

2.1 Experimental strategy

The prime objective of the experimental design was to determine the
effect of jet flow rate, temperature, basis weight and type of pulp on
the drying rate of a sheet of paper under impinging jets of superheated
steam or air. Since it is planned to extend the present investigation to
drying in superheated steam with impingement and flow through (SWIFT
drying), a secondary objective was to provide for future study with
through flow.

To ensure direct industrial relevance for the measured drying
rates, the principle guiding the experimental design was to try to
replicate conditions in a hypothetical industrial-scale SWIFT dryer. In
such a dryer, the flow field encountered by the paper sheet would be a
superposition of the following elements:

1- Impinging Jets with a nozzle exit velocity of the order of 100

n/'s;

2- Impingement surface moving under these Jets, with a velocity of

the order of 1000 m/min;

3- Flow through the sheet, from a pressure drop of the order of 20

kPa.

Ideally, all three elements should be incorporated into the
apparatus, but motion of the sheet presents a major drawback. In order
to achieve complete drying in a single pass, the sheet residence time
needs to be that corresponding to complete drying. Thus if the sheet

were to move at a speed typical of an industrial dryer, no scaling down
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to a laboratory-scale apparatus would be possible. Moreover, as the
effect of implngement surface motion on heat transfer rates has recently
been intensively studled by S. Polat and Douglas (1990) and S. Polat et
al. (1991a, 1981b), the effect of surface motion on transfer rates is
now well documented. Therefore the effect of surface motion was not
included, simplifying the design to the batch drying of stationary,
clrcular paper sheets lnside a drylng chamber.

No technique is currently avallable to determine continuously the
molsture content of a sheet drying in an atmosphere of superheated
steam. The technique adopted to measure drying rate consisted in
performing, for each drying condition, a series of Identlical batch
drying experiments with varlable residence time, determining the final
sheet moisture content gravimetrically. The drying rate was determined

as the slope of the moisture content - residence time data.

2.2 Drying chamber

A cross-section of the stainless steel drying chamber is shown ln
figure 2.1. Superheated steam or air Jets from a multlple orifice plate
with a triangular pattern, with a temperature of up to 500 °C, Iimpinged
on the surface of the paper sheet. The impinging fluld, along with
evaporated water, exhausted to a spray condenser through openings in the
four corners of the drying chamber. The drylng chamber pressure was
nominally atmospheric. The nozzle plate was agitated horlzontally by
means of a motor-driven sllider crank mechanism to help achieve uniform
heat transfer across the paper surface. To limit the variatlons of local
heat transfer rate, the Jet open area ratic used was substantially

higher than the value of 1.5 % reported by Martin (op. cit.) to maximize
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the heat transfer rate for a given blower power.
A clamping ring was used to fasten the paper sheet to a sample
holder, figure 2.2, consisting of a circular disk covered with a glass

plate to minimize conduction from the bottom of the sheet.

Figure 2.2 - Drying chamber and paper sheet on sample holder.
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The sheet was moved in and out of the drying chamber by means of a
fast-acting, computer-controlled pneumatic cylinder.

The characteristics of the SWIFT drying apparatus are as follows:

Air temperature: 20 to 450 °C

Steam temperature: 100 to 500 °c

Drying chamber pressure (nominal): Atmospheric
Jet Reynolds number: 500 to 12000

Jet velocity: 0 to 120 m/s

Pressure difference across sheet: 0 to 50 kPa

Nozzle-to-web distance: 23 mm

Nozzle diameter: 4 mm

Nozzle plate thickness: B6.35 mm
Open-area ratio: 4.1 %

Nozzle plate agitation frequency: 7 Hz

Weight of sample heolder: 455 g

Weight of dry sheet: 0.5 to 2.5 g

Sheet diameter: 160.35 mm

Drying chamber material: stainless steel 316
Sheet residence time: 1 to 100 s

Table 2.1 - Characteristics of SWIFT drying apparatus

2.3 Auxiliary equipment

In addition to the drying chamber, the apparatus comprised
equipment to feed steam or air, to condense the exhausted steam and for
measurement and contrel. The air and steam supply pressure was 780 kPa
abs. The air was essentially dry, as evidenced by its measured dew pcint
of -30 °C. The complete experimental facility is shown on a phetograph,
figure 2.3, and schematically on the flow diagram, figure 2.4.

The drying fluid went through a pressure regulator to a 15 kW
electrical superheater, to a throttling valve and a venturi flow meter,
then into the drylng chamber. The impingement exhaust fluid exited the

1,
drying chamber to a second venturi before going to the condenser. To



provide for future extension to the study of SWIFT drying, a water Jet
exhauster provided a vacuum scurce for through flow. Through flow rate
was determined by measuring the pressure drop across a calibrated
screen. The degree of vacuum was controlled by a back-pressure regulator

consigsting of two fast-acting, computer-controlled solencid valves.

PRESSURE
REGULATOR SUPERHEATER

CONDENSER DRYING
' CHAMBER

Figure 2.3 SWIFT drying apparatus.
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2.4 Instrumentation

A complete instrumentation system monitored temperatures, pressures
and flow rates.

K-type thermocouples measured temperature at the outlet of the
superheater, in the plenum chamber, in the exhaust line, at the bottom
of the paper sheet and, for a few experiments, at the top of the sheet.
A bare thermocouple (wire diameter: 75 pm) monitored sheet bottom
temperature; its junction was sandwiched between the sheet and the glass
surface of the sample holder, at a loeation 2 cm away from the edge of
the sheet. The response time of the thermocouple under these conditions
js estimated to be a few milliseconds. Since the Jjunction diameter was.
about the thickness of the sheet, the measured temperature is only an
approximation of the temperature at the bottom of the sheel during
drying.

Flow rates were measured in the impinging Jjet inlet and exhaust
lines by means of venturi meters (Preso model #V100-65). The impingement

mass flow rate was determined from the venturi equation:

C

v
- A/
Pﬂ = .t 2 p AP ;Jtl)
4 T
V//l - (Dt/Di)

Using the perfect gas law, this equation can be rewritten:

M:b/_’f_/P“p
)
R T

(2.2)

where b, which is ¥ 2 times the throat area times the‘*:enturi
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@

discharge coefficient, was given by the manufacturer to be
5.426 x 107" n%

M is the molecular weight of the gas;

R is the universal gas constant;

P is the absolute pressure at the vernturi inlet;
AP is the venturi inlet-to-throat pressure drop;

T is the temperature at the venturi.

The average Jjet exit velocity was obtained from:

M
- J
uy = (2.3)
] p A T
1
whers pJ, the jet density, was taken to be PJ M /R 'I'J , With PJ

and TJ the plenum chamber ab;olute p?éSSure ;nd temperature,
respectively; . |
A, the impingement surface, was 1.93 x 1072 n?;
f, the nozzle plate open area ratio, was 4.1 %.

Flow through a square-edged round orifice forms a Véﬁétcontracta,
but reexpands to the full orifice diameter for orifices with the present
aspect ratio L/D= 6.35mm/ 4 mm = 1.53 (King and Brater, 13863).
Therefore, the velocity profile was taken to be flat at the orifice

exit, and the average wxit velocity and orifice diameter 'were used to

define the jet Reynolds number:

R:E:.| (2.4)

Pieid;esistive pressure ' transducers {Omega PX series) measured -

pressures for flow rate ‘détermination as well as the absolute pressure )




on the sheet surface. These transducers were immersed in a constant
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Figure 2.5 Calibration of inlet venturi pressure transducer

temperature ocil bath at 115 °C, a temperature below thelir maximum
operating value of 125 °C, yet high enough to prevent the degradation of
accuracy from steam condensation in the pressure measurement lines. The
calibrat:l__en_of the pressurc transducer for jet flow rate measurement,
deter‘minednt‘;hree times during the course of the project using a mercury
mé.nometer, was found to be stable, f‘igu;e 2.5. A linear regression on
the combined results of the three calibrations has a standard error
equal to 3 ¥% of the mean., Results of a linear regression of the output
voltage vs. pressure difference data were incorporated.into the flow
monitoring and control program after each calibration. The standard
error from the_ three calibrations averaged 0.1 kPa. All other pressur_é
transducers were calibrated once and were found to perform within the

manufacturer’s specifications. =



2.5 Data acquisition and process control

Data acquisition and process control were performed by a high
performance board (Data Translation Model DT 2801-A} connected to an
IBM-PC-XT-compatible computer. The board had sixteen 12-bit analog input
. channels and sixteen digital iﬂput—output lines. The complete set of
instruments was scanned at a frequency varying ﬁetween 5 Hz for the
slowest experiments (residence time between 50 and 100 seconds) and 50
Hz for the fastest ones (residence time less than 10 seconds).

During an experiment, raw digital data were acquired and moved to a
RAM array in the computer’s memory using direct memory access (DMA). The
array was stored on disk at the end of the experiment. The digital data
were converted to physical quantities using a data processing program
written in QUICKBASIC, and these were stored in a QUATTRO PRO worksheet
for analysis and display.

The digital output capabilities of the board were used to operate
the pneumatic cylinder for sheet insertion and removal. The superheater
and the hack-pressure regulating valves were alsc operated by the board

in closed~loop control circuits.

2.6 Paper sheet characteristics

The experiments were done with never-dried, circular handsheets
(diameter: 160.35 mm) prepared in a standard sheet-making machine,
according to CCPA Standard C4 ( CPPA, 1950). Most experiments were done
with wunbleached kraft pulp from black spruce, with 48% yield, 698
Canadian Standard Freeness, and Kappa number 30, from the pilot plant of
the Pulp and Paper Research Institute of Canada in Pointe-Claire,

Quebec. A substantial number were done with black spruce
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thermomechanical pulp (TMP), with 164 Canadian Standard Freeness, from
the Donchue Normick mill in Amos, Quebec. A few additional experiments
were done with rewetted commercial towel paper, comprising 35-45%
softwood kraft, 30-35% CIMP and 20-35% broke, with approximately 1% per
weight of wet strength resins.

The sheet thickness was measured after drying on a standard caliper
gauge for a statistically significant sam;:;le of sheets. The
thickness-basis weight results are reported in figure 2.8. The sheet

bulk is 2.71 cm3/g for kraft, 4.47 cmalg for TMP and 6.73 cma/g for

towel paper.
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Figure 2.6 Sheet thickness-basis weight relation.
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2.7 Experimental procedure

The evolution of sheet molsture content was determined by
performing, for each set of experimental conditions, a series of
identical runs with residence time as the only variable. The drying rate
was measured in 79 conditions, with typically 12 residence times per
condition. A total of 1047 pgper‘sheets were dried. A complete inventory
of the experimental conditions is~1nc1uded as appendix 1.

The experimental procedure comprised the following steps:

1) The apparatus was readied for the desired drying conditions. Air
was used during the warming-up stage of the steam drying runs to prevent
condensation. Steady state was reached after about twe hours.

2) The sample holder and lid weights were recorded. A wet sheet was
clamped on the sample holder. The sample holder/paper sheet assembly was

weighed. The moisture content of the wet sheet was then estimated as

weight of water
g (2.5)

weight of fiber

The wet sheet was then allowed to dry slowly on the balance, until
the desired initial moisture content, Xl. was reached. For most
experiments, this was X1 = 1.6; some experiments, particularly with
lower basis weight sheets with a lower water retention capacity, were
done with Xl = 1.0.

3) Upon reaching the desired initial moisture content, the sample
holder was covered with a leakproof lid and moved into its slot on the
drying chamber. The lid was then removed and the experiment triggered
1-2 seconds thereafter from the computer keyboard.

4) The sheet was inserted into the drying chamber by means of a

computer-controllied pneumatic cylinder. The nozzle plate was agitated
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. during the experiment.

5) After the target residence time, the sheet was withdrawn from
the drying chamber; the sample holder was immediately covered with the
lid and taken to the balance to measure the final moisture content. The
moisture-free fibre weight was determined by further drying the sheet in
a microwave oven for five minutes. By tests on ten sheets, Lhe dry fibre
weight thus determined was found equal to that measured after letting
the microwave-dried sheet rehumidify at room temperature, then drying in

a standard oven at 105 °C for 12 hours.

2.8 Demonstration results

2.8.1 Introduction

Demonstration results are shown here to introduce the phenomena at
play and to establish the validity and repeatability of the experimental
procedure,.

The conditiong for the demonstration results were:

Jet temperature T_1 = 350 °C
Jet Reynolds number Rej = 2000
Pulp type: Unbleached kraft
Basis welight B: 60 g/m2

Initial moisture content Xi = 1.0

2.8.2 Evolution of molsture content

The evolution of moisture content for these sets of drying runs ls
shown in figures 2.7 and 2.8 for air and steam, respectively. Air drying
is characterized by a constant rate period and a falling rate period.

Steam drying begins with a rapid and signifiéant condensation period
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during which the cool wet sheet is heated to 100 °C, then a long
constant rate drying period, finally a falling rate perioed. It is shown
(appendix 3)‘that most of the condensation is due to heat conduction
through the bottom of the sheet., This condensation, specific to the
laboratery apparatus, would not occur in an industrial impingement steam
dryer.

For these four series of runs done many months apart, the
regression coefficient of the derived composite linear-exponential
expression (section 2.9) was 0.986. This high consistency establishes
the very good repeatability of the experiments, considering the large
number of factors affecting the drying rate and the number of sources of

experimental error (appendix 2).

2.8.3 Evolution of sheet temperature

The evolution of sheet temperature is shown in figures 2.9 and 2.10
for steam and air drying, respectlvely.

For steam, the bottom of the wet sheet is initially at about the
adiabatic saturation temperature corresponding to room temperature
(Taj_= 6 °C for dry air). After insertion in the drying chamber, the
temperature quickly rises to 100 °C and remains there as evaporation
proceeds, until the thermocouple is no longer surrounded by free Qater,
at which point it suddenly rises from 100 °C. Comparison wi;h figure 2.8
shéws that this breakout point occurs shortly before drying is complete.
The temperature rises steadily from this point on, but does not reach
the jet temperaturg“because of the cooling effect of the sample holder,
the bottom of which is in contact with liquid water droplets at 100 °C

(appendix 3).
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For air drying, the evolution of sheet temperature is qualitatively
the same as for steam drying, but the constant rate period temperature
is about the adiabatic saturation temperature (Ta = 57 °C for dry alr

. -8,

at 350 °C).

2.8.4 Flow rates, temperatures and pressures

The evolution of inlet and outlet flow rates and temperatures for a
typical steam drying experiment are shown as figure 2.11. After a short
disturbance at the moment of sheet insertion, inlet and outlet flow
rates were constant. The outlet flow rate was about 6 % lower than the
inlet flow rate, owing to leaks through the slot for sample insertion.
Although the dryineg chamber temp?rvjj.t'ure control was disabled during an

experiment to permit deta acquisition, the plenum chamber temperature

remained constant. The exhaust temperature, initially 20 degrees lower
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F‘igu;'e 2.11 Flow rates and temperatures in steam drying
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than the plenum temperature due to heat 1loss through the section of
walls between the plenum and the exhaust ports, dropped suddenly when
the sheet and sample heolder at room temperature were inserted, slowly
returning towards 1its original value.

Pressure in the drying chamber between the nozzle plate and the
sheet was constant at slightly above one atmosphere, typically 105 kPa
in steam drying, 110 kPa in air drying. The pressure was somewhat lower

with steam, due to the effect of exhaust steam condensation.

2.9 Drylng rate calculation

2.9.1. Statistical treatment of batch drying data

Drying rates were obtalined from the measured moisture content-time
data by a statistical procedure adapted from Petersen (18986}.
Expressions for the moisture content evolution during the constant rate
and the falllng rate perlods are supplied. Values of the parameters in
those expressions which best match the observed data are determined
using non-linear regression, subject to the constraints that the two
expressions have the same value and the same slope at thelr point of
intersection. |

For the constant rate perliod, the drying rate equation

R=-B & = R (2.6)
dt
is Integrated to ylield
_ _R t
———;——— 5

For the falling rate perlod, the drylng rate is taken to be

directly proportional to moisture content (article 4.3):
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R=-8 ¥ —x+b (2.8)

dt

Integrating this equation gives

s
[N

X=k1exp|:—mt]-l (2.9)
B m

where k1 is an arbitrary constant.

From the equality of drying rates at the critical moisture content

Xc at time tc, b = Rc -m Xc. Hence equation 2.8 can be rewritten:
R=R +m({X-X) {2.10)
i+ c

The critical time t‘.c can be expressed in terms of the critical

moisture content Xc using equation 2.7:

t=_(Xl-X] (2.11)

R .
X = k exp {""‘(x —x)]— °C 4+ X (2.12)

k = (2.13)

Substituting from equations 2.13 and 2.10 into equaf;ion 2.9 and

rearranging yields:
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R

m

c

o]

R

c

el (xl-xc)] exp[

The two moisture content evolutlon expressions,

-mt

B

=

(2.7)

R
Xc- ¢ { 1 - exp[ _E_ (XI-XCJ] exp[ -n t] } (2.14)
m R B

c

contalin four parameters:

xl, the X-intercept of the X vs. t plot of a series of drying runs,
can be consldered as the inltial molisture content of an experiment in
which drying began immediately at the constant rate period;

Rb is the constqthQtylng rate;

X; is the criticai moisture content, the point of transition
between the constant and falling rate periods;

m 1s the slope of the drylng rate-moisture content curve, a measure
of the additlional resistance to heat and mass transfer within the sheet

durfﬁﬁ‘ﬁﬁe falling rate period.

The drying rate parameters were estimated by a non-linear
regression routine from SYSTEI {Wilkinson, 1983}, a commercial
statistical software package. The procedure, wusing the SIMPLEX
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algorithm, with a convergence criterion of 0,001 in the relative

parameter changes, usually converged within 50 iterations.

2.9.2 Correction for the effect of initial molsture content

variation

The accuracy of the final moisture contents measured, and
therefore, of the drying rates, was limited by several sources of
experimental error (appendix 2). One of these, the variation in initlal
moisture content caused by a variation in sheet basis weight, could be
systematically corrected.

In experiments with never-dried sheets, the dry sheet welight was
unknown prior to performing the experiment: it was estimated from the
concentration of the pulp suspension, the volume used, and the
experimentally estimated retention factor. These factors introduce a
corresponding uncertainty in the initial moisture contént of the ghget.
This correction is illustrated for a dry sheet weight estimated:to be

Wdt = 1.000 g and a target initial moisture centent of Xl e 1.500. The

’

wet sheet is clamped on the sample holder and allowed to dry on the

balance until reaching a wet sheet weight of

W, (1+X ) =1000(1+1.8500) =2.500 g - (2.15)

at which time the sample holder is covered and the experiment starteaf
If the actual dry sheet weight were subsequently determined to be

1.030 g, the actual initial moisturé content is not 1.500 but rather

wet sheet weight -
actual dry sheet weight 2.50G-- 1.030

= = 1,427 (2.16)
actual dry sheet weight 1.030
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i. e. 0.073 less than the target value.
To investigate the variation in the dry weight of sheets made using
a handsheet-making machine, the distribution of sheet dry weights was

measured for two batches of sheets dried overnight in an oven at 105 °c,

table 2.2:
PULP NUMBER OF TARGET MEAN "~ STANDARD HE;.. %
TYPE SHEETS IN WEIGHT, WEIGHT DEVIATION, a
SAMPLE g Wd, g o, & d
Kraft 19 1.212 1.247 0.030 2.5
T.M.P. 10 1.212 1.196 0.049 4,1
Table 2.2 - Distribution of dry sheet weight in two batches

The variation is caused by the difficulty in pouring exactly the right
amount of pulp suspension into the handsheet-making machine, by variable
retention of the fibers on the screen and inhomogeneous concentration of
the fibers in the suspensicn.

The relationship between the variations in basis weight and initial

moisture content can be obtained from equation 2. 15 as follous:

W =W
d

W

. (1 + xl,t) = (N;'t+ AWd) (1+ )(1't + AXl) (2.17)

Expanding this expression, dropping the second order term AH; AX1 and

rearranging gives:

AW - AX
= AB = ' (2.18)
W B 1+ X

>
a1



After the experiment, the sheet was dried for five mlnutes in a
microwave oven, allowing determination of the actual dry sheet weight
Wd, final moisture content Xf and, retrospectjvely. initial molisture
content Xi from the above equation. The variation in initial moisture
content provckes a deﬁfq;ion in final moisture content from the wvalue
which would be measured in its absence, which in turn induces an error
in the evaluation of the dryihg rate. Since it possible to measure the
variation in the initial moisture content of the sheet Ax', this effect
is corrected for by estimating the deviation which it produces in the
final moisture content, AXF, and subtracting this from the measured
value.

For the constant rate period, the moisture content evolves

according to equation 2.7, and the final moisture content is measured to

be

X - Rt
X =X +[ —— dt = (X o+ Axv) - : (2.19)
dt B+ 4B’

The final moisture content which would have been measured in the
absence of these va. 'ations is
X — X _ Rt ) (2.20)

B
t

Therefore, the variation produces a deviation equal to

yi

b



AX =X, -X = BAX, -Rt’ (2.21)
£ B+ AB’ B
t t
-AB" (1 +X )
it 1 _ 1
) _ Rt (2.22)
B, B, + AB B,
-1
1 -1 AB’
Now, - Bt, 1+ (2.23)
B + AR’ B
t t
-1 AB’ AB’ -1 AB’
Bt 1 - + . = Bt 1 -
B, .13.t B,
(2.24)
B T - U
o At - (2.25)
B B B B
t t t t
= - MB (1+x .3-.8% (2.28)
l by N A
B, - B, 1. -~
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ax = - BB (2.27)
B £

For an experiment ending in the falling rate period, the molsture
content evolves according equation 2.14 and, for a sheet of basis weight

B + AB and initial moisture content K1 + Axi:

R
- _ c _ m _ -mt
X.,= X - [ 1 exp[ (Xl+ AX Xc) ] exp[ ] ]
m R

B + AB
c

(2.28)

Axr, the diffefence between xf,(equatior; 2.28) and X‘_ {equation

-

[

2.14) is ' o

R
-_° {- exp[_m_ (X,+ AX - X ) ] exp[ ~m t ] }
m R

B + AB {2.29})
c

+ exp[l ()'{1 - Xc) ] exp[ m t } }
L R B

c

Using, once again,ﬂthe approximation

~-m t ~ ~nt 1 - 4B
S (2.30)

B + AB B

IR
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R m AX [ _
ax_ = ° {exp[l (X, - X)) ]exp[ ' ]exp mt ]EXP[ 23_]
mo R R . B B®

c c

-exp[ifx,‘xc’]ema mt ]}
R L B

c

R . o
_ {exp[_m_ (X- X)) ] exp mt ]
m R - B

o (2.32) .

_[ [“‘Axi [mtAB] ]}
exp exp -1
R - B®

c

. R m AX
A)(r = [(xf Xc} + _°© ][exp[ ' ]ekp[ mt 4B ] -1 ] {2.33)
m R B?

(2.31)

2.9.3 Summar y of the calculation methed

From the foregoing analysis, a suitable procedure to account for -
the effect of the variation in initial moisture content, is as follows: |

i1- The parameters Xi, Rc. Xc and m were estimated from a least
squares regression of the raw data;

2- The final moisture content data were corrected by the deviation
formulas, equations 2.27 and 2.33, for the constant rate and the falling
rate period; |

3- The parameters Xl, Rc, Xc and m were estima’;ed anew from the

corrected data.
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In principle, this procedure should be performed lteratively until

the parameter estimates converge. However, an iterative correction on-

one set of data revealed ro significant change in the parameter
estimates beyond the first lteratlon. Consequently, only one cycle of
the procedure was performed in the processing of all subsequent data

sets. The drying rate calculation procedure is summarized in the

flowsheet, figure 2.12:

RAW BATCH DRYING DATA ,
Xvs. t L
P
CORRECTION FOR
EFFECT OF BASIS
WEIGHT VARIATION,
EQUATIONS
2,27 AND 2,33
ESTIMATION OF DRYING
RATE PARAMETERS
FROM SYSTAT NON-LINEAR
REGRESSION ROUTINE
RAW PARAMETER . CORRECTED
ESTIMATES: | g - PARAMETER
Re’, m', Xi', X¢' ESTIMATES:
) |Z| B Re, m, XI, Xc

Figure 2.12 Flowsheet of the drying rate calculation procedure
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CHAPTER 3

CONSTANT RATE DRYING

3.1 STEAM DRYING

3.1.1 Mechanism of constant‘rate impingement steam drying

It is well known that in impingement air drying, drying occurs
initially at a constant rate as the driving forces and transport
coeffigients for heat and mass transfer all remain constant, as leong as
the surface is entirely wet with free water. By contrast, in superheated
steam drying, there is no concentration gradient, and mass transfgr'
takes place by bulk flow of vapor, ratier than Fick's law diffusion; To
undersiand why such.d}ying occurs at a constant rate, and”ihﬁtéfactors
detéfmine this rate, the kinetics of evaporation of liquid water into
its pure vapor must be examined.

In a closed, thermally insulated vessel containing liquid water in
equilibrium with pure water vapor at temperature Tv, liquid molecules
are continually crossing the phase boundary into the vapor phase, and
vice versa, The condition for equilibrium is that the rates of these two
processes, evaporation and condensation, be equal. The rate, which
depends on the molecular velocity distribution in the liquid and gas

phase, is derlved from the kinetic theory of gases to be

R =r =p /J M (3.1)
ev con v ——

2nRT
v
where Pv is the pressure in the vapor phase (the saturation vapor
pressure), R the gas constant and M the molecular weight of water.

If heat is transferred from a hot source, as occurs, for example,
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in superheated steam drying, the liquld surface temperature may be
raised above the equilibrium value, As liquid water Is incompressible,
the wvelocity distribution of the liquid molecules depends only on
temperature. Thus the above kinetic equation still describes the rate of
transfer into the gas phase, but the rate of céndensation from the gas
phase is, in principle, changed. The net rate of evaporation is glven by

*

the modified Hertz-Knudsen equation (Maa, 1967, 1970):

/—--———'-—
R=R -R = P / M - I'P J/ M (3.2)
ev con L v

2T RT 2nRT
1 v

vwhere T1 and Tv are the temperatures on the liquid and gas side of the
phase boundary, P1 is the saturation pressure at Tl. Pv is the ambient
gas pressure and I is a factor which corrects the condensation rate for
the effect of the net velocity of vapor away from the phase boundary.

This correction factor was derived by Schrage (1953) to be

M 2
' =exp | ~ — u - (3.3)
2RT
v
/ i u erfc / M u
2R T 2RT
v v

where u is the average velocity of vapor molecules away from the phase
boundary. The above evaporation rate and correction factor equatlons
were verified experimentally by Maa for evaporation or condensation of
water and p-cymene. =

A simple relationship between drying rate and 1liquid surface
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)
temperature in superheated steam drying can be obtained from the above
evaporation rate equation if a few simplifying assumptions are made. For
evaporation rates of the order of those reached in this study, the
effect of the net vapor flux away from the phase boundary may be safely
neglected, i. e, I may be taken equal to 1 as its exact valge is
0.99992898 for an evaporation rate of 100 kg/ m>-h at 10075C.
Determination of evaporation rate from equation 3.2 depends then on
relating (Pv, Tv) to (Pl, TIL

The reiationship between saturation pressure and temperature in the
vicinity of the atmospheric boiling point is obtained when the

Claﬁsius~Clapeyron equation,

dpP N MP . Ah
V 54 = s5a v (3.4)
dr R T°
sat
is integrated to yield
- M Ahv
In P = + C (3.5)
sat
- RT
sat
At the atmospheric boiling point of water Tb, we have Psat = Pa+mﬁ"Hence
C=1nP_ + HA&B (3.6)
atm
RT
b
P M Ah
+ 1n sat = v 1 _ 1 (3.7)
Patm R Tb Tsat
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P, -M ah 1 1
e exp - (3.8)
- R T T

atm

For small deviations around T,, letting T_, =T + AT, ‘we have

Psat M Ahv 1 1
——— = exp - (3.9)
P R | T +ar T,

atm b

Expanding the term 1 / ('1‘b + AT) as a power series and dropping higher

order terms, we obtain

P “MAh, ey AT 1
sa = exp - - (3.10)
p R Tb T 2 Tb
atm b
and finally
M Ah AT
v
P. = P, X { -—*-———j;- } (3.11)
R Tb
Setting T1 = Tv and Pv = Patm for drying in pure steam at

atmospheric pressure, and substituting the above expression for

saturation vapor pressure into the evaporation rate equaticn.'we obtain

M Ah AT .
R= P tm M ex v —_— -1
any — P A (3:12)

2
b

0.
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. This expression has the wvalue R = 1.24 x 10* kg/mz-h at
Tl = 101 °C. This analysis establishes that only an extremely small
elevation in liquid surface temperature above the saturation temperature
is required to bring about a very large e@aporation rate, thereby
confirming what was postulated by early workers in superheated steam
drying (Wenzel & White, 1951, Chu et al., 1853).

Hence in constant rate drying of paper by impinging ‘,jets of
superheated steam, where the drying rate is of the order of 100 kg/ma-h,
the evaporation gurface temperature is equal to the boiling point for
all practical purposes. This close appreach is confirmed by thermocouple
measurements of temperature z:\t the bottom of the sheet, figure 2.9. The

temperature field assumes the shape described in figure 3. 1:

A IMPINGING JET HOOD

I¢I l‘[ I‘I_ |

BOUNDARY LAYER

Figure 3.1 - Temperature field during the constant rate period.

As the temperature of the evaporation surface is practically equal

. to the boiling point, the mass transfer kinetic expression, equation
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3.12, is not required to relate the drying rate to measurable variables.
The drying rate is contrelled by the rate of heat transfer from the
impinging jets to the constant temperature surface at Tb. Predicting the
drying rate is then reduced to predicting the impinging Jjet heat

transfer coefficient, from which the drying rate is simply obtalned as

R = (3.13)

In this section, the results of experiments to investigate the
effect of jet flow rate, Jjet temperature, pulp type and basis weight
will be reported, and an overall correlation for the constant drying

rate of impingement steam drying of paper will be developed.

3.1.2 Effect of jet flow rate

Current industrial practice for the impinging jet hoods of Yankee
dryers is 10,000 = ReJ = 30,000. To investigate the effect of jet flow
rate on drying rate, kraft paper, B = 60 g/mz, was dried in superheated
steam at 150 °C and 350 °C in the Reynolds number  ranges
2000 = Re = 12000 (150 °c), 500 = Re, = 5000 (350 °C). The lower bound
was set by the ability to accurately measure the flow rate. At
TJ ; 350 °C, the upper bound was set by the steam superheater capacity.
At 'I'J = 150 °C, since the steam supply line temperature was 156 °c
{saturated steam at 790 kPa abs.), it was possible to increase the Jet
Reynolds number well above the maximum investigated wvalue of 12 000
without superheating. However, at ReJ = 18 000 ( uJ = 108.2 m/sec), the

drying rate could not be measured as the wet sheet was shredded due to
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the intense surface shear stress.
At TJ = 350 °C the results, figure 3.2, are best correlated by
distinguishing two flow regimes, for ReJ below and above 1500. Best fit

straight line regression gives:

for Re, <1500: R__=1.67 ReJ°‘“ (R%=0.9984)
for 1500 = Re .= 5000: R__=0.275 Rej“'“ (R*=0.9998)
At TJ = 150 °C,
for all Re : R__ = 0.0582 Rejo.'52(82=0.9989)
100 =
L/
- /'?5
I |
o
= /
()
'
o I
o . 11
g %
>
[am}
‘ O
!
10+
100 1000 10000

JET REYNOLDS NUMBER

Figure 3.2 - Effect of jet Reynolds number on drying rate: Tj = 350 °C.

The transition at ReJ = 1500 probably indicates change from laminar



to turbulent flow. Mujumdar (1987) estimates the critical Reynolds
number for transitien from laminar to turbulent flow under impinging
Jets to be between 1000 and 2000. Kercher and Tabakeff (1968} also noted
the existence of a transition point in measurements on an array of
circular orifices, but found it to be between 3000 and 4000. The‘—
different values of the transition point may be due to the fact that
transition depends not only on Re| but also on the specific geometry and

exbaust conditions,

PROPOSED CORRELATION
By forcing the regression exponent to be 1/2, the value accepted
for luminar jets, for ReJ < 1500 and 2/3, the value proposed by Hartin.

for ReJ = 1500, the following regression equations are obtained:

-~

For Re = 1500, T, = 150° C: R__ = 0.0389 Rej2/3 (R = 0.9984)
(3.14)
For Re = 1500, T = 350° C: R = 0.3187 Ref’3 (R? = 0.9997)
, (3.15)

o _ 172 :
For ReJ < 1500, TJ = 350 C: Rbs = 1.097 Rej (Rz - 0.9946)
(3.186)

Because these expressions fit the results nearly as weil-as-ithe best fit
equations, they are the preferred form and are plotted with the data as

figure 3.3.
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Figure 3.3 Effect of jet Reynolds number on drying rate.



3.1.3 Effect of jet temperature

In high temperature steam drying of paper, the absolute temperature
varies between the nozzle exit and the paper surface by a ratio as high
as two to one. Thermal conductivity and absclute viscosity vary over
this temperature range by approximately the same ratio (appendix 4).
Some deviation from linearity in the RCB versus TJ relation at constant
Re:-1 is expected due to the variation in fluid properties across the
boundary layer, and to the reduction in heat transfer rate due to
evaporation at the boundary layer surface,

The influence of steam Jjet temperature on drying rate was
investigated by drying kraft paper of basis weight 80 g/m2 at ReJ = 2000
and 150 °c = TJ = 465 °C. The constant drying rate, determined from

equation 3.13, can be expressed as

h (geometry, C , Re, Pr, k) AT
R = P (3.17)

cE
Ah

v

Martin’s (1977) correlation of the heat transfer rate under an
array of round impinging Jjets, equation 1.1, is expressed in terms of
dimensionless geometrical and fluid property groups, properly determined
from dimensicnal analysis. Therefore, the influence of geometry in
superheated steam impingement heat transfer can be trusted to follow the
pattern found in Martin's study, even though the source heat transfer
data were obtained from impinging air jets only. In addition, since the
Jet conditions are a boundary conditicn on this system, and since, for
turbulent impinging Jjets, the development of turbulent eddies occurs
mostly in the free jet and stagnation flow regions, where temperature is

practically equal to the Jjet exit plane temperature, the flow must be
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characterized by the Reynolds number measured at Jjet exit conditions,

Rej. Thus, equation 3.17 can be rewritten

T 2/3
R = {H {(k, C , Pr, AT, Ah) }{F (H/D, f) Re } (3.18)
-] 1 ps v - — 3

in which R1 groups all the temperature-dependent factors, followed by
the flow and geometric factors. Therefore, the results are presented in
figure‘3.4 as the effect of jet temperature on the temperature-dependent

component of drying rate, Rl:

R1(T] = (3.18)

The temperature effects are thus separated from the geometrical and
fluid dynamic effects., The results of the experiments described in

article 3.1.2, for ReJ > 1500, are also included in this figure.

PROPOSED CORRELATION
To show explicitly the effect of variable fluid properties and of

evaporation on the drying rate, equation 3.13 can be written

I (T, -T,)
R =h | — - (3.20)
cs ] h) -h Ah

where h is the actual heat transfer coefficient in this wvariable

property flow with evaporation, h' the heat transfer coefficient

61



29

0.03

o
Q
N
&)

0.02

0.015

0.01

0.005

(Rc*D) / (F * Rej ~ 2/3), KG/M-H

0
100

150 200 250 300 350 400 450
JET TEMPERATURE, DEGREE C

Figure 3.4 Effect of jet temperature on constant drying rate with superheated
steam. Experimental data: R1 (T). Predicted rates R2 (T) - R4 (T).
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applicable In this variable property flow if there were no evaporation,
and h: the heat transfer ccefficient applicable at Jjet conditions, in
the absence of fluid property variation or evaporation. Numerous authors
(Chow and Chung, 1883a, 1983b, Martin, 1977, Kays and Crawford, 1980)
suggest the Couette flow approximation correction factor to account for

the effect of evaporation on the heat transfer rate, i.e,

ps,f(T_j - Tb)
In |1 +
h In (1 + Bh) Ahv
- = - = (3.21)
h ‘ Bh | CW",(T-| - Tb)
Ah

In the above equation, Ahv is evaluated at Tb, the evaporation surface
temperature. It is uncertain on theoretical grounds, at what temperature
Cpn should be evaluated. However, as Cps increases only slowly with
temperature, e. g. by only 10% between 100 °C and 500 °C, and as the
effect of its wvariation tends to be canceled by its simultaneous
bresence in the numerator of the logarithmic factor and in the
denominator, this question is of very little practical relevance. For
T = 500 °C, the correction factor with Cps evaluated at TJ is only 1.4%

J

higher than at Tb. Cps is evaluated here at the film temperature.

Substituting this inic equation 3.20 gives
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C (T, =T ]
- ps,f J b
. h in|l + J (3.22)
R =h . Ah
cs h v
J
C
ps,

In the absence of an established correlation for the temperature
dependence of physical properties in superheated steam impingement heat
transfer, the property ratio approach (section 1.3.2.2) was applied in
the manner suggested by Kays and Crawford (1980) and Das et al. (1985).

The property ratio was taken as

h T s
[ . = J ] (3.23)
hJ T ' _

The exponent n , determined from non-linear regression, was equal to
S

-0.77. The results, presented in figure 3.4 as

iy C (T -T.)
ps,f  J b
-0,77 1ln 1 +

0.42 T Ah
R (T) = k Pr [ J ] v (3.24)
2 S

T

b : ps,f

fit the data with a regression coefficient of 0.958.
To illustrate the sensitivity of the predicted heat transfer rate
to the transpiration correction, figure 3.4 also shows the -expression

resulting from dropping the transpiration correction from equation 3124,

il
1

i. e.:
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; T (T -T 3
0.42 3 J . b
R(T) = k Pr [_] —_— (3.25)
3 3 A

This expression is seen to overpredict the ii-ving rate by 16% at 465 °c.

Also shown is the expression obtained by evaluating all physical
properties (including those in the Reynolds number) at the 1/3 rule
reference temperature, following the work of Chow and Chung (article

1.3.3), 1. e.:

Cps'!_(T-1 - Tb)

Rl {T) = k Pr (3.26)

1/3 1/3

This expression overpredicts the drying rate significantly at all
temperatures, indicating that the results of the flat-plate boundary
layer analysis of these authors cannot be extrapolated to the situation
of an impinging Jet.‘If it had been necessary, prior to the present
work, to make the best estimate possible of the rate of drying paper
under high temperature jets of superheated steam, that estimate would
have incorporated Rg (T) as the temperature dependent component of an
equation for predicting drying rate, as this expression incorporates the
best estimate known for the effect of evaporation on heat transfer rate
and uses the - method of treating temperature dependent physical
propérties recommended by a study of drying with superheated sgeam. The
fact that, for a jJet temperapure of 400 °C, such a prediction would have

overestimated by 100 % the actual drying rate found here, is a measure
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of the necessity of making the experimental measurements of the present

investigation for industrial modelling of this new process.

3.1.4 Effect of basis weight and type of pulp

Experiments were done to investigate the effect of basis weight and
type of pulp on the drying rate. Table 3.1 shows the comparis:n of
drying rates in pairs of experiments done wunder identical jet
temperature and Reynolds number, with different basis weights and/or
pulp types. No significant effect of the basis weight or pulp type lis
obzurved, This confirms that the rate-determining step forrconstant rate
drying is the resistance to heat transfer in the boundary layer above

the wet surface of the sheet.

PULP BASIS JET JET DRYING
TYPE WEIGHT REYNOLDS TEMPERATURE RATE
(G/M?) NUMBER (°c) (KG/M2-R)
TISSUE as - 2000 350 42.2
TISSUE 100 2000 350 41.9
KRAFT . B0 © 2000 350 35.6
KRAFT 100 2000 350 36.3
T™P 48.8 2000 425 56.3
™P 60 2000 425 58.0
KRAFT 60 2000 150 5.4
T™P 48,8 2000 150 7.8
Table 3.1 - Effect of paper type and basis weight on drying rate.
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In drying paper made of a fMP blaci: spruce pulp, it was found that
boiling either within or below the sheet caused formation of a steam
pocket which lifted the sheet off the surface of the sample holder by as
much as 10 mm. To prevent this phenomenon, which =alters the heat
transfer cenditions, 5 c¢m long slits, 1 cm apart, were cut across the
the wet sheet, providing an outlet for steam evolved beneath the sheet.
The drying rates 1listed in table 3.1 were obtained using this
technique. The pi-oblem of lifting of the sheet did not occur in air, and
indicates that, for industrial impingement steam drying of TMP paper,
special means of bonding the sheet firmly to the roll, sﬁch as higher

sheet tension, adhesives or a porous roll, may be necessary.

3.1.5 Overal! correlation for impingement steam drying rate

By combining equations 3.19 and 3.24, and taking into account the
fact that the drying rate was observed to be proportional to I-'{ejll2 for
ReJ < 1500 and to Requ above, the following expressions are cbtained

to correlate all drying rate results:

For ReJ < 1500,

0.4z . -0.77 vz o, Cps,f (Tj - T,)

R = 3,38k Pr 3 F (H/D, f) Re
CE J } J

Ah

T D M

b
C
ps,f

(3.27).
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For ReJ > 1500,

=-0.77 -
o4z [ T 23 10 l1 o+ Cp"f (TJ Tb]
R = k Pr J F (H/D, 1) Rej
cs 3Ty — _— Ah
T, D M
o
pe,f
{3.28)
The factor 3.38 = 1500 "2 in equation 3.27 arises from the

requirement that the two expresslions be equal at Rt=.-.| = 1500.

Figure 3.5 shows the agreement between the experimental results and
the above drylng rate expressions. The standard error is 12% of the mean
value. This figure includes a number of experiments in addition to those
shown In flgures 3.3 and 3.4 and table 3.1, performed under conditions
which do not correspond to those categories. A complete listing of
impingement drying experiments is included as Appehdix 1.

The measurements of Cul et al. (1985), in an apparatus with a

different geometry (H= 13 mm, D=3 mm, £ = 1.77%), under the limited

range of conditions 60 m/s < uJ = 100 nvs at TJ 220 °c

(4800 < Re = 7900) and 190.< T < 230 °c at - u =77 s
(5900 < Rejs 7000), are seen on figure 3.5 to be also well described by
equation 3.28. Cui et al. correlated their data using Chance's (1974)
expression for the Nusselt number, and evaluating all propertles at the
Jei- temperature, without accounting for the temperature dependence of
fluid properties. While their results are weff*correlated by equatlpn
3.28, it is not possible to compare the valldity thelr approach wléh

that of equation 3.28 outside the relatively narrow range of conditiuns

of thls previous study.
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Figure 3.5 Constant drying rate with impinging jets of
superheated steam: measurements and correlation.
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Thus the drying rate durlng the constant rate period of superheated
steam drying is successfully described by using Martin's correlation for
heat transfer from an array of impinging jets, suitably modified for
laminar flow below Re.1 = 1500, evaluating thermal conductivity at the
film temperature and the jet Reynolds number at the jet temperature, and
incorporating the Couette flow approximation correction factor to

account for the effect of evaporation on mass transfer.

3.2 AIR DRYING

3.2.1 Mechanism of constant rate air drying

Drying paper by turbulent impinging Jjets of air inveolves
countercurrent transfer of heat, as a result of temperature difference,
and mass, as a result of concentration difference. After a short
heating-up perioed, the dry air - wet paper system comes to an
equilibrium in which water is rgmoved at a constant rate, as the driving
potentials and conductances for heat and mass transfer remaln constant.
This equilibrium continues until internal water transport no longer
suffices to keep the surface completely wetted, at which point the
falling rate period begins.

Determining the constant drying rate involves solving
simultaneously the heat and mass transfer equations:

N

h (T| -T )
R = “ o B (3.28)
ca
' Ah

v

R =k (Y -Y) © (3.30)
9 ] J

ca

70



Equations 3.29 and 3.3C yield a simple relationship between the humidity

and temperature differances:

q v
(TJ - TS) — (YE - YJ) (3'31)

The specific case of simultaneous heat and mass transfer for the

air-water system leads to the Lewis (1922) relation:

=C (3.32)

Substituting this relation into zquation 3.31 yields

pr (TJ.- TB) = (YB - YJ) Ahv (3.33)
the relationship between the dry bulb and adiabatic saturation
temperatures. This relationship yields a considerable simplification in
the analysis, as one may compute the drying rate from the heat transfer
equation alone, with surface temperature set equal to the adiabatic
saturation temperature, a system property available from psychrometric

charts. Thus the drying rate becomes:

R = a.s. ‘ (3.34)

There is uncertainty concerning the value of the heat transfer
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coefficient because of the lack of data for simultaneous'neat and mass
transfer under turbulent impinging Jets at large temperature
differences. As in steam drying, air properties change significantly
from the nozzle exit to the paper surface. In addition, fluid property
variations arise due to concentration changes across the boundary layer.
Furthermore, a decrease in heat transfer coefficient is expected because
of evaporation at the impingement surface. The results of Das et al.
under turbulent air jets with large temperaturz differences are not
directly applicable to the present case, as they were obtained with pure
heat transfer. Neither is Martin’s correlation reliable for the present
case as the source data were obtained under small femperature
differences.

In the abs_ence of reliable‘ correlations, drying experiments were
performed under turbulentr impinging Jets of air in the range of jJet
temperature and Reynolds numbers, 20 °C = 'I‘J = 400 °C,

1500 = Re‘1 = 8000.

3.2.2 Evaporation surface temperature

To uef.;r‘mine whether the Lewis relation applies in drylng under
high temperature turbulent impinging air jets, the sheet temperature was
measured by a 75-um diameter thermocouple sandwiched between the bottom
of the sheet and the glass surface of the sample holder. The sheet
bottom tempe_l‘atur'e was determined as the average value of readings
during the Aconstant rate period plateau, figure 2.10. Because the
thermal conduction resistance across the sheet 1is small during this
period, the sheet bottom temperature closely approaches that of the;

evaporation surface.
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In figure 3.8, the sheeil bottom temperature, and the adiabatic
saturation temperature for dry air determined from the solution of
equation 3.33 with fluid properties as given in appendix 4, are plotted
versus the jet temperature. Sheet temperature is close to the adiabatic
saturation temperature up to Tj = 200 oC, falling slightly lower at
higher values cof TJ, due to heat loss to the sample holder, as detalled
in appendix 3. From this reasonable agreement, it is concluded that the
Lewis relation applies satisfactorily for the case of drylng under

turbulent impinging air jets.
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~Figure 3.6 -~ Sheet bottom temperature durihg.:the constant rate
: period of air -drying.

3.2.3 Effect of jet temperature

The effect of Jet temperature was investigated by drying kraft
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. paper, with basls weight 60 g/m°, in air at three Reynolds numbers:

For Rej = 2000: 20 °C = 'I‘J = 400 °C
For Rej = 4000: 20 °C = 'rJ = 350 °C
‘=T, =150 °C

For Rej = 8000: 20

A numerical simulation of heat transferr in the sample holder,
described in detail in appendix 3, showed that the measured air drying
rate is substantially lowered by transient conduction heat losses from
the sheet to the sample holder. A correction factor was defined as the
ratio of the adiabatic heat flux to the evaporation front (that which
would occur in the absence of conduction heat loss) to the net heat flux
(that which takes conduction heat losses into account). By multiplying
the observed drying rate by this correction factor, a drying rate
corrected for the effect of conduction heat losses was obtained. (In
steam drying, heat loss to the sample holder considerably increased the
duration and amount of condensation at the beginning of an experiment,
but no such drying rate correction was necessary because this transient
phenomenon was dissipated when the constant rate period began.)

Although the temperature dependence of drying rate cannot be
obtained from existing correlations, the geometric and Reynolds number
dependences found by Martin should apply to the present situation.
Therefore, the experimental results are presented in figure 3.7 as

R (T) = (R_D) /F (WD, £) Ref’a)

, as for steam drying, figure 3.4.
The validity of this approach is supported by the fact that the results

for the three Reynclds numbers collapse on a single curve.
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Figure 3.7 Effect of jet temperature on constant drying rate with air.
Corrected experimental data: Rl (T). Predicted rates RZ (T) - R3 ().




PROPOSED CORRELATION

As for steam drying, the experimental results were correlated by
accounting for the fluid property variation by the property ratioe
method, and accounting for the effect of evaporation by the Couette flow
approximation correction factor, with the latent heat of evaporation now

evaluated at the adiabatic saturation temperature:

-0.85 In

0.42 'I‘1
R.2 {T) = kj Pr‘J -
T

A.8. ps,f

C (T -T )
ps,f ] a.%.
[1 "

Ah
M (3.35)

Figure 3.7 shows the agreement between this expression and the
experimental results, with a regression coefficient of 0.90. Alsoc shown

for comparison is the expression

Cc (T -T )|
0.1 1n | 1+ PSP ) a-5-

{3.386)

in which all properties are computed at the jet temperature and the

)% determined

result is multiplied by the property ratio (T} / Tms.
by Das et al. for pure heat transfer at high values of AT. The large
variation between these expressions iliustrates the sensitivity of the
predicted heat transfer rate to the temperature and composition

dependence of the fluid properties.
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The different values of the exponent of the Jet-to-surface
temperature ratios in the property ratio expressions, equation 3.24,
3.35 and 3.38, shown here Iin table 3.2, are readily explained by

differences in the nature of each process. In pure heat transfer under

PROCESS PROPERTY RATIO
EXPONENT, n
Pure heat transfer with impinging -0.11

air Jjets (Das et al., 1885):

Constant rate drying by impinging -0.77
Jets of superheated steam (present

study):

Constant rate drying by impinging ~-0.96

Jjets of air (present study):

Table 3.2 Property ratio exponents in transport processes under
impinging Jjets with large temperature differences.

impinging air Jjets, only the temperature difference acrosé the boundary
layer reduces the heat transfer coefficient compared to its constant
property value at the jet temperature: In drying by impinging Jjets of
superheated steam, the effect of property variation is stronger because
of the higher temperature sensitivity of' thermal conductivity for steam
than for air, appendix 4. The strongest influence is seen in combined
heat and mass transfer under impinging air jets, as both temperature and
composition change due to the intense flux of cool water vapor at the
bottom of the boundary layer.

The complete expression for the constant drying rate under

impinging jets of air is:
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-0.96
2723 1n | 1+ P%

0.42 [ T ] F (WD, f) Re,
T

(3.37)

3.3 COMPARISON BETWEEN STEAM AND AIR DRYING

3.3.1 Inversion temperature

Standard practice has been to compare air and steam drying rates on
the basis of equal mass flux, a quantity whose value can be determined
without ambiguity regardless of fluid property variations. By
formulating the drying rate expressions, equations 3.28 and 3.37, inm
terms of the impinging jet mass flux

f 4 Re
N = i) (3.38)

D

and grouping all tempeﬁatureudependent properties on one side, the

following expressions are obtained for steam and air, respectively:

/3 . 0.42. . -0.77
R_D . k. | Pr | 1J - Ah
R =——— | —| =
© F(4/D, £) | N 2/3 T C
Js ps p b ps,f

(3.39)
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The subscripts s, for steam and a, for air, have been added to the
fluid properties at this stage, to avoid possible confusion. Only the
turbulent (Rej > 1500) expression is considered for steam drying, as it
is of more practical importance.

The significance of these expressions, plotted versus temperature
in figure 3.8, is:ﬁeasily understood by considering the ratlo of

equations 3.39 and 3.40:

1/3 2/3

Rcs D [ £ ]
R’ F(H/D, f) L N
cs

= (3.41)

R’ R pl/? _ _2/3
ca ca £

F(a/p, £) | N, ]

For a steam and an air dryer with the same geometry (H, D, f) and with
the same mass flux (st = NJG). the ratio of two polnts at the same
temperature on figure 3.8, R;B /R;d, is equal to the ratio of the
constant drying rates, Rhs /Rca. This is true for any mass flux and any
dryer geometry to which Martin’s correlation applies, including, for

instance, that determined by Martin to be optimal as it maximizes the
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heat transfer rate per unit blower power (H/D = 5.43, f =1.5%).

The comparison shows that for equal mass fluxes of stemm and air in
a given dryer geometry, drying rate is lower in steam than air below a
glven point, called the Inversion temperature, and higher above. The
inversion temperature arises because of the interplay between two
competing factors. For a glven Jet temperature, the temperature
difference, AT, ls higher with air than with steam, ('I‘J - Tu.n.) versus
(Tj - Tb); however, the heat transfer coefflicient, belng proportlonal to
k pro.42/ pa/a, is higher with steam. At Jet temperatures around the
boiling point, the difference in AT dominates, making the alr drying
rate higher. As Jet temperature lncreases, however, the difference in AT
becomes relatively smaller, and the steam drying rate ls higher due to
the higher h. The experlmentaily determined value.of 175 °C 1s at the
low end of the range obtained in other measurements or calculations of

the inversion temperature, as can be seen in table 3.3:
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AUTHOR TYPE CF DESCRIPTION FLOW INVERSION
STUDY REGIME  TEMPERATURE
(°c)

Al-Taleb Theoretical Flow over a Laminar 228

et "al. stretching

[1987] surface

Chow and Theoretical Flow over a Laminar 250
Chung flat plate

[1983a]

Hasan et Theoretical Co-current Laminar 230 -
al. liquid and 260
[1988] gas flows

Ramamurthy Experimental Drying of Al O Laminar 218 -

273
[1991] s 230
by impinging
Jets :

Haji and Experimental Flow over a Turbulent 180
Chow flat plate
[1988]

Yoshida Experimental Flow over a Turbulent 160 -

and Hyodo flat plate 175
[1970] enclosed by

a duct
Present Experimental Drying of Turbulent 175
study paper by
impinging jets
Table 3.3 - Determinations of inversion temperature

In equations 3.39 and 3.40, the dynamic viscosity appears in the

denominator at the power of the Reynolds number dependence of the

Nusselt number. As this power is higher in turbulent flow {Nu « Reag)

than in the laminar case (Nu « Re'’?)

, the impact of the lower viscosity
of steam is sironger in turbulent than in laminar fiow, explaining why

the inversion temperature is lower in turbulent flow.
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An lnverslion temperature ls alsc observed in fluidized bed drying

using air or superheated steam, in which i{hermodynamic equillbi-ium is

reached at the bed exit. Faber et al. {1985) and Shelkholeslamil (15%0)
have measured its value to be about 160 °C. This ”thermédynamic“
inverslon temperature, arising from the equality of the drylng
potentlals, equation 1.12, 1is quite different from the "kinetic"
inversion temperature measured in the studies described 1n table 3.3,
which depends on the transport properties. The closeness of the values

of the two lnversion temperatures is coinclidental.

~3.3.2 Blower power

For the design of industrial impingement dryers, an economic baslis
for comparlng steam and alir drylng rates is that of equal blower power
per unit heat transfer area. While the total energy (as heat and work)
which must be aaded to the drying fluid per unit water evaporated is the
same for steam and air, comparison on the basis of equal blower power is
warranted by the fact that one unit of work is generally costlier than
one unit of heat (cf. table 5.1). Blower power is the pressure generated
b& the blower times the volumetric flow rate. Equating the blower
pressure te the pressure drop across the nozzle, 1. e., neglecting other
pressure losses, the blower power per unit area is

1 2 :
P, = ( €y — P, Y, ¥ u, ) {3.42)
2

By formulating the drying rate expressions, equations 3.28 and

3.37, in terms of the blower power and grouping all

temperature-dependent properties on one side, the following expresslons
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. are obtained for steam and air, respectively:

RCSD [Cd f ]
R!! = ———
cs (3.43)
F(H/D, f) Pio
7 . C o [T - Tb)
- asg -6.77 In {1+ _P% ]
.p : o.42 [ T '
2/6 " a, ) Ik Pp [ _}] 1'.\}1"r
= 2 8,) B,
2/3 T
ps,j b C
ps,f
R D% _o g 278
ca d
R’. E [ | ]
ca (3.44)
- F(H/D, f) P, -
Cc (T -1 )
ps,f ]
4/9 ~0.96 1n [ L+
osg P . o.42 [ T Ahv
_ 2 ) k, | Pr, .
273 T . C
a,] A8, ps,f

In a manner similar to figure 3.8, the ratio of two points at the
_ same temperature on figuf“e_S.Q. R::; /R;;, is equal to the ratio of the
constant drying rates, ]Rcs /Rca in a steam and an air impingement dryer
with the same blower power per unit area and the same geometry. The
comparison shows a behavior similar to that observed for the constant

mass flux comparison. In the temperature range of greatest industrial
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Figure 3.9 - Effect of Jjet temperature on drying rate in superheated
steam and air, for equal blower power.

interest, say, 300 °c - s00 °c, the drying rate is 30 to 507. higher in
steam than in air for edual blower power in a given dryer geometry.
Because oné impo;tant potential application of lmpihgement steam
drying of paper is the__\conver'sion of Yankee tissue dryers from alr to
steam operation, it is interesting to compare the blower power required
to obtain a given drying rate with the two fluids, Transforming
equations 3.43 and 3.44 to obtain P, explicitly, the following

expressions for specific blower power are obtained for steam and air:

a/2

(3. 45)

bs F(H/D, f)
f

R Dl/a
s
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as2

Poa F(i/D, )
p' = (3.28)
£

R D1/3
a

In a manner similar to figures 3.8 and 3.8, the ratic of two peints

at the same temperature on figure 3.10, p bs

/p’ha, is equal to the

ratio of the blower power per unit area, p /pbﬂ in a steam and an alr

bs
impingement dryer with the same constant drying rate and the same
geometry. The comparison shows that for equal drying rates in a given
dryer geometry, the blower power regquired for steam drying is only of
36 % that required with air at 300 °C and only 15 % at 500 °C.

Considerable blower power savings are possible in drying with

superheated steam, compared to air.

3.4 CONCLUSICH

Study of the kinetics of evaporation of liquid water into its pure
vapor shows that the evaporation surface remains practically at the
boiling point during the constant rate periocd of superheated steam
impingement drying. Therefore, the constant drying rate is determined
solely by the rate of heat transfer from the impinging jets. This rate
is successfully described by a standard correlation for impinging Jjet
heat transfer, with steam properties evaluated at the jet temperature,
incorporating the Couette flow approximation correction factor to
account for evaporation, and using a property ratic to account for the
variation of fluid properties. In impingement air drying, the
evaporation surface is at the adiabatic saturation temperature. The

constant drying rate is described by a correlation similar to that for
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steam drying, but the influence of the variation of fluid properties is
stronger due to the intense flux of cool water vapor at the bottom of
the boundary layer.

The higher drying rate for implingement drying in superheated steam
above the inversion temperature of about 175 °C, translates into smaller
dryers than for operation with air as the drying medium. The lower
blower power for impingement drying in superheated steam translates into
reduced operating cost relative to air as the drying medium. These
advantages are now quantitatively determined for the constant rate
segment of an impingement dryer, a major component in impingement drying
of paper. Analysis of the falling rate period, to complete this

perspective of paper drying, follows next.
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CHAPTER 4

FALLING RATE DRYING

4.1 Introduction

As is generally observed in drying, a falling rate period follows
the constant rate peried when drying paper by impinglng Jets of
superheated steam. Below a certain moisture content, the drying rate is
ne longer contreolled solely by external transport in the boundary layer:
resistance to internal transport within the sheet becomes important and
as a result, the drying rate decreases significantly. For superheated
steam drying of paper to be‘suitable industrially, the final moisture
content attainable should be acceptably low, and the drying rate during
the falling rate period acceptably high. The falling rate period of
superheated steam drying of ©paper was therefore Iinvestigated
experimentally from this perspective.

Two hypotheses can be formulated to explain the existence of the
falling rate period. The first is additional resistance to heat and mass
transfer within the sheet as the evaporation front recedes from the
surface. The second is a decrease in the equilibrium vapor pressure due
to adsorption of water on the fibres. This chapter descrlbes
measurements made to identify the role played by each phenomenon, both
in steam and in air drying under an array of impinging jets, so as to
characterize the falling rate period.

Theoretical work on drying of sheet materials under conditions
similar to those of impingement drying (section 1.3.4), especially by
Suzuki et al. (1977), gives some insight into the possible mechanisms.

Initially, diffusion of 1liquid moisture through the porous sheet
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suffices to keep the sheet surface wet, and evaporation takes place at a
constant rate. As drying proceeds, the local moisture centent gradients
diminish, and therefore, so does the moisture flux. The critical
condition is reached when the moisture content at the sheet surface
55115 to zero. From that point on, the evaporation front recedes beneath
the surface of the sheet. The drying rate decreases as a result of the
additional resistance to heat and wvapor transfer of the dry layer
between the sheet surface and the evaporation front. The position of
this front depends both on the evaporation rate and on the rate of
moisture diffusion.

From this existing theoretical analysis, it appears that the
falling rate period of impingement steam drying is a highly complex
process, involving moisture transport within the sheet, vapor transport
from the evaporation front to the sheet surface and from there across
the external boundary layer to the exhaust stream, with coupled spatial
and temporal variations of temperature, moisture content and all

transport coefficients.

4.2 Equilibrium moisture content and adsorption energy

4.2.1 Fiber~-water interactions

Water is held inside the fiber mat by the following mechanisnms,
listed in order of decreasing bond strength (British Paper and Board
Industry Federation, 1978):

a) Monolayer adsorption on the cellulose surface by hydrogen
bonding;

b) Multilayer adsorption near the cellulose surface by Van der

Waals bonding;
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. c¢) Capillary adsorption in micropores inside the fiber wall;

d) Capillary adsorption in macropores between the fibers;

e) Capillary adsorption in the lumen.

At the beginning of drying, the fibres are thought to be saturated with
water, with additional water held in the pores between the flbres. For
unbleached kraft pulp from black spruce similar to that used in the
present study, 0. Polat (1989) measured the fiber saturation point to be
between 0.71 and 0.82 by the solute exclusion technique, and for the
black spruce thermomechanical pulp used, Nanri {1991) measured the
water retention value to be 1.00 by the centrifugation technique.

To properly model falling rate drying, it would be useful to know
the proportion of water held by each of the abovementioned mechanisms as
drying proceeds. Such information is only partly available at the
present time. Kershaw (1980) reports that monomolecularly held water
amounts to 1 to 2 %4 of the dry fiber weight, that a sizable amount ls
absorbed and adsorbed in the lumen, that 25 % is inside the fiber wall,
the rest being in the pores between the fibers. It should also be noted
that water in the lumen, while more weakly bound than interfiber water,
is in fact harder to remove as most of it must diffuse through the fiber

wall during drying.

4.2,2 Equilibrium moisture content below the atmospheric boiling
point

Prahl {1968) measured the desorption isotherms of kraft pine pulp

for 0 = X = 0,40 in the range 20 °C=T =80 °C, the range of sheet

temperature during the constant rate peried of alr drying. The

. measurements were done in an initially evacuated chamber containing only
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water vapor in equilibrium with moist paper. Experiments done in an air
atmosphere with relative humidity controiled by saturated salt solutions
gave identical results for equal water vapor pressure, confirming that
the presence of air does not affect the equilibrium of the systenm.
Prahl’'s data were reexamined to try to identify the relationship between
the wvapor pressure, moisture content and temperature. Upon testing a
number of forms of this relationship; the best new correlation of

Prahl's results is found to be:

]

v
o = = exp Mf (X, T)
P t
sa m T
(4.1)
exp [ -M{1-@ai(T-293.2)} exp (B- 17 X)
RT
where o = 0.005974,

B = B.5776,
¥ = 24,0851,
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Figure 4.1 Comparison of Prahl’s measurements and equation 4.1.

The agreement between this equation and Prahl’s data is shown in flgure
4.1, where the normal ized vapar pressure ratio is
~RTIln¢ /M (1 -wa (T-293.2)), with a regression coefficient of
"0.994.

An expression for the heat of adsorption can be obtained from the
above equation by considering the Clausius-Clapeyrorn equation applled to

the paper fibre - adsorbed water - water vapor system:

8 (1n ¢) 8 (InP) _ 3 UnP_ ) M ah

= ® (4.2)

2
aT T arT R T

Substituting from equation 4.1 into 4.2 gives
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[

&h, 8 - f (X, T)
2 =

T aT T
(4.3)
-1 8f (X, T) f X, T
* 2
T arT T
Aha = (1+283.2a) exp (B-7rX) (4.8)
Letting ( 1 + 293.2 a« ) = exp & finally gives
Aha =exp ( 8+ 8 - % X) = exp (7.59 -~ 24.085 X) {4.5)

This equation is nearly identical to that obtained by Crotogine and

Allenger (1979) by regression of the values tabulated in Prahl’s thesis:

8h = exp (7.2 - 17.3 X) (4.6}

However, as Prahl obtained adsorption energies from his vapor pressure
measurements by a graphical procedure involving a visual fit of the data
plotted on semilog paper, equation 4.8 does not represent his
measurements as accurately as equation 4.5, obtained by a purely
numerical procedure on the coriginal data. At X = 0.08, a normal final
moisture content for drying paper, equation 4.5 gives Aha = 288 kJ/kg,

12.8% of Ahv at the atmospheric boiling point.
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4,2.3 Equilibrium moisture content in superheated steamn.

The desorptioq equilibrium molsturg content of kraft and TMP paper
was measured in éuperheated steam as a function of temperature by
leaving the sheet in the drying chamber for a sufficient time under a

high jet flow rate. The experimental conditions for these measurements -

were as follows:

Paper type: from unbleached kraft black spruce pulp, of basis
weight 80 g/mz; from thermomechanical black spruce pulp of basis weight
48.8 g/m°;

Residence time: 4 hours;

Drying chamber pressure: 107 kPFa abs.;

Jet Reynolds nunmt=r: 5000.

For kraft paper, surprisingly, the equilibrium moisture content Iis
practically =zero (within the experimental error of 0.01} at a
temperature as low as 103 °C, i.e. the lowest temperature that could be
achieved and maintained in the drying chamber. This temperature is only
1.6 degrees above the saturation temperature of 101.4 °c coresponding
to the drying chamber pressure. For paper made of TMP pulp, figure 4.2
shows that the equilibrium moisture content decreases regularly with

increasing temperature, from 0.123 at 103 °C, to practically 0 at 108

o

C.
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Figure 4.2 - Equilibrium moisture content in superheated

steam.

The higher equilibrium moisture content in TMP than in kraft paper
is in agreement with previdﬁs findings for equilibrium moisture content

in air at room temperature {(Attwood, 1972, Brandon, 1981). This behavior

was attributed to a larger proportion of components more hygroscopic
than pure crystalline cellulose in TMP, possibly lignin and more

importantly hemicellulose (Britt, 19564).

As the equilibrium condition for the paper-steam system is that the

vapor pressure of the bound moisture equals atmospheric pressure, one

can set Pv = Patm in equation 4.1 for Prahl’'s results, to obtain an

expression for the dependence of the equilibrium moisture content on

sheet temperature:
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-M {1-a(T - 293.2)} exp(B-¥ Xeq)

Patm
1n = ln(Patm)— ln(Psnt(T)) =
P

car (D) RT

(4.7)

RT (InP (T)-In{ P )
sat atm
B - 1ln (4.8)
M{l - «f{T - 293.2)}

x = 1
1 7

In figure 4.2, the equilibrium meoisture contents, extrapolated in
this way from Prahl’s measurements for kraft piﬁe pulp for temperatures
below the atmospheric boiling peoint, are seen to agree wlth those
reported by Svensson (1980) for wood pulp, but are substantially higher
than the values measured here for TMP in superheated steam. Svensson
makes no mention of the type of pulp or of his measurement technique.
The above comparison in figure 4.2 indicates that the adsorption energy
of water is substantially lower above the boiling point than below. It
should be recalled however that the estimate from Prahl's work 1s based
on measurements made over the temperature range 20 °C - 80 °C, 1i. e.
substantially below the present temperatures of over 100 °C, and that
Svensson's results, given without documentation, are therefore of
unknown reliabjlity. From a practical point of view, the experimental
findings indicate that complete drying of paper is possible with steam

at quite low superheat. This concluslon will be confirmed subsequently.
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4.3 Falling rate drying experiments

4.3.1 Baslis of analysis of falling rate period

Keey (1978) notes that a linear relationship between the drying
rate and moisture content is often used tc describe the falling rate
period. Wenzel and White {1951) and Chu et al. (1858) observed such a
linear falling rate period following the constant rate period when
drylng a bed of sand in a parallel flow dryer with superheated steam.
Luikov separates six types of drying curves in the falling rate periqd,
according to the nature of the material being dried, and reports linear
behavior for paper or thin cardboard (Strumille and -RKudra, 1986 ).

In the absence of any previous work on the falling rate period of
superheated steam drying of paper, it was thought best to base the
analysis of the falling rate period on the apprcach suggested by the
work of these previous authors. Therefore, the falling rate period was
assumed tc be suitably described by a linear relationship between drying
rate and moisture content, figures 4.3a, 4.3b. This hypothesis was then

checked with the experimental data.
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It is shown in section 2.9 that a linear falling drying rate leads

to the following expressions for moisture content as a function of time:

Constant rate period (X > Xc):

c (4.9)

Falling rate period (0 =X =X)

where

Xl. the X-intercept of the X - t plot, can be considered as the
initial moisture content of an experiment in which drying would begin
immediately at the constant rate, as illustrated in figure 4.3a;

| Rh is the constant drying rate;

Xc is the critical moisture content, the point' of transition
between the constant and falling rate periods;

m is the slope of the drying rate — moisture content curve during
the falling rate peried.

The parameters xi, Rc. Xc and m were evaluated by a non-linear
least squares regression routine (Wilkinson, 1888). The regression
coefficient averaged 0.993. The high value of the regression coefficient

supports the basic hypothesis that, in superheated steam impingement

drying of paper, the drying rate decreases linearly with moisture
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content during the falling rate peried,

The approach taken subsequently is to relate the critical molsture
content, Xc, and the slope of the falling drying rate curve, m, to the
relevant experimental variables in terms of the phenomena known to

affect falling rate drying.

4.3.2 Experimental conditions and evolution of sheet temperature
and moisture content
The critical moisture content and slope of the falling rate perlod
were measured for kraft paper in air and in steam under a constant jet
Reynolds number of 2000. The following basis weight and Jjet temperature

range were investigated:

150 = 'rj = 450 °C, in 100 °C increments, for B = 60 g/m’;

60 = B = 150 g/ma, in 30 g/m2 increments, for TJ = 350 °C.

A few additional experiments were done with towel paper and with
paper made from a thermomechanical pulp. The complete description of
these additional experiments 1is found in the inventory of dryling
experiments, appendix 1.

Figure 4.4 shows the evolution of moisture content and sheet top
and bottom temperatures in steam drying of 48.8 g/m2 paper made from
TMP.. of initial moisture content 1.6 g water/g fiber, dried at a jet
temperature of 350 oC, with a Jjet Reynolds number of 2000. The fitted
composite expression for the evolution of molsture content, equations
4.9 and 4.10, with parameters determined as described in section 2.9, is

seen to agree very well with the experimental data: for this serles of
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experiments, the regression coefficient is 0.9395. This success in
fitting the data with equations 4.9 - 4.10 supports the hypothesis made
at the outset that drying is characterized by a constant rate period,
followed by a falling rate period during which the drying rate varies

linearly with moisture content.
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Figure 4.4 - Evolution of sheet temperature and moisture content.
48.8 g/m> TMP, T, =350 °C, Re = 2000, t =200 pm.

In the absence of a direct measurement of the moisture distributicn
within the sheet during drying, the temperature traces provide clues as
to the evolution of local moisture content. The temperatures at the top
and bottom of the sheet were measured by bare, 75 pum wire diameter
thermocouples. At the top, steady contact was ensured by bending the

wires so as to force the bead against the sheet by springing action. The
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temperature at the top of the sheet rises quickly to a steady value,
figure 4.4. The top of this thermocouple bead is immersed in boundary
layer steam, the bottom is in contact with moisture on the surface of
the sheet. The measured temperature, about 240 °C, 1is therefore
intermediate between that of the Jjet, 350 °C, and of the wet paper,
100 °C. At time tt' this temperature starts to increase, indicating
drying of the top surface. Shortly afterwards, at the critical time tc.
as determined by regression of the moisture - time data, the falling
rate drying period starts. At the support plate side, the thermocouple
is sandwiched between the glass plate and the paper sheet. The
thermocouple bead has only point contact with the glass surface, with
most of the bead surface in contact with the bottom of the paper. The
measured temperature remains constant at the atmospheric boiling peoint
until time tb when it rises due to drying of the bottom surface.

These observations of sheet temperature are consistent with the
concept of an evaporation zone, first located at the top surface of the
sheet during the constant rate period, then receding towards the bottom
surface, as illustrated in figure 4.5. The fact that the backing plate
surface temperature starts to increase at a non-zero moisture content,
Xb = 0.2 at time tb, is evidence that the evaporation occurs in a layer
of finite thickness. Such behavior is generally observed in drying of

capillary-porous bodies (Strumillo and Kudra, op. cit.).
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Figure 4.5 Moisture distribution within the sheet during the

falling rate period of superheated steam impingement drying.

4,.3.3 Critical moisture content

The critical moisture content for impingement drying of paper was
found to vary between 0.6 and 1.6 in steam, and between 0.2 and 1.5 in
air drying, depending on the ocoperating conditions. While the average
value of c¢ritical moisture content is close to the fiber saturation
point, 0.72 - 0.81, and water retention value, 1.00, determined by
0. Polat and Nanri, respectively, the wide variability shows that
critical moisture content is not a material property, as was sometimes
assumed in earlier work on drying of solids (Keey, 1972).

Critical moisture content may be related to the drying intensity N,
according to the theoretical development of Suzuki et al. (1977),

section 1.3.4. For the typical experimental conditions of this study:
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R = 40 kg / m°-h;

c

t
p

g = 2/3 (typical value for kraft paper, Polat, 1989)

150 pm (for B = 48.8 g/m°)

P, = 0.4 g/cm3

the drying intensity based on the dry paper diffusivity calculated at
100 °C using Lin’s (op. cit.) formula, equation 1.18, is No = 0.051. For
such low intensity drying, equation 1.20 would predict a critical
moisture content of 0.024, much lower than the range of values observed.
Hence, if the analysls of Suzukl et al. 1s applicable to the present
situation, it appears that the effective diffusivity for movement of
molsture under fast drying condltlions provided by Iimpinging Jets is
lower than that obtained by Lin's correlation of slow drylng at very low
molsture contents.

An attempt was made to correlate the data by expressions of the
form suggested by equations 1.15, 1.16 and 1.19. Estimations of the
parameters Lg and Ea by a non-linear regression routline did not result
in satisfactory regressicns for either the low (equation 1.15) or high
intensity (equation 1.16) case.

The most satisfactory correlation was cobtalned by relating critical
moisture content directly to the value of drylng rate for the constant
drying rate period. For impingement steam drylng, flgure 4.6 shows that

the data are reasonably represented by the expression

0.288
X = 0.373 R (4.11)
c [~
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with a regression coefficient of 0.93. The increase of critical moisture
content with constant drying rate is in agreement with Shibata’s
measurements of drying of a sintered sphere of glass beads by laminar
fiow of superheated steam in a tube.

Adding a constant term to the regression, i. e. X =a +b R:, does
not result in a significant increase of the regression coefficient,
indicating that the critical moisture content approaches zero at =zero
constant drying rate. This is lndeed expected for the present system, as
it was shown in figure 4.2 that water is only slightly bound to TMP
fibers and not measurably so for kraft fibers,

For air drying, figure 4.7, there is a slightly better agreement

between the data and the regression equation:
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Figure 4.6 - Critical moisture content for impingement drying

in superheated steam.
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-3 1.5
Xc= 0.114 + 4.08 x 10 Rc {(4.12)

with a regression ccefficient of 0.85., Comparison of equations 4.11 and
4.12 shows that the critical moisture content is much more sensitive to

the constant drying rate in air than in steam drying. This suggests that

o  EXPERIMENTAL DATA
—— EQUATION 4.12

0.8

o e
0.4
(=] /u:n

]
0.2+—<f—=

CRITICAL MOISTURE CONTENT, Xc
AN

0 10 20 30 40 50 60
CONSTANT DRYING RATE, KG/M2-H

Figure 4.7 - Critical moisture content for impingement drying

in air.

the drying mechanism during the falling rate period is different in

steam than in air.

For steam and air, the possibility that eritical moisture content
is dependent on bagis weight was examined by fitting the data to

regression equations of the form

X =k R B (4.13)

where k1' lc2 and k3 are constants. However, regression coefficients
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obtained with this form were not significantly higher than those of
equations 4.11 and 4.12. This does not necessarily mean that there was
no correlation between critical moisture content and basis weight: one
may have existed and may have been too weak to be detected. The trend,
indicated by equations 4.9 and 4.10, that critical moisture content
increases with constant drying rate, is consistent with Suzuki et al.’'s
(op. cit.) analysis of moisture diffusion within the sheet, equations
1.15 and 1.18. However, the dependence has power law behavior, rather
than the linear behavior of these equations., The increase of critical
‘molsture content with sheet thickness, also predicted by these

equations, is not observed.

4.3.4 Slope of the falling rate peried

When the evaporation front recedes into the paper sheet, additional
heat and mass transfer resistances in the region between the evaporation
front and the exposed surface of the sheet lead to a decrease in drying
rate. For drying of a sphere of coarse glass beads suspended in a tube
inside which there was laminar flow of superheated steam, Shibata (ep.
cit.) explained the drying rate decrease observed purely in terms of
heat transfer resistance. However, for paper, at the typical conditions
given in section 4.3.3, the heat transfer Biot number, the ratio of
internal resistance to conduction to external resistance to convection,
based on the extreme condition of conduction through the entire

thickness of the dry sheet,
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ht R Ah t
= c v (4.14)
T -
K (T, = T)) k_

L]

Bi
h

is 0.12 when the thermal conductivity of dry paper, 0.127 W/ m °C
(Kerekes, 1980), is used. Such a low Biot number indicates that the
internal conduction resistance is minimal and that mass transfer, not
heat transfer, 1limits the falling rate period. Lin (op. cit.) also
argues that mass transfer rather than heat transfer is rate-limiting, in
his model rof slow dfying of kraft paper. Thus in steam and in air
drying, it appears that temperature is nearly uniform across the sheet
thickness during the falling rate period. In superheated steam drying,
this value must be higher than the boiling peoint.
For impingement steam drying, the slope, m, of the falling rate
period is correlated (regression coefficient of 0.804) by the equation
0.495 0.188

m = 3.028 Rc B (4.15)

as can be seen in Figure 4.8.
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Figure 4.8 - Slope of the falling rate period in superheated

steam drying.

For air drying, non-linear regression doces not produce a
statistijcally significant correlation. For most experiments, m is about
40 kg/mz—h. However in some experiments, especially at low temperature,
m is considerably smaller. The experiments were not extended to a more
complete determination of the alr drying parameters as air drying was

not the basic objective of the present study.

4.4 Complete drying rate - moisture content histories for
superheated steam impingement drying

To summarize the results of this investigation on drying paper by

impinging Jjets of superheated steam, complete drying rate - moisture

content histories, figures 4.9 - 4.15, were generated for a

. representative set of conditions from the correlation equations:
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X > X R=R (2.8)
[+ c
0=X<X: R=R +m(X-X) (2.11)
c c c
C (T, -T)
042 (T -0.77 273 In |1 + _Po:f b
R =k Pr [ J ] F (WD, f) ReJ Ah
] J v
Tb D
Cps.f
(3.28)
0.2865
X = 0.3713 R (4.11)
[+ [+
0.485 0©.188
m = 3.028 Rc B (4.12)
Table 4.1 Correlation equations for drying paper by impinging
Jets of superheated steam.

Fach figure shows R calculated from the above equations, t corresponding
tc each moisture content calculated from equations 4.9 and 4.10 with
drying rates obtained from the correlation, and t vs. X experimental
data for the specified conditions. For 80 g/m2 Kraft paper, flgure 4.8
represents a low AT, low Rej condition, figure 4.10 a high AT, low ReJ
condition, figure 4.11 a low AT, high ReJ condition, figure 4.12 a high
AT , high ReJ condition. For 'I‘-| = 350 °C and ReJ = 2000, figure 4.13 is
for a medium B Kraft paper, figure 4.14 for a high B Kraft paper, and

figure 4.15 a low B TMP paper.
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Figure # Jet Jet Reynolds Paper type Basis weight
temperature number B, g/mz
T, °C Re
J J
4.9 150 2000 Kraft 60
4.10 435 2000 Kraft 60
4,11 150 12000 Kraft 80
4.12 350 4000 Tissue 60
4.13 350 2000 Kraft 60
4,14 350 2000 Kraft 150
4.15 350 2000 - TMP 48.8
Table 4.2 - Experimental conditions for complete drying rate -
moisture content curves, figures 4.9 - 4.15.

The generally good agreement between the experimental and generated
X vs. t curves testify to the trustworthiness of the correlation
equations, considering the difficulty of the experimental procedures,
the wide range of conditions, and the absence of any previous

measurements in this field.
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Figure 4.10 — Drying rate and moisture content in superheated steam impingement drying.

Tj = 435 degree C, Rej = 2000, Kraft paper, B = 60 g/m2.
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Figure 4.11 — Drying rate and moisture content in superheated steam impingement drying.
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4.5 Conclusion

The equilibrium moisture content of paper in superheated steam
measured here is much lower than the wvalues calculated from
extrapolation of Prahl’s measurements made at lower temperatures. Hence
the falling rate pericd in superheated steam is controlled only by
internal transport resigtance, whereas in air drying it is also affected
by adsorption of water on the fibers. Complete drying of paper is
possible in superheated steam at very low levels of superhezt.

For superheated steam and air impingement drying, the critical
moisture content Iincreases with the constant drying rate. The rate of
increase with constant drying rate is higher in air than in superheated
steam. The increase of c¢ritical moisture content with constant drying
rate is consistent with expressions obtained from Suzuki et al.'s
approximate analysis of moisture diffusion within the gheet. However,
neither the form of the dependence, nor the magnitude of the critical
moisture content, =agree with the predictions of this model. This
indicates a complexity of transport processes specific to drying of
paper by impinging jets of superheated steam.

Correlation equations for the constant and falling rate periods are
shown to agree generally well with experimental measurements under a
wide range of Jjet temperatures, flow rates, basis weight and type of
paper. The results of this laboratory-scale investigation can therefore
be applied with confidence for the design of an industrial superheated

steam impingement dryer.
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CHAPTER S

THERMODYNAMIC CYCLES FOR SUPERHEATED STEAM DRYING OF PAPER.

5.1 INTRODUCTION AND METHODOLOGY

When paper is dried in pure superheated steam, the drying process
is a net producer of steam at a rate equal to the rate of water remcval
from the wet sheet. If the exhausted steam is reused in another part of
the paper mill, the energy supplied as heat and work for drying can be
completely recovered in principle. Previous studies on superheated steam
drying of paper, e. g. Cul et al.(1985) and Loo et al. (1984), have
demonstrated large energy savings if the exhaust steam can be fully
utilized. These studies, however, did not address the crucial question
of thelend use of the exhaust steam. In the present study, three cycles
will be presented for implementing superheated steam drying of paper,
for which the end use of the exhausted steam is to further dry paper in
a conventional cylinder dryer. These cycles are self-contained in that
the steam consumption for the part of the drying done conventionally
equals the steam production from the part effected by a superheated
steam dryer. As these cycles can be analyzed without reference to other
processes in the paper mill, their performance is a realistic estimate
of the potential of this technology for reducing energy consumption.

The most obvious use for the steam exhausted from a superheated
steam dryer is to condense it in the drying cylinders of a conventional
dryer section. Operating experience with a superheated steam pulp dryer
in Sweden {Svensson, 1980, 1981) and with a TMP steam recovery system in
the United States (Blumberg, 1883) indicates that steam contamination is

minimal when steam is intimately mixed with moist paper fibers. Hence it
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is probable that steam exhausted from an impingement steam dryer can be
condensed directly in conventional dryer cylinders. Air infiltration
into the steam circuit can probably be prevented by using a proper
sealing arrangement and operating the dryer under slight positive
pressure.

This chapter therefore analyzes combined drying cycles, in which
one part of the drying is done by conventional steam-heated cylinders,
while the rest is done by a superheated steam impingement dryer. The
steam required by the former section is exactly balanced by steam
productiosn in the latter. Since conventional dryers operate most
efficiently at high paper moisture content, when drying occurs in the
constant rate period, it appe#rs sensible to do the first part of the
drying conventionally and the second one with superheated steam, rather
than vice-versa. In the first cycle analyzed, steam is recirculated
around the impingement dryer circuiﬁbby a fan, the exhausl steam being
desuperheated and compressed to a pressure appropriate for condensation
in the conventional drying cylinders. In the second cycle, recirculation
of impingement drying steam is achieved by a thermocompressor,
eliminating the capital cost and power consumption of the recirculating
fan. In the third cycle, energy recovery is by means of an integrated
open-cycle heat pump.

Both capital expenditure and energy consumption are relevant to the
economic evaluation of any new drying process. Specific considerations
of capital cost are beyond the scope of the present study, but the high
drying rates of impingement steam drying, documented in chapters 3 and
4, indicate potential for reduction in equipment cost. Here the focus

is on determining the relationship between the energy consumption {(the
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most important factor affecting operating costs) and the drying rate
{(the most important factor affecting capital costs) in each of these
three cycles.

In conventional paper dryers, energy is supplied in the form of the
latent heat of steam generated by combustion of spent pulping liquor,
biomass or fossil fuel. The energy consumption is usually expressed as
the mass ratio of steam required per unit water removed from the sheet.
By contrast, in a combined steam impingement-conventional dryer
arrangement, a significant portion of the total energy required for
drying 1is supplied as work to recirculate the steam around the
impingement dryer circui! and to compress the exhaust steam to the
conventional dryer section. Energy consumption as heat and work must
therefere be distinguished, becavse an energy unit of heat and work have

different economic value, as indicated by table 5.1:

LOCATION ELECTRICITY-TO- ELECTRICITY-TO-
HEAVY OIL PRICE NATURAL GAS PRICE
RATIO RATIO

ATLANTIC 3.13 2.70

CANADA

QUEEEC 1.79 1.64

ONTARIO 2.08 2.17

ALBERTA 2.17 4,35

UNITED 8.27 4.43

STATES

Table 5.1 - Ratio of electricity-to-fuel price in the industrial

sector, 1987. References: Natlonal Energy Board (1988),
Statistical Abstract of the United States (1989).
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To take into account relative energy prices, and to allow direct
performance comparisens with conventional dryer sections, it is useful
to define an equivalent energy consumption as

Q+cec W
E = {5.1)

Jt Ahv
vwhere Q and W are the rates of heat and work energy consumption, Jt is
the total rate of water removal, Ahv is the heat of evaporation of
water, and £ is a work-to-heat value ratio, for which table 5.1 gives
representative values relative to fossil fuels.

In this chapter, the expression for the steam impingement drying
rate will first be introduced. The temperature decrease and pressure
drop across the impingement dryer will then be calculated, Next, the
water removal rate in the cycle considered as a whole will be related to
the impingement drying rate. Finally, expressions for heat, work and
equivalent energy consumption will be derived as a function of the total
water removal rate and the results of a computer simulation of the
process Will be presented.

Because the analyses presented here neglect minor considerations,
such as heat loss from the impingement hood and seals, pressure drop in
piping, and the potential reduction in paper machine drive power, the
performance figures calculated are to be taken as an indication, rather

than an accurate prediction.
5.2 STEAM IMPINGEMENT-CONVENTIONAL CYCLE WITH RECIRCULATION BY A FAN

5.2.1 Cycle description

Figure 5.1 shows. the proposed combined steam
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impingement - conventlonal c¢ycle with recirculation by a fan. The
impingement dryer is operated at atmospheric pressure, to aveid the cost
and operational hazards of operation under pressure. As conventional
drying cylinders perform erratically with superheated steam
(Gavelin, 1973), the steam exhausted from the impingement dryer must
first be desuperheated by mixing with condensate. Compressor work per
unit mass steam is minimized by desuperheating prior to compression
(Becker and Zakak, 1985), as the advantageous effect of temperature
decrease more than offsets the increase in compressor work from the

addition of condensate.

5.2.2 Average impingement drying rate

As described in chapters 3 and 4, drying paper by impinging jets of
superheated steam consists in a constant rate pericd,. followed by a
falling rate period. When a steam impingement dryer is used after a
conventional dryer section, as in the present cycle, a large part, or
possibly all of the drying is in the falling rate period. To evaluate
the average impingement drying rate, two situations, illustrated in

figure 5.2, must be considered:
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Figure 5.2 Impingement drying rate - moisture content relation

The initial moisture content for impingement steam drying may either be
in the falling rate period, X“_, or in the constant rate period, X
For drying entirely in the falling rate period, the average drying rate

between the initial and final moisture contents, X“_ and Xr, is found as

follows:

; ﬁl = -B . (5.2)

The relationship between elapsed time t and moisture content X is

obtained by equation 4.10:
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m - R R
c [+
This gives:
B m m
it -t )=— —1n1+—(Xf-Xc) +1n1+—(X”-Xc)
X X m R R
f if c c
[ m
1+ “R— (X” - Xc)
_ 2w
N - (5.4)
n m
1+ — (X -X )}
R °
- c
Substituting this into equation 5.2 and rearranging gives:
m (X“_ - Xr]
= [ m
R = - _
1 1+ n (Xf Xc)] (5.5)
- c

in

If however drying begins in the constant rate period at ch, the

average drying rate is

-'.!-."f:{'xl c - Xc) + (xc - xf ) ’ .
R =-B |- S 5.8)
' I:'(t*” -t ) + (£t -t)
) X X X X
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The time elapsed in the constant rate period is -B (ch - Xc) / Rc. and
the time elapsed in the falling rate period is found by substituting Xc

for Xif in equation S.4. Therefore, the average drying rate is

(X - X))
ic
ﬁl = -B (5.7)
- B (ch - X)) . B n
in |1 + — (Xr - X))
R m R €
C c
vhich simplifies to
(Xtc - Xr}
ﬁl =
(xlc - xc) _ 1 m (5.8)
In {1 + — (Xf - X))
Rc m R ¢

c

In the present cycle, one unit of water exhausted from the
superheated steam impingement dryer 1is desuperheated by mixing with
condensate, then condensed in a conventional dryer section. With the
approxXimation that the fractional amount of 1liquid water wused for
- desuperheating may be neglected,Lone unit of water exhausted from the
impingement dryer results in further removal of 1/ k unit of water in
the conventional section, where k, the steam consumption Index, is the
mass of steam consumed per unit mass water evaporated in that section.
Therefore, a fraction equal to 1/{1+1/k) of the total water removal
occurs in the superheated steam impingement dryer. Hence the initlal
moisture content at the entrance of the superheated steam Impingement

dryer is
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=X + {Xx - Xr) {5.9)
1 + 1/

This value for Xli, and correlation equations for Rb' X; and m given in
table 4.1, are used to determine the average impingement drying rate

using equation 5.5 or 5.8.

5.2.3 Temperature decrease and pressure drop across an impingement
steam dryer

a) Temperature decrease of steam

With the assumptions that:

i- Radiation and conduction heat losses are neglected;

1i- The change in sensible heat of the water and fiber across the

dryer are neglected; water is removed in the saturated liquid

state;

iii- The heat of adsorption of bound water is neglected;

an enthalpy balance for a dryer with an impingement surface Al and
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Figure 5.3 - Streams around an impingement steam dryer

an average drying rate Rl. figure 5.3, gives:

M h + AR h =M h
J ) i1 f

e e

Treating superheated steam as a perfect gas, we have
M.1 [hg + CPB(Tj - Tb )]+ Al Rl hr =

(Mj + A Ri) [hg + Cps[ T - T, )1

which yields

T ~T A R Ah
J e 1 1 v

'I'e - Tb MJ Cps ( Te - Tb )

Substituting into the above equation the jet mass flow rate

131

(5.10)

(5.11)

(5.12)



gives

T -T R D Ah
] e 1 v

T - Tb . f uJ ReJ Cps ( Te - Tb )

Upon rearranging, the exhaust temperature is found to be

b) Pressure drop

The pressure drop across the impingement dryer nozzles is:

AP=

1
2

(5.13)

(5. 14}

(5.15)

(5.18)

where the nozzle discharge coefficient Cd ¢ 0.80 (Obot et al., 1980).

The Reynolds number dependence of AP is given by:

2 2
1 ”j Rez 1 ”j R TJ Rez
AP E—— T ]
C D

(5.17)

Since the nozzle pressure drop is always a small fraction of the

dryer absolute pressure, it is adequate for calculation purposes to
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replace PJ by Fatm in the above formula,

5.2.4 Total water removal rate

The total water removal rate Is the sum of the impingement and
conventicnal rates. The drylng rate in conventional dryer sections
increases mildly with steam pressure, averaging iS5 kg/mz—h for complete
dryer sections in Canadian paper mills (Sayegh et al., 1987), but 1is
much higher during the constant rate perlod: one may estimate it to be
between 30 and 50 kg/ma—h even at very low steam pressures (Kerr, 1888).
In the latter part of a conventlonal dryer sectlon where the paper is in
the falling rate drying perliod, the drying rate 1is evidently
significantly lower than 15 kg/mz-h. The mass of steam consumed per unit
mass water evaporated, k, averages 1.5 in Canadlan paper mills. With the
basic constraint of the present analysls, that the steam exhausted from
the Iimpingement section 1is exactly consumed for drying 1In the

conventional section, the water remocval rate in the latter section is:

J o= (5.18)

where Mc is the sum of the steam generation 1n the implngement section,
and the condensate addition streams for desuperheating.

Becker and Zakak (1985) indicate that the compression work is
minimized by supersaturating the exhaust steam and compressing this wet
steam in a screw compressor, so as to have saturated steam at the
outlet. As this process is difficult to model, it will be assumed here
that steam is brought to saturation in twoc desuperheaters, before and

after the compressor, as shown on figure 5.4:
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sat
Figure 5.4 - Streams around the desuperheaters and compressor
The total water removal rate is given by:
Jt = Jl + Jc (5.19)

which with equation 5.19 gives

1 M M
o= J |1+ — {1+ conl , con2 (5.20)
K J J

An energy balance on the first desuperheater gives:

coni cps ("re - Tb')

= (5.21)
J Ah

1 v

The work per unit mass required to compress steam to the

conventional pressure, P, is
[+
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C T, P ¥
W= ps © -1 (5.22)
M P _

A corresponding formula applies for the fan work w_, in which case the

exhaust pressure is P + AP,

atm with AP obtained from {(5.13). From

(5.18), with y = 4/3 for steam, the compressor exhaust temperature is

174

Loy e

atm

An energy balance on the secbnd desuperheater gives

- 1 Pc
CpB Tb 1+ -1 - Tsat, Pc
e P
con2 atm
Jl+ Mt:l:inl Ah
v
{5.24)
Now,
M . + M M 1 M 1 M . :
con con2 _ - ceonl |, . con een (5.25)
J J J J+ M
i i 1 1 coni

Substituting from (5.17), (5.20) and (5.21) into (5.16) gives:
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; c (T =T, ) C (T -T )
Jo=Jd, [ 1r g1 ps  ® +4 1+ Ps ¢ b
K Ah Ah
v v
1/4
- 1 P,
cps Tb 1+ - -1 - Tsat, P
T)c P c
- atm
Ah

{5.28)

5.2.5 Heat, work, and equivalent energy consumption

An energy balance on the control volume indicated by the dotted
lines in figure 5.1 gives. the heat consumption pér unit mass of water
evaporated in the complete cycle:

0 Mj [ Cps(TJ - Te) - ]
- (5.27)

(5.28)
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Wc _ (Jl + Mconl) LA (5.29)

The total energy consumption per unit water evaporated is

Et = Ql + wF ¥ wc (5.30)

J
t

Finally, the equivalent energy consumption is

Q+e (W + W)
E - 1 F_ ¢ (5.31)

J Ah
t v

5.2.6 Sinulation results

A computer program was written to so}ve the above equations for
heat, work, total and equivalent gnergy cénsumption as a functlon of
average imp}ngement drying rate, with impinging Jjet temperature as a
parameter.“}hé program inputs are the dryer geometry ({(H, D, ), jet
temperature and Reynolds number; moisture contents at the inlet of the
conventional dryer section and at the outlet of the superheated steam
impingement dryer, impingement drying rate, fan and compressor
isentropic efficiencies, conventional dryer pressure, work-to-heat value

ratio and conventional dryer steam consumption index k. The sequence of

calculations is illustrated in figure 5.5.
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FIXED INPUT

Dryer geometry;
Fan and compressor efficiencies;
Conventional dryer pressure
and performance index;
Work-to-heat value ratio;
Conventicnal dryer inlet and
steam dryer exhaust moisture
contents;

Basis weight.

+

VARIABLE INPUT

Jet temperature range;

Ll

Average impingement drying

rate range.

FUNCTION AND
YARIABLE

”~

DEFINITION

Set TJ, ReJ
to lowest value

in range

I ’ L

i1 i

Increment

MAIN CALCULATION SEQUENCE:

R, T, AP,
e

T, Re
J J

A

3

FINAL CALCULATION SEQUENCE
Ql/Jt’ H/Jt, Et' Ec, fraction
of drying done in steam

impingement dryer

w

NO

™

Complete TJ, ﬁl

range covered? |

YES

h 4

QUTPUT
Print results
to diczk file

Figure 5.5 - Flowsheet of program for performance calculations on

combined steam impingement~conventional drying cycle

with fan circulation
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A listing of the program for the present scheme and the two other
cycles described in this chapter is included as appendix 5.
Heat, work and total energy consumption for conditions listed in

table 5.2, and jet temperature 'I'J = 400 °C, are shown in figure 5.6:

Dryer gecmetry — Nozzle-to-web distance H: 20 mm
Nozzle diameter D: 4 mm
Open area ratio £ 1.5 %
Moisture content at inlet of conventional
dryer: X1 : 1.5
Moisture content at exhaust of steam
impingement dryer: Xr : 0.08
Fan is¢ntropic efficiency n, ¢ 0.7
-
Compreesor isentropic efficiency L 0.7
(Degueurce and Banquet, 1984)
Conventional dryer steam pressure Pc : 140 kPa abs.
Conventicnal dryer steam consumption K 1.5 kg steam
index consumed /
kg water
evaporated
Table 5.2 - Conditions for simulation run of combined steam
impingement-conventional dryer perfeormance.
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Figure 5.6 - Energy consumption for combined cycle with
circulation by fan: T-| = 400 °C

At low impingement drying rates, very little fan power is required
to recirculate the steam through the impingement dryer. As the
impingement drying rate increases with higher jet wvelocity, the steam
temperature difference across the dryer decreases according to equation
5.15 and the fan supplies more of the total energy. The heat requirement
of the superheater decreases accordingly, until a limiting impingement
drying rate Rl is reached, where all of the energy is supplied by the
fan. At this limit, the jet velocity is 240 m/s and the fan pressure
boost is 14.7 kPa, and 54% of the total water removal is in the
impingement dryer. The latter figure, computed by taking into account
the additional steam generated in the desuperheaters, is close to the

value 1/(1+1/k) = 60% ‘used as a first approximation to compute the
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initial moisture content for impingement drying, thereby Justifying the

wssumption that the fractional amount of liquid water wused for

desuperheating may be neglected in determining Xl:' The limiting drying
rate is the highest impingement drying rate which can be achieved at a
given steam Jjet temperature for these conditions. This raises the
possibility of designing a heater-less superheated steam drying cycle,
which could be attractive in regions with low power cost due to the
saving in eliminating the superheater.

Figure 5.7a shows the effect of average impingement drylng rate on
the equivalent energy consumption for the above conditions for e = 1.864
(the ratic of electricity-to-natural gas price in Quebec), with jet
temperature in the range 400 °c s TJ = 600 °C. For high drying rate,
ﬁi > 70 kg/mz—h, the lowest equivalent energy consumption 1s obtained
with the highest jet temperature, corresponding to the lowest jJet
Reynolds number. Average impingement drying rates of the order of 60
kg/ma-h can be achieved with an equivalent energy consumption only about
half the average value of 1.5 kg steam/ kg water =avaporated for
conventional dryers. These results demonstrate the potential of this
cycle for retrofitting existing paper machines, or designing new ones,
to achieve simultaneously higher drying rates and lower energy
consumption.

Figure 5.7b shows results for the same case with £ = 4.43 (the ratlo
of electricity-to-natural gas prices in the United States}. Equlvalent
energy consumption increases much faster with drying rate, eventually
becoming higher than for conventional dryers because of the high cost of

electricity relative to steam. With this model, performance curves can
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Figure 5.7 Equivalent energy consumption for combined

cycle with circulation by fan; e = 4.43
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easily be obtained for the locally relevant value of the work-to-heat

value ratio e.

5.3 STEAM IHPINGEMENT-CONVENTIONAL CYCLE WITH RECIRCULATION BY

THERNGUMPRESSOR

5.3.1 Cyclé description

The possibility of using a thermocompressor to boostrthe pressure
of steam generated in a superheated steam paper dryer has béen ment ioned
in numerous studies (Cul et al., 1985, Beeby and Potter, 1986, Loo and
Mujumdar, 1984) and used for the superheated steam Yankee dryer study of
Thompson et al. (1991}. In a thermocompressor, a high pressure motive
stream is mixed with a low pressure induced stream and the combined
stream is discharged at an intermediate pressure. Low cost and
simplicity of maintenance make thermocompressors an attractive
alternative tq mechanical compressors. stevgr, to obt;in an appreciable
pressure boost, tbe ratio of motive to induced mass flow rate must be
high. Therefore, alparticularly appropriate use of a thermocompressor
here would be to supply the relatively low pressure boost required to

recirculate steam around the impingement dryer circuit (figure 5.8a).
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As in the previous section, expressions for heat, work and
equivalent energy consumption versus impingement drying rate will be
derived for a combined superheated steam impingement-conventional drying

cycle with circulation by a thermocompressor.

5.3.2 Thermocompressor performance

In a thermocompressor (figure 5.8b), motive steam with mass flow
rate M%m, temperature TTm and pressure PTn drives induced steam wlth
mass flow rate MTl, temperature 'I'Tl and pressure PTl. The exhausted
steam has mass flow rate M%e. temperature TTO and pressure PT; The
thermocompressor efficiency n, is defined as the ratio of the work done
by expanding the exhaust steam in an isentropic turbine between
pressures F}e and PTI, to that done by expanding the motive steam in an

isentropic turbine between pressures PT'n and pr

L ‘ (5.32)

An efficiency of 0.3 is typical of modern thermocompressors operating
with a high ratio of induced-to-driving flow rate (Schmitt, 1978).

The work :per unit mass, w, done by steam of initial temperature T

expanded isentropically between arbitrary pressures P1 and P2 is

{5.33)

Hence for steam ( y = 4/3), we have
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1'-‘,rl 3
MTe TTc 1 - PT )
n = i (5.34)
T 1/4
Pri
M’I‘m TTm { 1 - [ }
P
Tm ¢
An erzrgy balance for the adiabatic thermocompressor gives
T TTl * MTm TTm = M'I'l * M'I'm ) TTe = M’I‘c TTe (5.35)
Substituting this into equation 5.34 and rearranging gives
- P 1/4 -
T1
1 - rre—
M T P
Ti Tm Tm
= ~ | P -1 (5.38)
M T .~ 174

Since the thermocompressor motive steam must be produced in a
separate boiler and recompressed for the conventional dryer section, it
is desirable to use as little motive steam as possible. Equation 5.36

shows that this is achieved

1- by using a thermocompressor of the highest efficiency possible;

1i- by using motive steam of the highest pféssure possible;
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iii- by using motive steam of the highest temperature possible. Here,
this can be accomplished by superheating the motive steam to the

impinging Jet tﬁemper’ature TJ. prior to injection in the

thermocompressor. This superheating represents no additional heating

requirement, as heat added at this level correspondingly reduces the

heat to be supplied to the combined stream.

5.3.3 Heat consumption
In terms of the flow rates, temperatures and pressures in the

present cycle, equation 5.36 can be written:

= -1 (5.37)

An energy balance on the control volume indicated by the dotted

lines in figure 5.8a gives

2Q=Qb+Qs =M_| hj-MTmhf‘“(Mj_MTm)he (5.38)

TQ =M C (T, ~T )+M [a8h +C (T -T I
} e Tm v PB e

sat

(5.39)
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] Tm

* [Ahv * Cps(Te - Tsat)] (5.40)

The relationships between TJ and Tc {(equation 5.15) and between PJ
and Pahn (equation 5.17), derived for the cycle with circulation by a

fan, also apply here.

5.3.4 Total water removal rate
As previously, steam exhausted from the impingement dryer Iis
desuperheated, compressed and desuperheated again for use in the

conventional dryers. The total water removal rate is

1 Mconl Mconz :
Jo=d0r — [.Jl + Mm] 1+ + {5.41)
K - J1+ MTm Jl+ MTm

Equations 5.20 through 5.24 for the desuperheater flow rates also

apply in this case. Substituting the values in those equations into

egquation 5.41 gives
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J M M C (T-T) C (T-T)
Jt - Jl'" A 1 + Tm ) 1 + P8 e b + 11+ ps -] b .
K Mg 4 8h | ah,
1/4
i 1 . P, _ -
C T 1+ -1 -T
PS b 7 L sat, Pc
L N
C P (5.42)
Ah

v

where the ratios P%m /MJ and MJ/Jl are given by equations 5.37 and 5.12.
For this cycle, the moistufé"content 'at the 1inlet of the steam
impingement dryer must be determined iteratively, sc as to have

(XII-XP)/(XI—Xf) equal to Jl/Jt'

5.3.5 Power consumption
While  eliminating fan power consumption, circulation by
thermocompressor increases compressor power by an amount proportional to

the motive steam flow rate. The compressor power consumption is given by

- - 1/4
M M C (T - Tb} c T PC
wc = Jl 1 + Tm J 1+ ps e ps b -1
Mj Jl Ahv nC patm
(5.43)

i
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5.3.6 Simulation results i

Specific heat and power consumptions Ql/Jt and ”c/J;; as well as
equivalent energy consumption, were calculated for a motive steam
pressure of 1135 kPa ({150 p.s.i.g.), a thermocompressor efficiency
ng = 0.3, and otﬁer conditions as in table 5.2. Figures 5.9a and 5.9b
show the equivalent energy consumption as a function_ n_f the average
impingement drying rate, with temperature as a pa.r-ameter',.“ in the range
400 = TJ s 600 °C, using work-to-heat value ratios for Québec (e = 1.64)
and the United States (e = 4.43), respectively. Contrary to the previous
cﬁ:le with circulation by a fan, the drying rate can be increased
without 1limit by using ever greater quantities of externally-supplied
motive steam. At drying rates higher than about 25 kg/mz—h, the energy
consumption decreases substantially with increasing Jjet t{emperature,
highlighting the importance of operating the dryer at the highest
temperature possible. At a given jet temperature, as the drying rate
increases with increasing jet velocity, a larger fraction of the steam
exhausted to the conventional dryer sectioen is thermocompressor motive
steam. Hence most of the drying is done in the conventional dryer
section, as shown on figure 5.9c, and the total equivalent energy

consumption asymptotically approaches the wvalue for ‘the conventional

'ﬁdryer, 1.5 kgs/kg, plus a small amount representing tlie compressor power.
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thermocompressor

5.3.7 Comparison of recirculation by fan or thermocompressor

Figure 5.10 shows a comparison of the performance of the two cycles
with recirculaticn ‘by fan or by thermocompressor at T = S00 °c, a
typical operating temperature for modern impingement dryers. For
€ = 1.64, recirculation by fan is much more attractive in the drying
rate range of Interest (say, ‘ﬁl> 60 kg/mz—h). Because work costs. only
slightly more than heat, it is not worthwhile to displace the fan work
by a comparatively large heat expenditure for the generation of
thermocompressor motive steam. The situation is quite different with
£ = 4.43, where the performance curves iptersect at ﬁ1= 85 kg/ma-h and
at larger drying rates, circulation by thermocompressor outperforms

circulation by fan. For very high impingement drying rate, the lower
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energy consumption, along with the saving in capital and maintenance
cost of the thermocompressor, indicate that this cycle is preferable to
circulation by a fan in regions with high electricity cest. It should be'.
noted, however, that at such high drying rates, the equivalent energy-
consumption is higher than that for the conventional process. In those
cases, considerations other than energy consumption may determine the

cholce of means of recirculation.

5.4 COMBINEﬂ:IMPINGEMENT—CONVENTIONAL DRYER WITH INTEGRATED OPEN-CYCLE

HEAT PUMP |

5.4.1 Cycle description

In the two cycles introduced so far, the energy of the steanm
exhausted from the steam dryer was recovered entirely by condensation in
a conventional dryer secticn. Luthi (1981} proposed a cycle in which
most of the latent heat of the exhausted steam is recovered in an
open-cycle heat pump associhted with the steam dryer, making it to a
large extent independent of an external use of the steam generated. An
embodiment of this -cycle has been successfully implemented at the
pilot-plant scale for clay drying in Great Britain {Heaton and Benstead,
1984).

Figure 5.11a 1s a schematic representation of this cycle and figure
5.11b éhnwst%he process on a temperature-entropy diagram. Superheated
steam from a steam impingement dryer is split intc a recirculating
stream and an exhaust stream with a flow rate equal to the impingement
drying rate. The compressed exhaust steam is condensed in a heat pump
heat exchanger, thereby reheating the recirculating steam.

At low impingement drying rate, the fan adds very little energy to
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. the recirculated steam. As the dryer is a heat exchanger in which
superheated steanm MJ gives off sensible heat to evaporate water Jl,
while iIn the heat pump exchanger, steam Ji gives up latent heat to
reheat recirculating steam MJ, there is an inhergft match between the
heat removed Iin the dryer and that added in -ﬁhe exchanger. With
increasing dryihg rate, however, the energy introduced with the fan
becomes sﬁgstantial, so that less heat needs to be transferred to the
recirculating steam in the heat exchanger. Hence not all of the exhaust
steam can be condensed, so that a condensate - steam mixture is
discharged from the heat exchanger. After throttling to the pressure of
the conventional dryer section and separation ¢f the condensate in a
steam trap, the remaining steam is condensed in a conventional dryer

section.

5.4.2 Fan power

The fan work is

W =M P ° i -1 (5.44)

The relationships derived for the cycle with circulation by a fan
between Tj and T_ (equation 5.15) and between PJ and P_ (equation

5.17)}, also apply to this cycle.

5.4.3 Compressor power
The terminal temperature difference in the heat exchanger is very

. _-_smail (Blumberg, 1983) and may be taken as zero to a good approximation.
o
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Therefore, the exhaust stean must be compressed to the saturation
pressure corresponding to the 1impinging Jet temperature. This
constraint, in theory, limits the impinging Jet temperature to somewhat
less than the critical temperature of steam, 374.1 °c. In practice
however, the highest obtainable steam pressure is probably about 15
atmospheres, corresponding te a saturation temperature of abnut 200 °c.
Therefore, the maximum impinging Jjet temperature for this cycle will be

only about 200 °C. The compressor work is

C T P,
W= J, ps = -1 (5. 45)
n P

where P = P at T.
[ sat )

5.4.4 Hexot exchanger outlet state and total water removal rate
The state of the steam after the throttling valve 1s determined
from an energy balance on the control wvolume indicated by dotted lines

in figure 5.11la:

W +W=M h +J h-{M +J3}h (5.48)
3 3 [ 3 1 °

vhere ht is the enthalpy at the exhaust of the throttling wvalve.

Dividing by Jl, we have:

t e (5.47)
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Hzth,ht determined, the steam quality x, the water vapor mass fraction

of the wet steam, is obtained from

X = (5.48)
Ah

The saturated steam flow rate to the conventional dryer is

M =R x (5.49)

and the total water removal rate is

J =J +J =J +xJ//kx=J (1 + x/k) (5.50)
t i c i 1 1

Specific work consumption and total equivalent energy consumption
are obtained by dividing the work expressions (equations 5.44 and 5.45)
by this total water removal rate (equation 5.50). As for the cycle with
thermocompressor, the moisture content at the inlet of the steam
impingement dryer must be deterﬁined iteratively, so as to have

(xli—xr)/(xl-xr) equal to J /J .

5.4.5 Simulation results

Figures 5.12a and 5.12b show the performance characteristics
represented as a function of the average impingement drying rate, with
temperature. as a pworameter (150 = Tj = 190 °C), for & = 1.64 and 4.43,

respectively. All other conditions are as given in table 5.2.
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Since this cycle 1is closed, there corresponds to each inlet
temperature a limiting drying rate at which all the energy to reheat the
recirculating steam is supplied by the fan. In this limiting condition,
no heat is transferred in the heat exchanger and the system perforass
similarly to the heaterless version of the cycle with recirculation by
fan.

The highest impingement drying rate possible with this cycle is
only 20 kg/mz—h at TJ = 190 °C." In the upper range of achievable drying
rates, energy consumption is minimized by using the highest impinging
Jjet temperature poszsible, as for the two previous cycles. However, for
equivalent. energy consumption substantially 1less than that for
conventional drying, 1.5 kg/kg, the range of impingement drying rates
obtainable is so much lower than for either of the other two cycles that
the heat pump cycle appears an unpromising option for industrial

implementation.

5.5 CONCLUSION

Three self-contained cycles for implementing superheated steam
impingement drying of paper have been analyzed in terms of an equivalent
energy consumption, which takes into account the different values of
heat and work energy. In all cycles, the equivalent energy consumption
for a given Jet temperature increases with increasing impingement drying
rate, but for a given impingement drying rate, decreases with increasing
superheat of the impingement steam.

With combined superheated sieam - conventional drying employing a
fan for impingzment steam recirculation, the energy gpnsumption is

reduced by about half in regions of low electricity cost, by about one
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third in regions of high electricity cost, cowpared to conventional
drying. As impinging jet velocity is increased,(a trade-off occurs, with
impingement drying rate increasing (thereby reducing the size of the
impingement dryer) but with the energy saving decreasing. At each
‘impinging Jjet temperature there is a maximum drying rate corresponding
to the energy for drying being entirely supplied by the fan. Bullding
such a heater-less superheated steam impingement dryer could be
advantageous in regions with low electricity cost.

Recirculation of the impingement steam by a thermocompressor
eliminates the capital and power costs of a fan, but requires hlgh
pressure motive steam. The thermocompressor performance is improved by
superﬁeating the motive steam prior to injection into the
therﬁb@ompressor. For all operating conditions giving an equivalent
energy consumption better than that o»f a conventional dryer sectlon,
about E; = 1.5, the eéuivalent energy consumptién for superheated steam
recirculatjon by a thermocompressor 1s higher than for recirculation by‘v
a fan. This difference becomes small for conditions giving impingement
drying rates as high as 80 kg/ma-h in regions of rhigh electricity
cost,e = 4.43, in vwhich case considerations other than equivalent
energy consumption would determine the choice between a fan or a
thermocompressor for steam recirculation. Thus the advantage of the fan
would need to be balanced‘ against the capital and malntenance cost

advantage of the thermocompressor.

Combined steam impingement-conventional drying with an integrated
open-cycle heat pump is limited to low impingement drying rates because
the heat pump limits the impinging Jjet temperature to 200 °c. Thé low

drying rates that can be achieved make this cycle unsuitabﬂe for paper
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drying.

The studi.: presented here provide a structure for analyzing
alternative methods of using economicall& the steam generated by a
superheated steam impingement dryer. The cycles presented are
potentially attractive options for retrofitting existing paper machines,
or designing new ones, to increase production capacity and reduce energy
consumption. The choice of the means of recirculating the steam around
the impingement dryer circuit, as well as the choice of impinging Jjet
temperature and other operating conditions, must be made according to
the specific conditions of the mill where implementation is being

considered.
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CHAPTER 6

CONCLUSIONS

6.1 CONTRIBUTIONS TO KNOWLEDGE

1- Characterization of drying of paper by Iimpinging Jjets of

superheated steam.

The complete moisture content - time history of a paper sheet
drying under impinging jets of superheated steam was studied for the
first time in an apparatus which closely simulates industrial
conditions., It was found to be characterized by a short condensation
period, a relatively long constant-rate drying period, and finully a
falling-rate period where the drying rate decreases linearly with
moisture content. Complete drying of paper (i.e. drying to well below
the hygroscopic range) was achieved, even with ;team Jet superheats as
low as 10 °C. |

2~ Constant-rate drying pericd in superheated steam Impingement

drying.

The constant drying rate was measured under superheated steam jets
in the range 500 < Re ='12000, 110 < T = 465 °C. It was found to be
equal to the heat flux divided by the latent heat of evaporation of
water. The heat flux is described by an expression adapted from Martin's
(1977) correlation, with all transpert properties evaluated at the Jet
conditions and using the property ratio (TJ/Tb]4L77 to account for the
variation of fluid properties. The reduction of the heat transfer
driving potential due to evaporation is adequately accﬁunted for by the

Couetie flow approximation. The constant drying rate is independent of

basis weight or pulp type. The evaporation front temperature was found
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to be 100 °C throughout the constant rate perlod of steam drying. This
is consistent with a derived expreséion, relating the temperature at the
liquid side of a liquid-vapor interface to the evaporation rate.

3- Constant rate drying period in air impingement drying.

The constant drying rate was measured under impinging air Jjets in
the range 2000 < ReJ = 8000, 20 < 'I‘J = 400 °C. The constant drying rate

in air drying was found to be given by an expression similar to that for

-0.88
)
8.

steam drying, but with the property ratio (Tj/Ta. to account for
the vai‘iation of fluid properties. For air drying, the evaporation frout
is at the adiabatic saturation temperature corresponding to the Jjet
temperature. This confirms that the lLewis relation is valid in air
impingement drying.

4- Inversion temperature

For equal mass fluxes of the drying fluid, steam drying is slower
than air drying below an inversion temperature of 175 oC, and faster
above, The constant drying rate is about twice as high in steam than in
alr for Jet temperatures in the operating range of industrial
impingement dryers (400 - 600 °C).

5- Specific blower power.

For equal drying .rates, the blower power was found to be
considerably lower for steam than for air at temperatures in the
industrial range. At 500 °C, blower power with steam is only 15% of that
with air. Thus large blower power savings are possible with superheated
steam drying, in addition to the energy savings obtained by recycling
the exhaust stream.

8- Equilibrium moisture content of paper in air.

A new, three parameter expression, was found to correlate all of
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Prahl’s (1988) measuremenﬁs of the desorption equilibrium moisture
content of kraft paper in the temperature range 20 °c - 80 “c. Using
this expression, an exponential relationship between adsorption energy
and moisture content was derived.

7- Equilibrium moisture content of paper in superheated steam.

For kraft paper, the equilibrium mcisture content was measured to
be practically zero at a steam temperature as low as 103 °C, i. e. the
lowest that could be achieved and stably maintained. For paper made from
a TMP pulp, the equilibrium moisture content decreases frem 0.123 at
103 °C to practically zero at 108 °C. The measured values are much lower
than those extrapolated from the correlation of Frahl's measurements.

8- Critical moisture content.

Both for air and for superheated steam, the critical moisture
content was found not ‘to be a constant material property, but to
increase with the constant drying rate. This correlation is due to the
coupling between the internal moisture transport and the external vapor
transport resistances.

9- Slope of the falling rate period in steam drying.

The slope of the falling rate period increases with the constant
drying rate in steam drying. This is due to the pefsistent influence of
the external vapor transport resistance even after ;he onset of the
falling rate period.

10- Correlation equations for complete drying of paper by lmpinging

Jets of superheated steam.

Correlation equations for the cons£ant and falling ratz periods of

drying paper by impinging Jjets of superheated steam were developed.

.These equations agree generally well w#ith experimental measurements
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under a wide range of Jjet temperatures, flow rates, basis weight and
type of paper. The results of this laboratory-scale investigation can
therefore be applied with confidence for the design of an industrial
superheated steam impingement dryer.

11- Combined cycles for implementing superheated steam drying of
paper. ‘ .

Two combined superheated steam impingement-conventional drying
cvcles weréxproposed: one steam recirculation by a fan, the other by a
thermocompressor. For both cycles, the total equivalent energy
consumption (exrressed as equivalent kg steam / kg water evaporated)
increases with increasing average steam impingement drying rate. The
total equivalent energy consumption 1is generally lower with steam
recirculation by a fan than by a thermocompressor, but the difference is
small if the cost of electricity is high, relative to fuel. Substantial
energy savings over the conventional dryer performance were found to be
possible. In one embodiment of the cycle with fan circulation, a
heaterless superheated steam drying cycle is obtained.

12- Cycle with integrated heat pump.u“

A previously suggested superheated steam drying cycle (Luthi, 1981)
was shown to be of limited applicability to paper drying as the low
maximum temperature that can be reached precludes achieving

an average impingement drying rate higher than about 20 kg/mz—h.

6.2 RECOMMENDATIONS FOR FUTURE STUDIES
1~ Future experimentation with superheated steam impingement drying
should provide for continuous measurement of sheet moisture content as

drying proceeds. This can probably be achieved with an infrared moisture
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sensor, so long as sufficient care is taken to reduce the contribution
to infrared absorption of the steam in the path of the IR beam to and
from the drying sheet.

2- As the conversion of Yankee tissue dryers to steam operation ls
an immediate potential application of superheated steam dryling, drying
of towel and tissue grade papers should be studied in greater detail.

3- A numerical study on the effect of the temperature dependence of
fluid properties in simultaneocus heat @nd mass transport under
high-temperature impinging Jjets, patterned after the work of Chow and

Chung (1983a, 1983b), should be done to verify the property ratio

-0.96
}
8.

expressions (TJ/Tb)_‘)'77 and (TJ/Ta found to account for the

effect of fluid property variations in steam and air impingement drying,
respectively.

4- To better characterize the falling rate period and to determine
limits to the industrial applicability of superheated steam implingement
drying, the internal transport of moisture in paper drying intensely
under impinging jets at high temperature should be studied. Experiments
should be done to determine the transport equation and transport
coefficients under such conditions.

5- As purity of the steam generated in superheated steam drying of
paper is essential to recover its heat content, a pilot plant study
should adress the question of the degradation of steam that comes into
contact with moist paper. The effect of the infiltration éf.air into the
steam cycle on steam condensibility, and of the evolution of corrosive
non—condensiblgs from the paper sheet on steam corrosiveness should be

measured; wa&s to minimize these effects should be developed.
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APPENDIX 1 - TOPICAL INVENTORY OF IMPINGEMENT DRAYING EXPERIMENTS

------ TOPIG-rmmreen

DRYING

FLUID

PULP

TYPE

EFFECT OF TEMPERATURE ON THE CONSTANT DRYING RATE

DRYING RATE

VS. TEMPERATURE
STEAM - TMP

RE = 2000

DRYING RATE

VS, TEMPERATURE
STEAM - KRAFT

RE = 2000

DRYING RATE

VS. TEMPERATURE
AIR - KRAFT

RE = 2000

STEAM
STEAM
STEAM
STEAM

STEAM
STEAM
STEAM
STEAM
STEAM
STEAM
STEAM

AR
AlR
AR
AR
AIR
AlR
AR
AIR
AR
AIR
AR
AR

T™P
T™P
TMP
TMP

KRAFT
KRAFT
KRAFT
KRAFT
KRAFT
KRAFT
KRAFT

T™P

KRAFT
KRAFT
KRAFT

KRAFT

KRAFT
KRAFT
KRAFT
KRAFT
KRAFT
KFAFT
KRAFT

BASIS

EXPERIMENTAL CONDITIONS

WEIGHT

G/M2

48 8
4838

488

8LTBBIZ23333 3333383

JET JET

REYNOLDS TEMPERATURE

NUMBER DEG.C
2000 180
2000 250
2000 350
2000 450
2000 150
2000 175
2000 200
2000 225
2000 300
2000 350
2000 400
2197 20
2286 100
2433 125
2283 150
2501 175
2307 200
2613 225
2336 250

27335 300

2373 300
2414 350
2000 400

FALLING RATE
DATA OBTAINED?
(YES/NO)

NO
YES
YES
NO

NO
NO
NO
NO
NO
NO
NO

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO



c-v

DRYING RATE

VS, TEMPERATURE
AlR - KRAFT

RE = 4000

EFFECT OF JET REYNOLDS NUMBER ON THE CONSTANT DRYING RATE

DRYING RATE

VS. REYNOLDS NUMBER
STEAM - TISSUE
350DEG.C

DRYING RATE

VS. REYNOLDS NUMBER
STEAM - KRAFT

150 DEG. C

DRYING RATE

V5. REYNOLDS NUMBER
STEAM - KRAFT

350 DEG. C

DRYING RATE

VS. REYNOLDS NUMBER
STEAM - LIGHT TISSUE
350DEG.C

AR
AIR
AlR
AR
AlR
AR

STEAM
STEAM
STEAM
STEAM

STEAM
STEAM
STEAM
STEAM
STEAM

STEAM
STEAM
STEAM
STEAM

STEAM.:
STEAM

STEAM
STEAM
STEAM

STEAM
STEAM

KRAFT
KRAFT
KRAFT
KRAFT
KRAFT
KRAFT

TISSUE
TISSUE
TISSUE
TISSUE

KRAFT
KRAFT
KRAFT
KRAFT
KRAFT

KRAFT
KRAFT
KRAFT
KRAFT
KRAFT
KRAFT
KRAFT
KRAFT
KRAFT

TISSUE
TISSUE

2823888

fH 233333888 33333 8333

4000 -

4000
4000
4000
4000

100
150

250

150
150
150
150
150

NO
NO
NO
NO
NO
NO

YES
YES
YES
YES

NO

YES
YES
YES
YES

YES
YES
YES
YES
YES
NO
YES
NO
NO

YES
YES



EFFECT OF BASIS WEIGHT AND PULP TYPE ON THE CONSTANT DRYING RATE

EFFECT OF STEAM TISSUE 35 2000 a50 YES
BASIS WEIGHT - STEAM TISSUE 100 2000 350 YES
TISSUE

EFFECT OF ‘ STEAM KAAFT 60 2000 350 YES
BASIS WEIGHT - STEAM KRAFT 100 2000 550 YES
KRAFT

EFFECT OF STEAM ™P 488 2000 425 YeES
BASIS WEIGHT - STEAM T™MP 0 2000 425 YES
T™P S

EFFECT OF STEAM ™P By, 2000 150 NO
PULPTYPE STEAM KRAFT 60 2000 150 NO
AND BASIS WE/GHT

INVESTIGATION OF THE FALLING RATE PERIOD

FALLING RATE AR KRAFT &0 2000 150 YES
PERIOD: AR KRAFT 80 2000 250 YES
EFFECT OF AR KRAFT 60 2000 350 YES
TEMPERATURE AR KRAFT 60 2000 430 YES
IN AR

FALLING RATE STEAM KRAFT 60 2000 50 - YES
PERIOD: STEAM KRAFT ;.. 60 2000 250 YES
EFFECT OF STEAM KRAFT 80 2000 350 YES
TEMPERATURE STEAM KRAFT 60 2000 350 YES
IN STEAM STEAM KRAFT 60 2000 435 YES
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REPEATABILITY
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STEAM
STEAM
STEAM
STEAM

STEAM
AIR
AR

STEAM

STEAM
STEAM
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KRAFT
KRAFT
KRAFT
KRAFT
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1MP
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KRAFT
KRAFT
KRAFT
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o

23883
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YES
YES
YES
YES
YES
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NO
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YES
YES
YES
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AZ.1 Accuracy of primary measurements,

APPENDIX 2

ERROR ANALYSIS

Table A2.1 shows the estimated accuracy of primary measurements,

i. e., elementary quantities directly measured by an instrument:

DISTANCE
IMPINGEMENT SURFACE
OPEN-AREA RATIO
NOZZLE DIAMETER

RESIDENCE TIME

DRYING CHAMBER
PFESSURE

VENTURI PRESSURE
DROP

WEIGHT

SHEET DIAMETER

SHEET DRY WEIGHT

6

5Ai =2 %x 10

&f = 0.0004

3D = 0.00001 m
3t = 0.02 s

8P = 0.5 kPa

SAP = 0.1 kl’a

W = 0.005 g

SDB = 0.0005 m

W /W = 0.03
d 4

m

2

MEASUREMENT ACCURACY COMMENTS
SHEET TEMPERATURE 3T = 0.5 °C Based on calibration with
s ice and molten lead.
JET TEMPERATURE 3T = 2.0 °C Greater inaccuracy due to
. imperfection in temperature
control loop.
NOZZLE-TO-WEB SH = 0.005m

Drying chamber
4 machined in shop to

close tolerances.

Computer clock
accuracy = 0.01 s

Pressure transducer
manufacturer’'s data,
checked by calibration.

Based on three
calibrations, section 2.4.

Standard deviation of
ten weighings of a
standard weight.

Based on measurements
on 19 Kraft and 10 TMP
sheets, table 2.2

Table AZ2.1

i

Accuracy of primary measurements.




AZ.2 Accuracy of secondary measuremenis.
The accuracy of secondary measurements, i. e. quantitics obtained
by algebraic combinations of the primary measurements, is given by the

general equation:

af 2 ..1/2
af = Z x| |, (A2.1)

Busis welght:

B = [A2.2}

— - [l + | -2 = 0,031 (A2. 3}
B W D ‘
d 8

Jet mass flow rate:

- /M / P AP
M =b (A2.4)
L R T,

SM, sb 1% (1 8P (1 &ap )2 1 T 2 1?
M b 2 p 2 AP 2 AT (A2.5)

SMJ/M_1 decreases with increasing flow rate and with increasing



o

temperature. For the typical conditlions Tj = 380 C, Rej = 2000
(M = 8.85 g/s), saH/Mj = 0.081.
Jet Roynolds number:
M D
Re = ] (A2.6)
K A fu

Table A2.1 indicates that errors in D, A: and f are very small compared to

errors in Mj and pJ; the former: may.therefore be neglected. Hence:

-1 8uj 2 q1/2
+ [ ST ] } (A2.7)
aT '
uJ ]

For the typical abovementioned conditlons, 6ReJ /ReJ = $0.061.

Final moisture content:

Wet sheet Wweight (W ) - Dry sheet weight (W)

X = (A2.8)
f

Dry sheei weight (wd)

1l

True wet sheet weight = Weight of sample holder + 1id + wet sheet (Ht)

- Weight of sample holder + lid (Wh])

I+

Loss or gain of moistﬁre due to unremovable
condensation on lid and thermocouple leads, and
vapor loss during transit towards balance (qu).

estimated to be 0.025 g.



X = = -1 (A2.9)

awt 2 5wh1 2 awlg 2 q1/2
sk _ || = |. . (42.10)
W W W
d d d
With W = 1.212 g for B = 80 g/me, 8X_ = 0.021.

A2.3 Accuracy of constant drying rates.

The constant drying rate was determined from linear regression on a
series of n sets of X vs. t data. As the error in residence time is much
smaller than that in final moisture content, only the latterlﬁust be
considered. For such a procedure, the variance of the slope is given by

(Bulmer, 1979):

, | o2 (X) -
| — = —— (A2.11)
dt ): (t - 6)?

The variance increases with uncertainty in final moisture content, and
decreases with the number of peints from which the slope is determined.
For the typical data set shown in table A2.2 (figure 4.13), with

G?X = 4.6 x 10_4 as determined above, the variance of the slope is found



to be

"~ With

we obtain

.926 5
.432 7
. 135 B
. 364 8
.0486 8
.651 10
10
10
10

O = s

0.85
0.65
0.823

Table A2.2 Sample moisture content - resldence

time data for constant drying rate measurement.

o { dX ] = 1.90 x 10°

) e
SRC [f SB ]2 i -;:— ) ]1/2
= l + =
R_. B | ,_;{_.
. dt r

{(A2.12)

(A2.13)

{A2.14)



APPENDIX 3

HEAT LOSS THROUGH THE SAMPLE HOLDER

A3.1 Introduction

To simulate adimbatlc behavior at the bottom of the sheet In our
experiments, the sample holder consisted of a glass plate (thickness:
2.2 mm) glued to a thin stainless steel plate (thickness 1.2 mm). The
bottom surface of the sample holder was at the top of the vacuum plenum
chamber (ref. figure 2.1), contalining stagnant drying fluid.

Adliabatic behavior was approached, but not perfectly achlieved, with
this setup. When the cool paper sheet/sample holder assembly ls inserted
in the drylng chamber, heat flows from the impinging Jets to the paper
surface, and from the warming paper into the sample holder. Conduction
into the sample holder reduces net heat transfer to the evaporation
front, thus increasing the amount of condensation in steam drying, and
reducing the drying rate in both steam and air drylng. This situation is
analogous to that encountered by Hajl and Chow (1988) who found, in
their measurement of evaporatlion rate into a turbulent stream of alr or
superheated steam, that conductlon across the bettom of the evaporation
pan affected the evaporatlion rate, especlally in alr drying.

Transient heat loss through the sample holder must be calculated to
properly interpret the results of the experiments and to extrapolate

adiabatic drying rates from the measured results. Thus the transient
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heat conduction equation

= (A3.1)

must be solved in the composite glass-steel sample holder, sublect to

the appropriate initial and boundary conditions.

A3.2 Sample holder heat loss calculation
The solution to the heat conduction equation was obtalned by the

finite difference technique. The calculation grid 1s illustrated in

figure A3.1:

PAPEH GLASS

Node T~‘g—! i :
o} 51§l

number

|

l i H

| i
§ ‘ 1"
i i

1
|

—= g — el

T AX A X
P G S

Figure A3.1. Calculation grid for finite difference solution of the

heat conduction equation in the sample holder

The paper sheet was treated as a two-node system; the glass and
steel plates each comprised ten equidistant points. The conductivity of

moist paper was obtained froem 4th order polynomial regression on the
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data of Han and Ulmanen (1958) as presented in Gavelin (1972):

A= 1.2:
1- 0.75345 X +10.60815 X2 - 1.62953 X° )

k = 0.08529 { + 11.23522x" - 9.59929 X° }

(A3.2)

X> 1.2
kp = 0.782 (W/n°C)

Thermal properties of the glass and steel were obtained from
Holman (1876). Interface resistances were neglected. The paper, glass
and steel were assumed to be at 20 °C initially.

For steam drying, since condensation droplets were observed on the
bottom of the sample holder at the end of all experiments, the boundary
condition T = constant = Tb was imposed there. At the top, condensation
was assumed to occur until the surface reaches 100 °C and drying started
from this point. For any surface temperature significantly below the
boiling point, the kinetic expression for condensation rate, equation
3.12, has a value much higher than the impinging jet mass flux, which,
therefore, limits the actual condensation rate. The condensation rate
was therefore assumed to be equal to the jet mass flux. In addition to
condensation, the paper surface receives heat by convection, according

to the expression

0.42
Ah F (H/D,f) k Pr 2/3 Cps,f (TJ = Ta] property
Q v 177 Re In {1 +
= } ratio

A D C Ah\l'
ps,f

(A3.3)
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where' the property ratio is (T /T)™"" for steam, (TJ/’I‘E)_O'SB for

air.

After drying has started, the net rate of heat transfer to the
evaporation front is the convection flux minus the conduction flux
through the bottom of the sheet.

For air drying, the bottom was assumed to be in natural convéction
with the stagnant air in the vacuum plenum chamber, with its temperature

equal to the impinging jet temperature. The natural convection flux ls

(Holman, 1976)

Q =2.143 (T - T)) sS4 (A3.42)

n.c.

The net heat flux to the evaporation surface is the convection flux
minus the conduction flux across the paper sheet.

The fully-implicit discretization equations were solved using the
TDMA algorithm (Patankar, 1980). Two hundred time steps were used in the
solution: the first 100 were very short ones (since temperatures are
changing extremely fast at the beginningl and the next 100 were
comparatively long ones. Results of a sgolution run obtained with

comparatively long time increments (AtBh = 0.1 sec., At = 1 sec.)

ort long

agreed very well with those obtained using shorter increments [AtMmrt =

0.01 sec., Atlong = 0.1 sec.). All results appeared to be physically
realistic. Heat flux into the glass and steel were calculated from
Fourier's law at the boundaries. In addition, total heat transfer was
calculated separately by integrating p C“ AT throughout the calculatlon

domain. Cumulative heat transfer computed by the two methods 2agreed

within 3%.
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A3.3 Effect of sample holder heat loss in steam drying experiments

Figure A3.2 shows the evolution of the sample holder temperature
profile, calculated for the representative case ReJ = 2000, TJ= 350 °C,
B = 60 g/m°, X, = 1.6, t = 200 microns. The sample bottom temperature
reaches 100 °C gradually, owing to the buffering effect of the paper
sheét. The temperature profile is much flatter in steel than in glass,

owing to the higher diffusivity of steel.

108
1 00'-#:_ — i oo
“""-..“ 7 S -‘"-‘ o — P
.-..__._..-- ..... L ’_’,.- !J;/.-/
80 R # V4

. 43 /
\
704\ = s
\ \ GLASS | / / / STEEL
HIRN ol
) \ \ 1°S ’, / /
N
NANA I
30 N\ <
028 ,/

0 0.5 1 1.5 2 2.5 3 3.5
DISTANCE FROM TOP, MM.

TEMPERATURE, DEGREE C

20

Figure A3.2 Sample holder temperature profile in steam drying

experiments

Impinging jet heat flux, conduction flux through the bottom of the
sheet and net heat flux are shown as fig. A3.3. In the early part of the

condensation period, the evolution of the glass flux shows the
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Figure A3.3 Heat fluxes in steam drying experiments

offsetting effects of the increase of the source (paper sample} and of
the sink (glass) temperatures. When sheet temperature reaches 100 °c,
conduction heat flux starts to decrease monotonously.

The initially large conduction heat flux cools the sheet,
explaining why more condensation occurs than the quantity expected on
the basis of adiabatic mixing between the moist paper and the incoming
steam. The latter quantity should depend solely on the initial molisture
content and steam temperature, according to the equation

M h+Mh=(M+M)h (A3.5)
P P 8 8 P 8  mat

where Mp is the mass of the meist paper sheet;
h.p is the initial enthalpy of the moist paper sheet;

Ms is the mass of steam condensing on the paper sheet;
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. h is the enthalpy of the free stream;
-4

h . is the enthalpy of the moist paper sheet at 100 °c.

548

It is easily shown that this leads to

(C +X C )(T ~-T )
AX = pf 1w b in (A3.6)

1.\H‘r + (:ps ('I“1 - Tb)
From the solution of this equation for Tp = 20 °C and X = 1.8,

represented on figure A3.4, a moisture content increase between

0.24

0.23 \\\\

<3

0.22 \\\\\

0.21

AN

CONDENSATION

™~

100 150 200 250 300 350 400 450 500
JET TEMPERATURE, DEGREE C

Flgure A3.4 Expected condensation in steam drying experiments for

Xl = 1.6, calculated on the basis of adiabatic mixing.

AX = 0,17 and AX = 0.25 should be expected. Yet condensation between AX
= 1.0 and 1.5 is observed in practice. The additional condensation is

. attributable to conduction at the beginning of the experiment, and would
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not occur in a well-designed industrial steam impingement dryer.

In figure A3.5, __the experimentally observed evolution of sample
bottom temperature and moisture content are compared with predictions of
this model. The time scale of the temperature rise, and the time scale

and amount of condensation, are in good agreement with the model

predictions.
200 | I l l I 2.5
180 s o MEASURED MOISTURE 1|
\ th e CALCULATED MOISTURE
o 160 < —2
*

140 AN .
0] O N L A1 &
W 1201MEASURED TEMPERATURE \i 155

i o}
B 100- o
< 100 %"—-‘ AN w
= \ N ; o
£ &0 < =
w / CALCULATED TEMPERATURE \ _ L2
= 60 %
(¥} I E:\
T 40 o 0.5

\\\‘m
20 \
0 To

0 2 4 6 8 10 12 14 16 18 20
ELAPSED TIME, S,

Figure A3.5 Observed and calculated temperature and moisture content

in steam drying experiments, for the case 'I’J = 350 °c,

Re = 2000, B = €0 g/m2, X, = 1.6, t_ = 200 microns.

A3.4 Effect of sample holder heat logs in air drying experiments

It was seen that sample holder heat loss rgs_ults in substantial
additional condensation in steam drying, but decreases rapidly as drying
starts, In air drying, by contrast, drying starts immediately, 1i.e.
before the temperature transient has had time to dissipate. Hence,

relatively speaking, sample holder heat loss should decrease the dryirng
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rate much more in air than In steam drying.
The evolution of sample holder temperature profile is shown in fig,.
A3.6 for the representative case TJ = 350 °C, Rej = 2400, B = 48.8 g/mz.

X = 1.8, tp = 150 ml~rouns.

\ LGLASS ETE—E_T|
40 \\

TEMPERATURE, DEGREE C

35 \\
108 ) 708
30D N N
\\mg§\t‘ .“H““ \\\\j 508
25 e e
N e 208
925 e,
\-“"'“--.."___h e - . e g prriy g pensminnat
20 M R i
0 0.5 1 1.5 2 25 3 3.5

DISTANCE FROM TOP, MM,

Figure A3.6 Sample holder temperature profile in air
drying experiments,

Steel temperature increases monotonously owing to the natural
convection. Glass temperature profile is nearly parabolic, and after an
initial increase, sample bottom temperature starts to decrease as the
nearly dry paper sheet effectively insulates the sample holder {this

point, however, procbably occurs at a time when the model assumptions are

nc longer realistic).

Heat fluxes are shown as figure A3.7. Conduction heat flux is seen

to be an important fraction of convection. The average conduction £lux
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Figure A3.7 Heat fluxes in air drying experiments

in the period from 0 to 6 seconds,

= 14 kW/m° (A3.7)

is 36% of the convection heat flux. In figure AB.S‘; the experimentally
observed evolution of sample bottom temperature and molsture content are
compared with model prediction for the representative case. Sample

«

holder heat loss is seen to reduce air drying rate by approximately
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. forty percent.
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Figure A3.8 Observed and calculated temperature and moisture content
in air drying experiments, for the case T, = 350 °c,
Re, = 2400, B = 48.8 g/m2, X, = 1.6, t = 150 microns.

A3.5 Constant drying rate correction faéfér

For steam drying, 'near-ly all points used in computing the constant
drying rate were obtained in the range 1.5 = X = 0.4. For the
representative case Tj = 350 °C, Rej = 2000, B = &0 g/mz,- Xi = 1.6,

t‘.p = 200 microns, the average conduction heat loss during this period is
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i = 0.4
J H dt
f
6 X = 1.8 2
. = _ .. = 0.39 kW/m (A3.8)
A X = 0.4
f
J dt
X =1.5

i, e. only 1.5 % of the convection heat flux. Hence the effect of
conduction heat loss on the constant drying rate measurement may be

safely neglected.

For air drying, =a constant drying rate cerrection factor was
calculated to take into account sample holder heat loss. The vorrection

factor is defined as

Constant drying rate, according to
_ model predictions (A3.9)
Constant drying rate which would be measured
in the absence of sample holder heat loss

Correction
factor

The constant drying rate was evaluated between the initial and the
critical moisture contents. Since the correction factor depends on
initial moisture content, jet temperature and Reynolds nuﬁber, and sheet
thickness and basis weight, its value must be estimated separatély for
each set of conditiens. In section 3.2.3, the corrected value of drying
rate is calculated by multiplying the neasured value by the constant
drying rate correction factor. For the representative case Re = 2000,
B = 60 g/ma, Xl = 1.6 and tp = 150 microns, figure A3.9 shows the

variation of correction factor with jet temperature.
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Figure A3.9 Constant drying rate correction factor

vs. jet temperature, for air impingement drying.
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APPENDIX 4

FLUID PROPERTIES RELEVANT TO DRYING

MIXPROP.BAS - PROPERTIES OF AIR, STEAM AND AIR-STEAM
MIXTURES RELEVANT TO DRYING

WRITTEN IN QUICKBASIC 4.0 BY J.F. BOND, 24/5/90

- e ow ow W oW

’ 1- VARIABLE AND FUNCTION DECLARATIONS

’ STEAM PROPERTIES

DECLARE FUNCTION SDEN! (T!)
DECLARE FUNCTION SCP! (T!)
DECLARE FUNCTION SMU! (T!)
DECLARE FUNCTION SCON! (T!)
DECLARE FUNCTION SPR! (T!)
DECLARE FUNCTION HFG! (T!)
DECLARE FUNCTION PSAT! (T!)
DECLARE FUNCTION TSATP! (P!)

’ AIR PROPERTIES

DECLARE FUNCTION ADEN! (T!)
DECLARE FUNCTION ACP! (T!)
DECLARE FUNCTION AMU! (T!)
DECLARE FUNCTION ACON! (T!)
DECLARE FUNCTION APR! (T!)

’ MIXTURE PROPERTIES

DECLARE FUNCTION MIXDEN! (TEMP!, SMF!)
DECLARE FUNCTION MIXCP! (TEMP!, SMF!)
DECLARE FUNCTION MIXMU! (TEMP!, SMF!)
DECLARE FUNCTION MIXCON! (TEMP!, SMF!)
DECLARE FUNCTION MIXPR! (TEMP!, SMF!)

’ BOUNDARY LAYER TEMPERATURES AND CONCENTRATIONS
DECLARE FUNCTION TWB! (T!}

DECLARE FUNCTION T13RD! (T!)

DECLARE FUNCTION TFILM! (T!)

DECLARE FUNCTION SMFWB! (T!)

DECLARE FUNCTION SMF13RD! (T!}
DECLARE FUNCTION SMFFILM! (T!)

A-23



' EXPRESSIONS FOR TEMPERATURE-DEPENDENT PART OF DRYING RATE
DECLARE FUNCTION TDFFILM! (T!)

DECLARE FUNCTION TDF13RD! (T!)
DECLARE FUNCTIQN TDFWB! (T!)

COMMON SHARED AMW, SMW, PATM, SMF

AMW = 28.97 ' MOLECULAR WEIGHT OF AIR
SMW = 18.015 * MOLECULAR WEIGHT OF WATER
PATM = 101.325 * ATMOSPHERIC PRESSURE, KPA

! 2- STEAM PROPERTIES ARE OUTPUT TO FILE AND SCREEN

OPEN "C:STEAMP.PRN" FOR OUTPUT AS #1

PRINT #1, " PROPERTIES OF STEAM AT ATMOSPHERIC PRESSURE"
PRINT #1, " "

PRINT #1, "TEMPE- DENSITY SPECIFIC DYNAMIC THERMAL PRANDTL
HEAT OF"

PRINT #1, "RATURE HEAT VISCOSITY CONDUCTIVITY NUMBER
EVAPORATION"

FRINT #1, "DEG. C KG/M3 KJ/KG-K 10-6 PA-S 10-3 W/M-K KJ/KG"
PRINT #1, “ "

FOR T = 0 TO 100 STEP 10

PRINT #1, USING "#####"; T;

PRINT #1, USING "#i###44. #3#4"; SDEN(T), SCP(T), SMU(T), SCON(T), SPR(T);
PRINT #1, USING "#i##i####. #4"; HFG(T)

NEXT T

PRINT #1, ; " "

FOR T = 150 TO B00 STEF SO

PRINT #1, USING "#it###"; T;

PRINT #1, USING "####444. ###"; SDEN(T), SCP(T), SMU(T), SCON(T), SPR(T);
IF T < 374 THEN

PRINT #1, USING "########8. #"; HFG(T)

ELSE FRINT #1, " "

END IF

NEXT T

CLOSE #1

CLS
LOCATE 1, 1

PRINT ; " PROPERTIES OF STEAM AT ATMOSPHERIC
PRESSURE"
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PRINT ; " “

PRINT ; "TEMPE- DENSITY SPECIFIC DYNAMIC THERMAL PRANDTI
HEAT OF"

PRINT ; "RATURE HEAT VISCOSITY CONDUCTIVITY NUMBER
EVAPORATION"

PRINT ; "DEG. C KG/M3 KJ/KG-K 10-6 PA-S5 10-3 W/M-K KJ/KG"
PRINT ; " "

FOR T = 0 TO 100 STEP 20

PRINT USING “#####"; T;

PRINT USING "######3#. #3#4"; SDEN(T), SCP(T), SMU(T), SCON(T}, SPR(T);
PRINT USING "######uE. #"; HFG(T)

NEXT T

PRINT ; " "

FOR T = 150 TO 600 STEP 50

PRINT USING “####"; T;

PRINT USING "##i##4#4, #4#"; SDEN(T), SCP(T), SMU(T), SCON(T), SPR(T);
IF T < 374 THEN

PRINT USING "“#########. #"; HFG(T)

ELSE PRINT " "

END IF

NEXT T

’ 3- AIR PROPERTIES ARE OUTPUT TO FILE AND SCREEN

OPEN "C:AIRP.PEN" FOR OUTPUT AS #1

PRINT #1, " PROPERTIES OF AIR AT ATMOSPHERIC PRESSURE
PRINT #1, " "

PRINT #1, “TEMPE- DENSITY  SPECIFIC DYNAMIC THERMAL
PRANDTL"

PRINT #1, "RATURE HEAT VISCOSITY CONDUCTIVITY NUMBER
PRINT #1, “DEG. C KG/M3 KJ/KG-K 10-6 PA-S  10-3 W/M-K
PRINT #1, " "

FOR T = 0 TO 100 STEP 10

PRINT #1, USING "#####"; T;

PRINT #1, USING "####t#4##. ##4"; ADEN(T), ACP(T), AMU(T), ACON(T), APR(T)
NEXT T

PRINT #1, " "

FOR T = 150 TO 600 STEP &0

PRINT #1, USING “#####"; T,

PRINT #1, USING "#######. ###"; ADEN(T), ACP(T)}, AMU(T), ACON(T), APR(T)
NEXT T

CLOSE #1

CLS

LOCATE 1, 1

PRINT ; " PROPERTIES OF AIR AT ATMOSPHERIC PRESSURE "
PRINT ; " "
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FRINT ; "TEMPE-  DENSITY SPECIFIC  DYNAMIC THERMAL PRANDTL"
PRINT ; "RATURE HEAT VISCOSITY CONDUCTIVITY NUMBER *
PRINT ; "DEG. C KG/M3 KJ/KG-X 10-6 PA-S 10-3 W/M-K "
PRINT ; " "

FOR T = 0 TO 100 STEP 20

PRINT USING “"#####"; T;

PRINT USING "####s##, ##4#"; ADEN(T), ACP(T), AMU(T), ACON(T), APR(T)
NEXT T

PRINT ; " "

FOR T = 150 TO 600 STEP 50

PRINT USING "#####"; T;

PRINT USING “##it####, ##4#"; ADEN(T), ACP(T), AMU(T), ACON(T), APR(T)
NEXT T ‘

4- MIXTURE PROPERTIES AT WET BULB (ADIABATIC SATURATION) CONDITIONS
ARE QUTPUT TG FILE AND SCREEN.

CLS
PRINT , " MIXTURE PROPERTIES AT WET BULB CONDITIONS "

PRINT , * *

PRINT "JET  W. B.  STEAM AIR"

PRINT "TEMPE- TEMPE-  MOLE MOLE ~ DENSITY SPECIFIC DYNAMIC
THERMAL ~ PRANDTL"

PRINT "RATURE RATURE  FRACT.  FRACT. HEAT vISC.
CONDUCT.  NUMBER

PRINT "DEG. C DEG. C KG/M3  KJ/KG-K 10-B PA-S 10-3
W/MK "

PRINT , " *

FOR TJ = 20 TO 100 STEP 20

T = TWB(TJ)

SMF = SMFWB(TJ)

PRINT USING "“###"; TJ;

PRINT USING “#i#####. ##"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF), MIXMU(T, SMF}, MIXCON(T, SMF), MIXPR(T, SMF)

NEXT TJ

PRINT , " "

FOR TJ = 150 TO 600 STEP S0

T = TWB(TJ)

SMF = SMFWB(TJ)

PRINT USING "##&"; TJ;

PRINT USING "#h#u#d. ##"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF), MIXMU(T, SMF), MIXCON(T, SMF), MIXPR(T, SMF)

NEXT TJ
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OPEN "C:WBP
PRINT #1, "
PRINT #1,

.PRN" FOR OUTPUT AS #1

MIXTURE PROPERTIES AT WET BULB CONDITIONS"

PRINT #1,
PRINT #1,
THERMAL
PRANDTL"
PRINT #1,
CONDUCT.
NUMBER “
PRINT #1,
10-3 W/M-K
PRINT #1,

"JEI'
“TEMPE-

W. B.
TEMPE-

STEAM
MOLE

AIR"

MOLE DENSITY SPECIFIC DYNAMIC

"RATURE RATURE FRACT.  FRACT. HEAT VISC.

"DEG. C

DEG. C KG/M3 KJ/KG-K 10-6 PA-S

FOR TJ = 20 TO 100 STEP 10

T = TWB(TJ)

SMF = SMFWB(TJ)

PRINT #1, USING "###"; TJ;

FRINT #1, USING "#it####. ##"; T, SMF,
SMF},

MIXMU(T, SMF), MIXCON(T, SMF), MIXPR(T, SMF)
NEXT TJ

(1 - SMF), MIXDEN(T, SMF), MIXCP(T,

PRINT #1,

FOR TJ = 150 TO 600 STEP 50

T = TWB(TJ)

SMF = SMFWB(TJ)

PRINT #1, USING "###"; TJ;

FRINT #1, USING "###4##. ##"; T, SMF,
SMF),

MIXMU(T, SMF), MIXCON(T, SMF), MIXPR(T, SMF)
NEXT TJ

(1 - SMF), MIXDEN(T, SMF), MIXCP(T,

CLOSE #1

5- MIXTURE PROPERTIES AT 1/3 REFERENCE CONDITIONS
ARE OUTPUT TO FILE AND SCREEN.

CLS

PRINT , " MIXTURE PROPERTIES AT 1/3 REFERENCE CONDITIONS "
PRINT , " "

PRINT "“JET 173 RD STEAM  AIR"

PRINT "TEMPE-  TEMPE- MOLE MOLE DENSITY SPECIFIC DYNAMIC
THERMAL  PRANDTL"

PRINT "RATURE RATURE FRACT. FRACT. HEAT VISC.
CONDUCT. NUMBER "
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PRINT "DEG. C DEG. C KG/M3 KJ/KG-K 10-6 PA-5 10-3
W/M-K

PRINT , " "

FOR TJ = 20 TO 100 STEP 20

T = T13RD(TJ)

SMF = SMF13RD(TJ)

PRINT USING "###"; TJ;

PRINT USING “###4#4#, #4"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF), MIXMU(T, SMF), MIXCON{(T, SMF), MIXPR(T, SMF}

NEXT TJ

PRINT , " "

FOR TJ = 150 TO 600 STEP 50

T = T13RD(TJ)

SMF = SMF13RD(TJ)

PRINT USING "###"; TJ;

PRINT USING “###### ##"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF}, MIXMU(T, SMF)}, MIXCON(T, SMF), MIXPR(T, SMF)

NEXT TJ

OPEN "C:13RDP.PRN" FOR OUTPUT AS #1
PRINT #1, " MIXTURE PROPERTIES AT 1/3 REFERENCE
CONDITIONS
FRINT #1, " "
PRINT #1, "JET 1/3 RD STEAM  AIR"

PRINT #1, "TEMPE- TEMPE- MOLE MOLE DENSITY SPECIFIC DYNAMIC
THERMAL

PRANDTL"
PRINT #1, "RATURE RATURE FRACT.  FRACT. HEAT VISC.
CONDUCT.

NUMBER "
PRINT #1, "DEG. C DEG. C KG/M3 KJ/KG-K 10-6 PA-S
10-3 W/M-K "
PRINT #1, " "

FOR TJ = 20 TO 100 STEP 10

T = T13RD(TJ)

SMF = SMF13RD(TJ)

PRINT #1, USING "###"; TJ;

PRINT #1, USING "####4d, ##"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF),

MIXMU(T, SMF), MIXCON(T, SMF), MIXPR(T, SMF)

NEXT TJ

PRINT #1, " "

FOR TJ = 150 TO 800 STEP 59
T = T13RD(TJ)
SMF = SMF13RD(TJ)
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PRINT #1, USING “##i#"; TJ;

PRINT #1, USING “i####s. ##"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF),

MIXMU(T, SMF), MIXCON(T, SMF)}, MIXPR(T, SMF)
NEXT TJ

CLOSE #1

6- MIXTURE PROPERTIES AT FILM CONDITIONS
ARE OUTPUT TO FILE AND SCREEN.

- e e w

CLS

PRINT , * MIXTURE PROPERTIES AT FILM CONDITIONS "

PRINT , " "

PRINT “JET FILM STEAM  AIR"

PRINT "TEMPE- TEMPE-~ MOLE MOLE DENSITY SPECIFIC DYNAMIC
THERMAL  PRANDTL"

PRINT "RATURE RATURE FRACT. FRACT. HEAT VISC.
CONDUCT. NUMBER "

PRINT "DEG. C DEG. C KG/M3 KJ/KG-K 10-B PA-S 10-3
W/M-K

PRINT , " "

FOR TJ = 20 TO 100 STEP 20

T = TFILM(TJ)

SMF = SMFFILM(TJ)

PRINT USING "###"; TJ;

PRINT USING “#####4. #4"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF), MIXMU(T, SMF), MIXCON(T, SMF), MIXPR(T, SMF)

NEXT TJ

PRINE , " "

FOR TJ = 150 TO 600 STEP 50

T = TFILM(TJ)

SMF = SMFFILM(TJ)

PRINT USING "###"; TJ;

PRINT USING “#####4.44"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF), MIXMU(T, SMF), MIXCON(T, SMF), MIXPR(T, SMF)

NEXT TJ

OPEN "C:FILMP.PRN" FOR OUTPUT AS #1
PRINT #1, * MIXTURE PROPERTIES AT FILM CONDITIONS

PRINT #1, " "
PRINT #1, "JET FILM STEAM  AIR"
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PRINT #1, "TEMPE- TEMPE- MOLE: MOLE DENSITY SPECIFIC DYNAMIC
THERMAL

PRANDTL"
PRINT #1, “RATURE RATURE FRACT. FRACT. HEAT VISsC.
CONDUCT.

NUMBER "
PRINT #1, "DEG. C DEG. C KG/M3 KJ/KG-X 10-6 PA-5
10-3 W/M-K "

PRINT #1, " "

FOR TJ = 20 TO 100 STEP 10

T = TFILM(TJ)

SMF = SMFFILM(TJ)

PRINT #1, USING "###"; TJ; _
PRINT #1, USING "#it#s##. ##"; T, SMF, (1 - SMF}, MIXDEN(T, SMF), MIXCP(T,
SMF},

MIXMU(T, SMF), MIXCON(T, SMF), MIXPR(T, SMF)

NEXT TJ

PRINT #1, " "

FOR TJ = 150 TO 800 STEP SO

T = TFILM(TJ)

SMF = SMFFILM(TJ)

PRINT #1, USING "###"; TJ;

PRINT #1, USING "####it#, ##"; T, SMF, (1 - SMF), MIXDEN(T, SMF), MIXCP(T,
SMF),

MIXMU(T, SMF), MIXCON(T, SMF), MIXPR(T, SMF)

NEXT TJ

CLOSE #1

"FUNCTION DEFINITIONS

FUNCTION ACON! (T!}

THIS FUNCTION RETURNS THE CONDUCTIVITY OF AIR, IN

! MW/M-DEG. C. IT IS TAKEN FROM HUANG & MUJUMDAR, DRYING '85, FP.
' 106-114.

VALUE = 1000 * (3.8793E-04 + 9.5425E-05 * (T + 273.2) - 3.0B99E-08 * (T
+ 273.2) ~ 2)
ACON = VALUE
END FUNCTION

FUNCTION ACP! (T!)
POLYNOMIAL REGRESSION EQUATION FOR THE SPECIFIC HEAT CAPACITY OF

’ AIR (KJ/KG-DEG. C)TAKEN FROM Z. PAKOWSKI, HANDBOOK OF INDUSTRIAL
’ DRYING, A.S. MUJUMDAR, ED., 1887, PP. 915-832.
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VALUE = .9774 + .0001124 * (T + 273.2) + 1.9035E-08 * (T + 273.2) ~ 2
ACP = VALUE
END FUNCTION

FUNCTION ADEN! (T!)

' THIS FUNCTION RETURNS THE DENSITY OF AIR (KG/M3) AS A FUNCTION
! OF THE TEMPERATURE. UNIVERSAL GAS CONSTANT: 8.3144 J/GMOLE-K,

' MOLECULAR WEIGHT OF AIR: 28.97

VALUE = 353.048 / (T + 273.2)

ADEN = VALUE

END FUNCTICN

FUNCTION AMU! (T!)
’ THIS FUNCTION RETURNS THE DYNAMIC VISCOSITY OF AIR (10-6 PA-SEC).

’ IT IS TAKEN FROM HUANG & MUJUMDAR, DRYING '87, PP. 106-114.

YALUE = 100000Q! * (2.5641E-06 + 6.0198E-08 * (T + 273.2) - 2.3723E-11 *
(T + 273.2) ~ 2)

AMU = VALUE

END FUNCTION

FUNCTION APR! (T!)

! THIS FUNCTION RETURNS THE PRANDTL NUMBER OF AIR. IT IS CALCULATED
! FROM THE DEFINITION PR = MU * CP / K, USING THE FUNCTIONS DEFINED
' IN THE PROGRAM.

VALUE = AMU! (T!) * ACP!(T!) / ACON!(T!)
APR! = VALUE
END FUNCTION

FUNCTION HFG! (T!)

' THIS FUNCTION RETURNS THE ENTHALPY OF EVAPORATION OF WATER (KJ/KG)
’ AS A FUNCTION OF TEMPERATURE. IT IS TAKEN FROM REID, PRAUSNITZ &

! POLING: THE PROPERTIES OF GASES & LIQUIDS, 4TH ED., NEW YORK, 18987,
' P. B1S.

VALUE = 2257! * (((1 - ((T + 273.2) / 647.3)) / .42353) " .38)
HFG = VALUE
END FUNCTION

FUNCTION MIXCON (T, SMF)

’ THIS FUNCTION RETURNS THERMAL CONDUCTIVITY (10-3 W/M-K) OF A
STEAM-AIR

! MIXTURE WITH TEMPERATURE T AND STEAM MOLE FRACTION SMF. IT IS TAKEN
’ FROM REID, PRAUSNITZ & POLING: THE PROPERTIES OF GASES & LIQUIDS,

! 4TH ED., NEW YORK, 1887, P. 515.

CONWA
CONAW

((1 + (1.126 * SQR(SMU(T) / AMU(T)))) =~ 2) / 3.6022
(SMW / AMW) * (AMU(T) / SMU(T)}) * CONWA
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VALUE = SCON(T) / (1 + ((1 - SMF) / SMF) * CONWA) + ACON(T) / (1 + (SMF
/7 (1 -

SMF)) * CONAW)

MIXCON = VALUE

END FUNCTION

FUNCTION MIXCP (T, SMF)

' THIS FUNCTION RETURNS THE SPECIFIC HEAT CAPACITY (KJ/KG-K)
! OF A STEAM-AIR MIXTURE WITH TEMPERATURE T AND STEAM MOLE

' FRACTION SMF.

SMASSF = (SMF * SMW) / ((SMF * SMW) + (1 - SMF) * AMW)

VALUE = SCP(T) * SMASSF + ACP(T) * (1 - SMASSF)

MIXCP = VALUE

END FUNCTION

[

FUNCTION MIXDEN (T, SMF)

' THIS FUNCTION RETURNS THE DENSITY (KG/M3)} OF A STEAM-AIR
’ MIXTURE WITH TEMPERATURE T AND STEAM MOLE FRACTION SMF.
VALUE = SDEN(T) * (SMF + ((1 - SMF) * AMW / SMW))

MIXDEN = VALUE

END FUNCTION

FUNCTION MIXMU (T, SMF)

' THIS FUNCTION RETURNS THE VISCOSITY (10-6 PA-SEC) OF A STEAM-AIR

' MIXTURE WITH TEMPERATURE T AND STEAM MOLE FRACTION SMF. IT IS TAKEN
’ FROM REID, PRAUSNITZ & POLING: THE PROPERTIES OF GASES & LIQUIDS,

! 4TH ED., NEW YORK, 1987, P. 407.

MUWA = ((1 + (1.126 * SQR(SMU(T) / AMU(T)))) ~ 2) / 3.6022

MUAW = (SMW / AMW)} * (AMU(T} / SMU(T)) * MUWA

VALUE = SMU(T) / (1 + ({1 - SMF) / SMF} * MUWA) + AMU(T) 7/ (1 + (SMF /
(1 - SMF)) * MUAW)

MIXMU = VALUE

END FUNCTION

FUNCTION MIXPR (T, SMF)

’ THIS FUNCTION RETURNS PRANDTL NUMBER OF A STEAM-AIR MIXTURE
! WITH TEMPERATURE T AND STEAM MOLE FRACTION SMF.

VALUE = MIXMU(T, SMF) * MIXCP(T, SMF) / MIXCON(T, SMF)

MIXPR = VALUE

END FUNCTION

FUNCTION PSAT! (T!)

! EXPONENTIAL REGRESSION FOR SATURATED STEAM PRESSURE (KPA) TAKEN
’ FROM 2. PAKOWSKI, HANDBOOK OF INDUSTRIAL DRYING, A.S. MUJUMDAR,
! ED., 1987, PP. 915-832.
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VALUE = EXP(23.1964 - (3816.44 / (T + 227.02))) / 1000
PSAT = VALUE
END FUNCTION

FUNCTION SCON! (T!)

! THIS FUNCTICN RETURNS THE CONDUCTIVITY OF WATER VAPOR, IN
’ MW/M-DEG. C. IT IS TAKEN FROM REID, PRAUSNITZ & POLING: THE
’ PROPERTIES OF GASES & LIQUIDS, 4TH ED., NEW YORK, 1987, P. 515.

VALUE = 1000 * (.007341 - 1.013E-05 * (T + 273.2) + 1.801E-07 * ((T +
273.2) ~

2) - 9.1E-11 * (T + 273.2) ~ 3)

SCON = VALUE

END FUNCTION

FUNCTION SCP! (T!)

' POLYNOMIAL REGRESSION EQUATION FOR THE SPECIFIC HEAT CAPACITY OF
! WATER VAPOR (KJ/KG-DEG. C) TAKEN FROM Z. PAKOWSKI, HANDBOOK OF IN-
’ DUSTRIAL DRYING, A.S. MUJUMDAR, ED., 1987, PP. 915,832

VALUE = 1.883 - 1.6737E-04 * (T + 273.2) + 8.4386E-07 * (T + 273.2) "~ 2
- 2,6966E-10 * (T + 273.2) ~ 3

SCP! = VALUE

END FUNCTION

FUNCTION SDEN! (T!)

! THIS FUNCTION RETURNS THE DENSITY OF WATER VAPOR (KG/M3} AS A

’ FUNCTION OF THE TEMPERATURE. UNIVERSAL GAS CONSTANT: 8.3144
J/GMOLE-K,

! MOLECULAR WEIGHT OF WATER: 18.015,

VALUE = 219.543 / (T + 273.2)

SDEN = VALUE

END FUNCTION

FUNCTION SMF13RD (T)

? THIS FUNCTION RETURNS THE STEAM MOLE FRACTION AT THE 1/3
! REFERENCE CONDITIONS.

VALUE = (2 / 3) * SMFWB(T)
SMF13RD = VALUE
END FUNCTION

FUNCTION SMFFILM (T)

! THIS FUNCTION RETURNS THE STEAM MOLE FRACTION AT THE
’ FILM CONDITIONS,

VALUE = .5 * SMFWB(T)
SMFFILM = VALUE
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Tt

END FUNCTION
FUNCTION SMFWB! (T!)

! THIS FUNCTION RETURNS THE STEAM MOLE FRACTION AT THE WET BULB
’ CONDITIONS.

VALUE = PSAT(TWB(T)) / PATM!

SMFWB = VALUE

END FUNCTION

FUNCTION sMU! (T!)

! THIS FUNCTION RETURNS THE DYNAMIC VISCOSITY OF STEAM (10-8 PA-SEC).
! IT IS TAKEN FROM 10O & MUJUMDAR, DRYING '84, PP. 264-282.

VALUE = 1000000! * (9,8354E-07 + 2.70687E-08 * (T + 273.2) + 8.880BE-12 *
{((T +

273.2) ~ 2))

SMU = VALUE .

END FUNCTION

FUNCTION SPRt (Tt)

' THIS FUNCTION RETURNS THE PRANDTL NUMBER OF STEAM. IT IS CALCULATED
' FROM THE DEFINITION PR = MU * CP / K, USING THE FUNCTIONS DEFINED
' IN THE PROGRAM.

VALUE = SMU!(T!) * SCP!(T!) / SCON!(T!)
SPR! = VALUE
END FUNCTION

FUNCTION T13RD (T)

’ THIS FUNCTION RETURNS THE 1/3 REFERENCE TEMPERATURE {DEG. C)
’ AS A FUNCTION OF THE DRY AIR TEMPERATURE.

VALUE = (2 / 3) * TWB(T) + (1 / 3) * T

T13RD = VALUE

END FUNCTION

FUNCTION TDF13RD (T)

' THIS FUNCTION RETURNS THE TEMPERATURE-DEPENDENT DRYING RATE FACTOR
' EVALUATED AT 1/3 REFERENCE CONDITIONS, AS A FUNCTION OF JET
TEMPERATURE.,

CONDUCTANCE = .0036 * MIXCON(T13RD(T), SMF13RD(T)) * (MIXPR(T13RD(T),
SMF13RD(T)) ~ .42) / ACP(TFILM(T})

POTENTIAL = LOG(1 + (ACP(TFILM(T)) * (T - TWB(T)}) / HFG(TWB(T))))

VALUE = CONDUCTANCE * POTENTIAL '

TDF13RD = VALUE

END FUNCTION
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FUNCTION TDFFILM (T)

' THIS FUNCTION RETURNS THE TEMPERATURE-DEPENDENT DRYING RATE FACTOR
! EVALUATED AT FILM CONDITIONS, AS A FUNCTION OF JET TEMPERATURE.
CONDUCTANCE = .0036 * MIXCON(TFILM(T), SMFFILM(T)) * (MIXPR(TFILM(T),
SMFFILM(T)) ~ .42) / ACP(TFILM(T))

POTENTIAL = LOG(1 + (ACP(TFILM(T)) * (T - TWB(T)) / HFG{TWB(T))))

VALUE = CONDUCTANCE * POTENTIAL

TDFFILM = VALUE

END FUNCTION

FUNCTION TDFWB (T)

¥

THIS FUNCTION RETURNS THE TEMPERATURE-DEPENDENT DRYING RATE FACTOR
! EVALUATED AT WET-BULB CONDITIONS, AS A FUNCTION OF JET TEMPERATURE.
CONDUCTANCE = .0036 * MIXCON(TWB(T), SMFWB(T)) * (MIXPR(TWB(T),
SMFWB(T)} ~ .42) / ACP{TFILM(T))

POTENTIAL = LOG(1 + (ACP(TFILM(T)) * (T - TWB(T)) / HFG(TWB(T))))

VALUE = CONDUCTANCE * POTENTIAL

TDFWB = VALUE

END FUNCTICON

FUNCTION TFILM (T)

’ THIS FUNCTION RETURNS THE FILM TEMPERATURE (DEG. C)
’ AS A FUNCTION OF THE DRY AIR TEMPERATURE.

VALUE = .5 * TWB(T) + .5 * T

TFILM = VALUE

END FUNCTION

FUNCTION TSATP! (P!)

’ THIS FUNCTICN RETURNS THE SATURATION TEMPERATURE OF WATER VAPOR
’ (DEG. C) AT A GIVEN PRESSURE. IT IS THE INVERSE OF FUNCTION PSAT

3

VALUE = (38B16.44 / (23.1964 - LOG{1000 * Pl)) - 227.02
TSATP = VALUE
END FUNCTION

FUNCTION TWB (T)

! THIS FUNCTION RETURNS THE WET BULB (ADIABATIC SATURATION)
TEMPERATURE

' FOR DRY AIR AT ATMOSPHERIC PRESSURE (DEG. C). IT WAS OBTAINED FROM
’ POLYNOMIAL REGRESSION OF THE SOLUTION OF THE AIR-WATER ENTHALPY
BALANCE.
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VALUE = -1.92494 + .4594474# ® T - 1.58036E-03 * (T ~ 2) + 2.7126E-06 *
(T ~ 3}

- 1.72402E-09 * (T ~ 4)

TWB = VYALUE

END FUNCTION
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TABLE A4.1 - PROPERTIES OF STEAM AT ATMOSPHERIC PRESSURE

TEMPE-  DENSITY SPECIFIC  DYNAMIC THERMAL PRANDTL HEAT OF
RATURE HEAT VISCOSITY CONDUCTIVITY NUMBER  EVAPORATION
DEG. C KG/M3 KJ/KG-K 10-6 PA-S 10-3 W/M-K KJ/KG
0 0.804 1.895 .  '9.082 16. 160 1.061 2540.0
10 0.775 1.897 8.372 16.850 1.055 2514.0
20 0.749 1.900 9.694 17.560 1.049 2487.5
30 0.724 1.802 10.018 18.280 1.042 2460.6
40 0.701 1.908 10.343 19.039 1.038 2433.1
S0 0.678 1.908 10. 670 19.808 1.028 24015.2
60 0.659 1.911 10.999 20.594 1.021 2376.7
70 0.64C 1.914 11.330 21.398 1.013 2347.7
BO 0.622 1.917 11.563 22.221 1.006 2318.1
80 0.604 1.821 11.897 23.060 0.999 2287.8
100 0.588 1.824 12.333 23.814 0.982 2256.8
180 0.518 1.943 14.041 28.412 0.960 2090.6
200 0.464 1.864 15.792 33.233 0.933 1885.3
250 © 0.420 1.988 17.588 38.308 £.913 1670.0
300 0.383 2.014 19. 429 43.570 0.898 1372.9
350 0.352 2.041 21.315 48.950 0.889 895.9
400 0.326 2.070 23.244 54.379 0.885
450 0.304 2.101 25.218 59.790 0.886
800 0.284 2.133 27.237 65.115 0.882
850 0.267 2.187 29.300 70.284 0.903
0.251 2.201 31. 407 75.230 0.918

600
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TABLE A4.2 - PROPERTIES OF AIR AT ATMOSPHERIC PRESSURE

TEMPE-  DENSITY SPECIFIC  DYNAMIC THERMAL PRANDTL
RATURE HEAT VISCOSITY CONDUCTIVITY NUMBER
DEG. C KG/M3 KJ/KG-K 10-6 PA-S 10-3 W/M-K

0 1.292 1.010 17.240 24. 187 0.720
10 1.247 1.011 17.710 24.950 0.717
20 1.204 1.012 18.175 25.727 0.715
30 1.164 1.013 1B.635 26.499 0.713
40 1.127 1.014 19.091 27.264 0.710
50 1.092 1.016 19.542 28,023 0.708
60 1.060 1.017 19.988 28.775 0.706
70 1.029 1.018 20.430 29.522 0.705
80 1.000 1.019 20. 867 30. 2862 0.703
g0 0.872 1.021 21.299 30.897 0.701

100 0.846 1.022 21.726 31.725 0.700
150 0.834 1.028 23.791 35.274 0.684
200 0.748 1.035 25,738 38.669 0.689
250 0.675 1.041 27.566 41.911 0.685
300 0.616 1.048 28,275 44.999 0.682
350 0.567 1.055 30.866 47.934 0.678
400 0.524 1.062 32.338 50.715 0.877
450 0. 488 1.069 33,692 53.343 0.875
500 0. 457 1.076 34.827 55,818 0.673
550 0.428 1.083 36.043 58.138 0.671
600 0.404 1.080 37.041 60. 306 0.670
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TAELE A4.3 - MIXTURE PROPERTIES AT WET BULB CONDITIONS

JET W. B. STEAM AIR
TEMPE- TEMPE- MOLE MOLE  DENSITY SPECIFIC DYNAMIC  THERMAL  PRANDTL
RATURE RATURE FRACT. FRACT. HEAT VISC. CONDUCT. NUMBER
DEG. C DEG. C KG/M3  KJ/KG-K 10-B PA-S 10-3 W/M-X

20 6.65 0.01 0.99 1.28 1.02 17. 47 24.61 0.72
30 10.51 0.01 0.99 1.24 1.02 17.62 24.88 0.72
40 14.09 0.02 0.98 1.22 1.02 17.76 25.13 0.72
50 17.42 0.02 0.98 1.21 1.02 17.88 25.36 0.72
60 20.52 0.02 0.98 1,18 1.03 17.89 25.56 0.72
70 23.38 0.03 0.87 1.18 1.03 18.08 25.75 0.72
80 26.03 C.03 0.97 1.17 1.03 18. 15 25.81 0.72
30 28.49 0.04 0.86 1.15 1.03 18.22 26.086 0.72
100 30.76 0.04 0.96 1.14 1.04 18.27 26.18 0.72
150 39.72 0.07 0.83 1.10 1.06 18. 42 26.63 0.73
200 45.63 0.10 0.90 1.07 1.07 18.45 26.87 0.74
250 49.81 0.12 0.88 1.04 1.09 18. 42 26.99 0.74
300 52.95 0.14 0.BB 1.02 1.10 18.37 27.08 0.75
350 55.72 0.16 0.84 1.01 1.11 18. 31 27.11 0.75
400 58. 47 0.18 0.82 0.99 1.13 18.22 27.13 0.76
450 61.29 0.21 0.79 0.97 1.14 18.11 27.13 0.76
500 64.03 0.24 0.76 0.95 1.18 17.97 27.12 0.77
550 66. 26 0.28 0.74 0.94 1.18 17.83 27.08 0.78
600 B67.30 0.27 0.73 0.93 1.18 17.76 27.06 0.78
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TABLE A4.4 - MIXTURE PROPERTIES AT 1/3 REFERENCE CONDITIONS

JET 1/3 RD STEAM AIR

TEMPE- TEMPE- MOLE MOLE DENSITY SPECIFIC DYNAMIC THERMAL PRANDTL
RATURE RATURE  FRACT. FRACT. HEAT  VISC. CONDUCT. NUMBER
DEG. C DEG. C KE/M3  KJ/KG-X 10-6 PA-S 10-3 W/M-K

20 11.10 .01 0.89 1.24 1.01 17.70 24.98 0.72
30 17.01 0.01 0.99 1.21 1.02 17.96 25.42 0.72
40 22.73 0.01 0.89 1.18 1.02 18.21 25.85 0.72
50 28.28 0.01 0.99 1.17 1.02 18.44 26.26 0.72
80 33.68 0.02 0.98 1.14 1.02 18.68 26.65 0.72
70 38.92 0.02 0.98 1.12 1.02 18.87 27.02 0.72
80 44.02 0.02 0.98 1.10 1.03 18.07 27,38 0.72
90 48.99 0.03 0.97 1.09 1.03 19.26 27.73 0.72
100 53.84 0.03 0.97 1.07 1,03 19.44 28.07 0.72
150 76. 48 0.058 0.85 0.99 1.05 20.26 29.61 0.72
200 g7.13 0.07 0.93 0.93 1.06 20.98 31.01 0.72
250 116.54 0.08 0.92 0.88 1.07 21.65 32.32 0.72
300 135.30 0.09 0.81_ 0.83 1.08 22.28 33.60 0.72
350 153.81 0.11 0.88 0.79 1.09 22.91 34.85 0.72
400 172.31 0.12 0.88 0.786 1.10 23.48 36. 10 0.72
450 180.86 0.14 0.88 0.72 1,12 24.05 37.34 0.72
500 209.35 0.16 0.84 0.B8 1.13 24.57 38.58 0.72
550 227.51 0.17 0.83 0.66 1.15 25.09 39.81 0.72
600  244.87 0.18 0.82 0.63 1.16 25.88 41.03 0.72
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TABLE A4.5 - MIXTURE PROPERTIES AT FILM CONDITIONS

JET FILM STEAM  AIR
TEMPE- TEMPE- MOLE MOLE  DENSITY SPECIFIC DYNAMIC THERMAL  PRANDTL
RATURE RATURE FRACT. FRACT. HEAT VISC. CONDUCT. NUMBER
DEG. C DEG. C KG/M3  KJ/KG-K 10-6 PA-S 10-3 W/M-K
20 13.33 0.00 1.00 1,23 1.01 17.82 25.17 0.72
30 20.25 0.01 0.98 1.20 1.02 18,13 25.69 0.72
40 27.08 0.01 0.88 1.17 1.02 18.43 26.20 0.72
g0 33.71 0.01 0.88 1.15 1.02 18.72 26.70 0.71
60 40. 28 0.01 0.88 1.12 1.02 18.89 27.18 0.7
70 45.868 0.01 0.89 1.10 1.02 19.26 27.65 0.7
80 53.02 0.02 0.88 1.08 1.03 19.52 28.11 0.71
a0 59.24 0.02 0.98 1.05 1.03 19.78 28.56 0.71
100 65.38 0.02 0.98 1.03 1.03 20.02 29.00 0.71
150 94.86 0.04 0.86 0.95 1.04 21.17 31.07 .71
200 122.85 0.0S5 0.95 0.87 1.085 22.21 33.01 0.71
250 148.91 0.06 0.84 0.82 1.06 23.20 34.88 0.71
300 176.48 0.07 0.93 0.76 1.07 24.18 36.69 0.71
350 202.86 0.08 0.92 0.72 1.08 25.07 38.48 0.71
400 229.23 0.09 0.91 0.68 1.09 25.95 40.25 0.71
450 255.85 0. 10 0.90 0.84 1.11 26.79 42.01 0.7
500 282.02 0.12 0.88 0.B1 1.12 27.89 43.75 0.71
550 308.13 0.13 0.87 0.58 1.13 28.37 45,48 0.71
600 333.65 0.14 0.86 0.55 1.14 29.16 47.15 0.71
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APPENDIX S

PERFORMANCE CALCULATIONS FOR SUPERHEATED STEAM DRYING CYCLES

CYCLES. BAS - PERFORMANCE CALCULATIONS ON
SUPERHEATED STEAM DRYING CYCLES

WRITTEN IN QUICKBASIC 4.0 BY J. F. BOND
THIS VERSION LAST MODIFIED 8/9/81

THIS PROGRAM CALCULATES ENERGY CONSUMPTION VS. IMPINGEMENT DRYING
RATE FOR THREE COMBINED SUPERHEATED STEAM IMPINGEMENT-COMVENTIONAL
DRYING CYCLES:

1- TIMPINGEMENT-CONVENTIONAL DRYING WITH RECIRCULATION BY FAN
2- IMPINGEMENT-CONVENTIONAL DRYING WITH RECIRCULATION BY THERMO-
COMPRESSOR;

w v ow wm w w w w ow

CYCLE).’
! THE PROGRAM COMPRISES FOUR SECTIONS:

A- FUNCTION AND VARIABLE DECLARATION;
B~ INPUT AND PRELIMINARY CALCULATIONS;
C- MAIN CALCULATION SEQUENCE;

D- EXPORTING OF RESULTS.

- % % -

! A

FUNCTION AND VARIABLE DECLARATION

! FLUID PROPERTIES

DECLARE FUNCTION CP (T)
DECLARE FUNCTION SDEN (T)
DECLARE FUNCTION CON (T)
DECLARE FUNCTION MU (T)
DECLARE FUNCTION TSATP (P)
DECLARE FUNCTION PSAT! (T!)

' DRYING RATE EQUATIONS

DECLARE FUNCTION RIC (M, XII, XF, R, ¥X)

" AVERAGE DRYING RATE FOR DRYING BEGINNING IN THE CONSTANT RATE PERIOD
DECLARE FUNCTION RIF (M, XII, XF, R, X)

' AVERAGE DRYING RATE FOR DRYING ENTIRELY WITHIN FALLING RATE PERIOD

DEFSNG A-Z

DIM RESULTSM(10, 500)
DIM RESULTST(10, 500)
DIM RESULTSL(10, 500)
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DHV = 2258.1 'ENTHALPY OF EVAPORATION OF WATER, KJ/KG

TB = 100 ' ATMOSPHERIC BOILING POINT OF WATER, DEG. C
PATM = 101,325 ' ATMOSPHERIC PRESSURE, KPA

RS = 461.495 *GAS CONSTANT FOR STEAM, N-M/KG-DEG. C.

Ch = .8 ' NOZZLE DISCHARGE COEFFICIENT

CL = 4.2 ’SPECIFIC HEAT OF LIQUID WATER, KJ/KG-DEG. C

' B- INPUT AND PRELIMINARY CALCULATIONS

' OPERATING CONDITIONS ARE READ FROM A FILE AND MODIFIED AS REQUIRED

OPEN "C:\QUICKBAS\CYCLES.DTA" FOR INPUT AS #1

INPUT #1, HM, DM, FM, TJLOM, TJHIM, TJSTM, TJLOT, TJHIT, TJSTT, TJLOL,
TJHIL, TJSTL, RILOM, RIHIM, RILOT, RIHIT, RILOL, RIHIL, ETAF, ETAC,
ETAT, PMOT, PC, EPSILON, KAPPA, XIC, XF, B

CLOSE #1

DISPLAY:

CLS

PRINT " CYCLES.BAS -~ OPERATING CONDITIONS AND PARAMETERS !
FRINT

PRINT

PRINT "DRYER GEOMETRY: NOZZLE-TO-WEB DISTANCE: ", HM, "MM"

PRINT " NOZZLE DIAMETER: “, DM, "MM"

PRINT " OPEN AREA RATIO: ", FM, "4

PRINT

PRINT "JET TEMPERATURE AND DRYING RATE RANGE"

PRINT

PRINT "TEMPERATURES (DEG. C): LOWEST HIGHEST  INCREMENT SIZE *

PRINT "MECH. COMPRESSION", TJLOM, TJHIM, TJSTM
PRINT "THERMOCOMPRESSION", TJLOT, TJHIT, TJSIT

PRINT "“LUTHI'S CYCLE *, TJLOL, TJHIL, TJSTL
PRINT
PRINT “DRYING RATES (KG/M2-HR): LOWEST HIGHEST "

PRINT "MECH. COMPRESSION", RILOM, RIHIM

PRINT "THERMOCOMPRESSION", RILOT, RIHIT

PRINT "LUTHI'S CYCLE ", RILOL, RIHIL

PRINT

PRINT

INPUT ; "PRESS ENTER TO SEE REMAINING CONDITIONS", REPLY
CLS

PRINT

PRINT

PRINT "FAN ISENTROPIC EFFICIENCY: ", ETAF

PRINT "COMPRESSOR ISENTROPIC EFFICIENCY: ", ETAC

PRINT “THERMOCOMPRESSOR EFFICIENCY: ", ETAT

PRINT "THERMOCOMPRESSOR MOTIVE STEAM PRESSURE: ", PMOT, "KPA ABS."
PRINT "CONVENTIONAL DRYER PRESSURE: ", PC, "KPA ABS."
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PRINT "WORK-TO-HEAT VALUE RATIO: ", EPSILON

PRINT “STEAM CONSUMPTION INDEX: ", KAPPA, "KG/KG"
PRINT

PRINT "CONVENTIONAL DRYER INLET MOISTURE CONTENT: ", XIC
FRINT "IMPINGEMENT DRYER FINAL MOISTURE CONTENT: ", XF
PRINT

PRINT "SHEET BASIS WEIGHT: “, B, "G/M2"

PRINT

PRINT

INPUT "DO YOU WISH TO MAKE ANY CHANGES (Y/N}?", ANSWERS$
IF (ANSWER$ = "Y" OR ANSWER$ = "y")} THEN GOTO CHANGES ELSE GOTO PRELIM
CHANGES:

CLs

PRINT "ENTER NEW VALUES; PRESS ENTER TO LEAVE CONDITION UNCHANGED"
PRINT

PRINT u(u HM u) u_

INPUT “NOZZLE-TO-WEB SPACING (MM }: ", TEMP$

IF (TEMP$ <> "") THEN HM = VAL(TEMP$)

PRINT "("; DM; ") "

INPUT "NOZZLE DIAMETER (MM ):", TEMP$

IF (TEMP$ <> “") THEN DM = VAL(TEMP$)

PRINT "("; FM; ") "5

INPUT “OPEN-AREA RATIO (z) *. TEMP$

IF (TEMP$ <> "") THEN FM = VAL(TEMP$)

PRINT "("; TJLOM; ") ",

INPUT “"MECH., COMPRESSION LOWEST TEMPERATURE (DEG. C):", TEMP$
IF (TEMP$ <> "") THEN TJLOM = VAL(TEMP$)

PRINT "("; TJHIM; ") "

INPUT "MECH. COMPRESSION HIGHEST TEMPERATURE (DEG. C):", TEMP$
IF (TEMP$ <> “"“) THEN TJEIM = VAL(TEMP$)

PRINT "("; TJSTM; ") "y

INPUT "MECH. COMPRESSION TEMPERATURE STEP{DEG. C):", TEMP$

IF (TEMP$ <> "") THEN TJSTM = VAL(TEMP$)

PRINT "("; TJLOT; ") "3

INPUT "THERMOCOMPRESSION LouEST TEMPERATURE (DEG. C):", TEMP$
IF (TEMP$ <> "“") THEN TJLOT = VAL(TEMP$)

PRINT “("; TJHIT; ") "

INPUT "THERMOCOMPRESSION HIGHEST TEMPERATURE (DEG. C):", TEMP$
IF (TEMP$ <> "") THEN TJHIT = VAL(TEMP$)

PRINT “("; TJSTT; ") ",

INPUT "THERMOCOMPRESSION TEMPERATURE STEP{DEG. C):", TEMP$

IF (TEMP$ <> "") THEN TJSTT = VAL(TEMP$)

PRINT "("; TJLOL; ") "3

INPUT "LUTHI’S CYCLE LOWEST TEMPERATURE (DEG. C):", TEMP$

IF (TEMP$ <> "") THEN TJLOL = VAL(TEMPS)

PRINT “("; TJHIL; ™) ",

INPUT "LUTHI'S CYCLE HIGHEST TEMPERATURE (DEG. C):", TEMP$

IF (TEMP$ <> "") THEN TJHIL = VAL(TEMP$)

PRINT "("; TJSTL; ") ",

INPUT “LUTHI'S CYCLE TEMPERATURE STEP (DEG. C):", TEMP$

IF (TEMP$ <> “") THEN TJSTL = VAL{TEMP$)

PRINT "("; RILOM; ") "
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INPUT "MECH., COMPRESSION LOWEST DRYING RATE (KG/M2-HR):", TEMP$
IF (TEMP$ <> "") THEN RILOM = VAL(TEMP%)

PRINT “("; RIHIM; ") s

INPUT "MECH. COMPRESSION HIGHEST DRYING RATE (KG/M2-HR):", TEMP$
IF (TEMP$ <> "") THEN RIHIM = VAL(TEMPS)

PRINT "{"; RILOT; ") "3

INPUT "THERMOCOMPRESSION LDHEST DRYING RATE (KG/M2-HR):", TEMP$
IF (TEMP$ <> "") THEN RILOT = VAL(TEMP®)

PRINT "("; RIHIT; ") "

INPUT “THERMCCOMPRESSION HIGHEST DRYING RATE (KG/M2-HR):", TEMP$
IF {TEMP$ <> "")} THEN RIHIT = VAL{TEMP$)

PRINT "("; RILOL; ") "y

INPUT "LUTHI'S CYCLE LOWEST DRYING RATE (KG/M2-HR):“, TEMP$

IF (TEMP$ <> “") THEN RILOL = VAL(TEMP§)

PRINT "("; RIHIL; ") "5

INPUT "LUTHI'S CYCLE HIGHEST DRYING RATE (KG/M2-HR):", TEMP$

IF (TEMP$ <> "") THEN RIHIL = VAL(TEMP$)

PRINT "("; ETAF; ") "3

INPUT "FAN ISENTROPIC EFFICIENCY ", TEMP$

IF (TEMP$ <> "") THEN ETAF = VAL(TEMP#)

PRINT "("; ETAC; ") "3

INPUT "COMPRESSOR ISENTROPIC EFFICIENCY:", TEMP$

IF (TEMP$ <> "") THEN ETAC = VAL(TEMP$)

PRINT "("; ETAT; ") ’ "3

INPUT "THERMOCOMPRESSOR EFFICIENCY ", TEMP#

IF (TEMP$ <> "") THEN ETAT = VAL(TEMP%)

PRINT "{"; PMOT; ") s

INPUT "THERMOCOMPRESSCR MOTIVE STEAM PRESSURE (KPA ABS.):", TEMP#
IF (TEMP$ <> "") THEN PMOT = VAL(TEMP$)

PRINT * ( ", PC n ) u

INPUT "CONVENTIONAL DRYER PRESSURE {KPA ABS.):", TEMP$

IF (TEMP$ <> "") THEN PC = VAL(TEMP$)

PRINT “("; EPSILON; ") -

INPUT "WORK-TO-HEAT VALUE RATIO ", TEMP#

IF (TEMP$ <> "") THEN EPSILON = VAL(TEMP$)

PRI NT L1} ( " KAPPA n ) .l

PRINT "KG STEAM/KG-WATER EVAPORATED"

INPUT “IN CONVENTIONAL DRYER SECTION:", TEMP$

IF (TEMP$ <> "") THEN KAPPA = VAL(TEMPS)

PRINT "("; XIC; ") "
INPUT "CONVENTIONAL DRYER INLET MOISTURE CONTENT:", TEMP$
IF (TEMP$ <> "") THEN XIC = VAL(TEMPS)

PRINT u(n; XF; u) u;

INPUT “"IMPINGEMENT DRYER FINAL MOISTUFRE CONTENT:", TEMP$
IF (TEMP$ <> "") THEN XF = VAL(TEMP$)

PRINT “("; B; ") ™

INPUT “SHEET BASIS WEIGHT, G/M2:", TEMP$S

IF (TEMP$ <> "") THEN B = VAL(TEMPS)

OPEN "C:\QUICKBAS\CYCLES.DTA" FOR OUTPUT AS #1

WRITE #1, HM, DM, FM, TJLOM, TJHIM, TJSTM, TJLOT, TJHIT, TJSTT, TJLOL,
TJHIL, TJSTL, RILOM, RIHIM, RILOT, RIHIT, RILOL, RIHIL, ETAF, ETAC,
ETAT, PMOT, PC, EPSILON, KAPPA, XIC, XF, B
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CLOSE #1
GOTO DISPLAY

PRELIM:

' PRELIMINARY CALCULATIONS

H=HM /7 1000 *CONVERSION TO METERS
D = DM / 1000
F =FM /7 100 *CONVERSION TO FRACTION

FGEO = (((1 + (({H » D} * SQR(F) 7 .6) ~ 6)) ~ -.05) * SQR(F) * (1 - 2.2
* SQR(F))) » (1 + .2 * ((H/ D) - 6) * SQR(F))

' GEOMETRICAL HEAT TRANSFER COEFFICIENT

MPC = 1 - (PATM / PMOT) ~ .25 'MOTIVE POWER COEFFICIENT

’ C- MAIN CALCULATION SEQUENCE

! C1- IMPINGEMENT-CONVENTIONAL DRYING WITH RECIRCULATION BY FAN
' SEQUENCE OF CALCULATIONS:

=JET MASS FLOW RATE AND VELOCITY
~INITIAL MOISTURE CONTENT FOR IMPINGEMENT STEAM DRYING
-AVERAGE IMPINGEMENT DRYING RATE
~OUTLET TEMPERATURE TE
-DRYER PRESSURE DROP AND FAN EXHAUST PRESSURE PF
-TOTAL WATER REMOVAL RATE JT
-FAN WORK WF
—COMPRESSOR WORK WC
-HEAT CONSUMPTION QI
~SPECIFIC VALUES: -QI/JT
-W/JT
-TOTAL ENERGY ET/JT
—TOTAL EQUIVALENT ENERGY EE/JT

. W w W ®m % W oW % w w e e =

' NOTE: THE IMPINGEMENT DRYER AREA IS TAKEN TO BE 1 SQUARE METER
' THIS SIMPLIFIES CALCULATIONS, AS JI = RI

ROWA = 1
COLUMNZ = 1
FOR TJ = TJLOM TO TJHIM STEP TJSTM

FOR REJ = §00 TO 100000 STEP 500
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JET MASS FLOW RATE (KG/H) AND VELOCITY (M/S)

3600 * F * MU(TJ) * REJ / D
(MU(TJ) * REJ) / (SDEN(TJ} * D)

&

U3

INITIAL MOISTURE CONTENT FOR IMPINGEMENT STEAM DRYING
AND AVERAGE IMPINGEMENT DRYING RATE (KG/M2-H)

XII = XF + (1 7 (1 + (1 /7 KAPPA))) * (XIC - XF)

RC = 3.6 * CON(TJ) * ({((TJ + 273.2) / (TB + 273.2)) =~ -.77) * (FGEO / D)
* (REJ ~ .BB6B7) * LOG(1 + (CP((TJ + TB) / 2) * (TJ - TB) / DHV)) /
CP({TJ + TB) 7/ 2)

XC = .373 * (RC ~ .265)

M=23.028 * (RC ~ .495) * (B ~ .198)

RF = RC + 3.028 * (RC ~ .495) * (B ~ .188) * (XF - .373 * (RC ~ .265))
IF (RF <= 0) THEN GOTC REJINCM *PROVISION FOR RF>0

IF (XIT > XC} THEN RI = RIC{M, XII, XF, RC, XC) ELSE RI = RIF(M, XII,
XF, RC, XC)

JI = RI

IF (RI < RILOM) THEN GOTO REJINCM

IF (RI > RIHIM) THEN GOTO TJINCM

’ OUTLET TEMPERATURE TE (DEG. C)

ALPHA = (RI * D) / (3600 * F * MU(TJ) * REJ)
TE = (1 / (1 + ALPHA)) * (TJ + ALPHA * (TB - (DHV / CP((TJ + TB) / 2))))

FAN EXHAUST PRESSURE PF (KPA ABS.)

DELTAP = ,0000005 * ((MU(TJ) / (CD * D)) ~ 2) * RS * (TJ + 273.2) * (REJ
~ 2) 7/ PATM
PF = PATM + DELTAP

’ TOTAL WATER REMOVAL RATE JT (KG/H)

TEMP1 = CP((TB + TSATP(PC)) / 2} / DHV

TEMP2 = (TB + 273.2) * (1 + (1 / ETAC) * ((PC / PATM) ~ .25 - 1)) -
(TSATP(PC) + 273.2)
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TEMP3 = TEMP1 * TEMP2
TEMP4 = CP((TE + TB) / 2) * (TE - TB) / DHV
JT =JI * (1 + (1 / KAPPA) * (1 + TEMP4 + (1 + TEMP4) * TEMP3))

! FAN WORK WF (KJ/H)

WF = (MJ * CP(TE) * (TE + 273.2) / ETAF) * {{PF / PATM) ~ .25 - 1)

’ COMPRESSOR WORK WC (KJ/H)

WC =JI * (1 + TEMP4) *® CP(TB) * ((TB + 273.2) / ETAC) * ((PC / PAIM) *
.25 - 1}

! HEAT CONSUMPTION QI (KJ/H)

QI = MJ * CP({TJ + TE) 7 2) * (TJ - TE) - WF

' PROVISION FOR POSITIVE HEAT CONSUMPTION

IF (QI < 0) THEN GOTO TJINCM

! SPECIFIC HEAT (KJ/KG), WORK (KJ/KG), TOTAL (KJ/KG) AND EQUIVALENT
' (KG/KG) ENERGY CONSUMPTION

RESULTSM(7, ROWY%)
RESULTSM(8, ROWX)
RESULTSM(S, ROWA)

(WF + WC) ~» JT
(QI + WF + WC) / JT
(QI + EPSILON * (WF + WC))} 7 (JT * DHV)

RESULTSM(1, ROWA) = TJ
RESULTSM(2, ROWX) = UJ
RESULTSM(3, ROW%) = DELTAF
RESULTSM(4, ROWZ) = JI
RESULTSM(S, ROWA) = JT
RESULTSM(6, ROW%) = QI / JT

ROWA = ROWA + 1
REJINCM:
NEXT REJ

TJINCM:
NEXT TJ

LR% = ROW4 ~ 1
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! RESULTS PRINTING SECTION

CLS

PRINT " RESULTS "
PRINT

PRINT " TJ uJ DELTAP JI JT HEAT WORK TOTAL
EQUV. "

PRINT " DEG.C M/S KPA KG/H KG/H KJ/KG KJ/KG KJ/KG
KG/KG. "

PRINT

FOR ROWZ = 1 TO LR%

PRINT  USING  "#dHH, #§"; RESULTSM(1, ROW%) ; RESULTSM(2, ROWA),
RESULTSM(3, ROWY%), RESULTSM(4, ROW4), RESULTSM(S5, ROWZ), RESULTSM(E,
ROW%), RESULTSM(7, ROW%), RESULTSM(8, ROW4), RESULTSM(9, ROWY)

NEXT ROW4

' RESULTS EXPORT SECTION

OPEN "C:\JFBOND\SWIFT\CYCRES1.PRN" FOR OUTPUT AS #1

PRINT #1, “  CYCLES.BAS -~ OPERATING CONDITIONS AND PARAMETERS "
PRINT #1,

PRINT #1, "DRYER GEOMETRY: NOZZLE-TO-WEB SPACING: ", HM, "MM."
PRINT #1, " NOZZLE DIAMETER:", DM, "MM."

PRINT #1, " OPEN-AREA RATIO:", FM, "%4"

PRINT #1,

PRINT #1, “TEMPERATURES (DEG. C): LOWEST HIGHEST  INCREMENT SIZE *
PRINT #1, “MECH. COMPRESSION", TJLOM, TJHIM, TJSTM
PRINT #1, "THERMOCOMPRESSION", TJLOT, TJHIT, TJSTT

PRINT #1, "LUTHI'S ", TJLOL, TJHIL, TJSTL
PRINT #1,

PRINT #1, “DRYING RATES (KG/M2-HR): LOWEST HIGHEST "
PRINT #1, "MECH. COMPRESSION", RILOM, RIHIM :
PRINT #1, “"THERMOCOMPRESSION", RILOT, RIHIT

PRINT #1, "LUTHI’S " RILOL, RIHIL

PRINT #1,

PRINT #1, "FAN ISENTROPIC EFFICIENCY: ", ETAF

PRINT #1, "COMPRESSOR ISENTROPIC EFFICIENCY:", ETAC

PRINT #1, "THERMOCOMPRESSOR EFFICIENCY: ", ETAT

PRINT #1, "CONVENTIONAL DRYER PRESSURE: ", PC, “KPA ABS."
PRINT #1, "WORK-TO-HEAT VALUE RATIO: " EPSILON

PRINT #1, "KG-STEAM/KG WATER EVAP. IN CON- ", KAPPA

PRINT #1, "VENTIONAL DRYER SECTION "

PRINT #1, "CONVENTIONAL DRYER INLET MOISTURE CONTENT: ", XIC
PRINT #1, "IMPINGEMENT DRYER FINAL MOISTURE CONTENT: ", XF
PRINT #1, "SHEET BASIS WEIGHT: "B, "G/M2" .
PRINT #1, " RESULTS "l
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PRINT #1, ‘
PRINT #1, " TJ uJ DELTAP JI JT HEAT WORK
TOTAL EQuv. "

PRINT #1, " DEG.C M/S KPA KG/H KG/H KJ/KG KJ/KG
KJ/rG KG/KG. "

PRINT #1,

CLOSE #1

OPEN "C:\JFBOND\SWIFT\CYCM.PRN" FOR OUTPUT AS #1

FOR ROW/A = 1 TO LR¥%

PRINT #1, RESULTSM(1, ROW#X); RESULTSM(2, ROWX); RESULTSM(3, ROW4);
RESULTSM(4, ROWX); RESULTSM(S, ROW4); RESULTSM(8, ROWXZ); RESULTSM(7,
ROW%); RESULTSM(8, ROW4}; RESULTSM(S, ROWX)

NEXT ROWA

CLOSE #1

! C2- IMPINGEMENT-CONVENTIONAL DRYING WITH RECIRCULATION BY
’ THERMCCOMPRESSCR

SEQUENCE OF CALCULATIONS:

~JET MASS FLOW RATE AND VELOCITY
-INITIAL MOISTURE CONTENT FOR IMPINGEMENT STEAM DRYING
~AVERAGE IMPINGEMENT DRYING RATE
~OUTLET TEMPERATURE TE
-DRYER PRESSURE DROP AND THERMOCOMPRESSOR EXHAUST PRESSURE PJ
~THERMOCOMPRESSOR MOTIVE STEAM FLOW RATE MIM
~TOTAL WATER REMOVAL RATE JT
~COMPRESSOR WORK WC
~HEAT CONSUMPTION QI
~SPECIFIC VALUES: -QI/JT
: -W/JT
~TOTAL ENERGY ET/JT
-TOTAL EQUIVALENT ENERGY EE/JT

v % w w w w m m w w w = mw = =

’ NOTE: THE IMPINGEMENT DRYER AREA IS TAKEN TO BE 1 SQUARE METER
’ THIS SIMPLIFIES CALCULATIONS, AS JI = RI

ROW/ = 1 i S S
COLUMN%. = 1 S - o

' NOTE: FOR THE CYCLE WITR THERMOCOMPRESSOR, XII MUST BE DETERMINED
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' ITERATIVELY BECAUSE OF THE COUPLING BETWEEN IMPINGING JET AND
' THERMOCOMPRESSOR MOTIVE MASS FLOW RATES.

XIT = XF + (1 7/ (1 + (1 /7 KAPPA)})) * (XIC - XF) 'INITIAL GUESS FOR XII

FOR TJ = TJLOT TO TJHIT STEP TJSIT

FOR REJ = 500 TO 100000 STEP SCO

’ JET MASS FLOW RATE (KG/H) AND VELOCITY (M/S)

MJ = 3600 * F * MU(TJ) * REJ / D

UJ = (MU(TJ} * REJ) / (SDEN(TJ} * D)

’ INITIAL MOISTURE CONTENT FOR IMPINGEMENT STEAM DRYING

! AND AVERAGE IMPINGEMENT DRYING RATE (KG/M2-H)

RATECALC:

RC = 3.6 * CON(TJ) * (((TJ + 273.2) / (TB + 273.2)) ~ ~-.77) * (FGEO / D)

* (REJ ~ .668B7) * LOG(1 + (CP((TJ + TB) / 2) * (TJ - TB) / DHV)) /
CP((TJ + TB) 7 2)

XC = .373 * (RC " .2B5)

M=3.028 * {(RC ~ .495) * (B ~ .198)

RF = RC + 3.028 * (RC ~ .485) * (B = .198) * (XF - .373 * (RC ~ .285))

IF (RF <= 0) THEN GOTO REJINCT 'PROVISION FCR RF>0
IF (XII > XC) THEN RI = RIC(M, XII, XF, RC, XC} ELSE RI = RIF(M, XII,
XF, RC, XC)
JI = RI

IF (RI < RILOT) THEN GOTO REJINCT
IF (RI > RIHIT) THEN GOTO TJINCT

’ OUTLET TEMPERATURE TE (DEG. C)

ALPHA = (RI * D) / (3600 * F * MU(TJ) * REJ)
TE = (1 7/ {1 + ALPHA)) * (TJ + ALPHA * {TB - (DHV / CP((TJ + TB) / 2})))
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! DRYER PRESSURE DROP AND THERMOCOMPRESSOR EXHAUST PRESSURE PJ (KPA)

DELTAP = .0000005 * ((MU(TJ) 7 (CD ®* D}) ~ 2) * RS * (TJ + 273.2) * (REJ
~ 2) / PATM
PJ = PATM + DELTAP

! THERMOCOMPRESSOR MOTIVE STEAM FLOW RATE MTM (KG/H)

QRATIOC = ((TJ + 273.2) 7 (TE + 273.2)) * ((ETAT * MPC) / (1 -~ (PATM /
PJ} ~ .25) - 1)
MIM = MJ / (QRATIO + 1)

! TOTAL WATER REMOVAL RATE JT {(KG/H)

TEMP1 = CP((TB + TSATP{PC))} / 2) / DHV

TEMP2 (TB + 273.2) * (1 + (1 / ETAC) * ((PC 7 PATM) =~ .26 - 1)} -
(TSATP(PC) + 273.2)

TEMP3 = TEMP1 * TEMPZ

TEMP4 = CP((TE + TB} 7 2) * (TE - TB) / DHV

JT = JI + (1 / KAPPA) * (JI + MIM) * (1 + TEMP4 + (1 + TEMP4) * TEMP3)

! COMPRESSOR WORK WC (KJ/H)

WC = (JI + MIM) * (1 + TEMP4) * CP(TB) * ((TB + 273.2) / ETAC} * ((PC /
PATM) ~ .26 - 1)

! HEAT CONSUMPTION QI (KJ/H)

QI = MJ * CP((TJ + TE) » 2) * (TJ - TE) + MIM * (DHV + CP{(TB + TE) / 2)
* (TE - TB))

' ITERATION OF XII

IF (((XF + (JT 7 JI) * (XII - XF)) - XIC) > .01) THEN
XII = XII - .001

IF (XII > (2 * XF)) GOTO RATECALC ELSE GOTO TJINCT
END IF

IF (((XF + (JT / JI) * (XII - XF}) - XIC) < -.01) THEN
XII = XII + .001

IF (XII > (2 * XF)) GOTO RATECALC ELSE GOTO TJINCT

END IF
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SPECIFIC HEAT (KJ/KG), WORK (KJ/KG), TOTAL (KJ/KG) AND
! EQUIVALENT (KG/KG) ENERGY CONSUMPTION

RESULTST(8, ROW%)
RESULTST{9, ROWX)

(QI + WC) - JT
(QI + EPSILON * WC) / (JT * DHV)

RESULTST{1, ROWZ) = TJ
RESULTST(2, ROWX} = UJ
RESULTST(3, ROW%) = DELTAP
RESULTST{(4, ROW%) = JI
RESULTST(S, ROW#%) = JT
RESULTST(8, ROW%) = Q1 / JT
RESULTST(7, ROW%) = WC / JT

ROWA = ROWZA + 1

REJINCT:
NEXT REJ

TJINCT:
NEXT TJ

LR% = ROWA - 1

' RESULTS PRINTING SECTION

CLs

PRI NT " RESULTS "
PRINT

PRINT “ TJ uJ DELTAP JI JT HEAT WORK TOTAL
EQUV. "

PRINT " DEG.C M/S KPA KG/H KG/H KJ/KG KJ/KG KJ/KG
KG/KG. "

PRINT

FCR ROW% = 1 TO LR% .
PRINT USING  "##it##. ##"; RESULTST(1, ROW4); RESULTST(2, ROWZ4),
RESULTST(3, ROW%), RESULTST(4, ROWZ), RESULTST(S, ROWZ), RESULTST(E,
ROW%4), RESULTST(7, ROW4), RESULTST(8, ROWA), RESULTST(9, ROW4)

NEXT ROW4
’ RESULTS EXPORT SECTION

OPEN "C:\JFBOND\SWIFT\CYCT.PRN" FOR OUTPUT AS #1
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FOR ROWA = 1 TO LR%

PRINT #1, RESULTST(1, ROW#4); RESULTST(Z2, ROWZX); RESULTST(3, ROWZ%);
RESULTST(4, ROWX); RESULTST(S, ROW4); RESULTST(6, ROWX%); RESULTST(7,
ROWX); RESULTST(8, ROWZ); RESULTST(S, ROWX)

NEXT ROWA

CLOSE #1

' C3- PURE IMPINGEMENT DRYING WITH OPEN-CYCLE HEAT PUMP (LUTHI’S FIRST
' CYCLE).

' SEQUENCE OF CALCULATIONS:

—-JET MASS FLOW RATE AND VELOCITY
~INITIAL MOISTURE CONTENT FOR IMPINGEMENT STEAM DRYING
-AVERAGE IMPINGEMENT DRYING RATE
~0UTLET TEMPERATURE TE
-DRYER PRESSURE DROP AND FAN EXHAUST PRESSURE PF
~FAN WORK WF
~COMPRESSOR WORK WC
-TOTAL WATER REMOVAL RATE JT
-HEAT CONSUMPTION QI
-SPECIFIC VALUES: -Qi/JT
-W/JT
-TOTAL ENERGY ET/JT
~TOTAL EQUIVALENT ENERGY EE/JT

w W W W oW m wm ow o m oW w w ow ow

' NOTE: THE IMPINGEMENT DRYER AREA IS TAKEN TO BE 1 SQUARE METER
' THIS SIMPLIFIES CALCULATIONS, AS JI = RI

ROWA =1
COLUMN% = 1

! NOTE: FOR THIS CYCLE, XII MUST BE DETERMINED ITERATIVELY
' BECAUSE OF THE COUPLING BETWEEN IMPINGING JET MASS FLOW
' RATE AND HEAT EXCHANGER OUTLET STATE.

XII = XIC "INITIAL GUESS FOR XII

FOR TJ = TJLOL TO TJHIL STEP TJSTL

FOR REJ = 200 TO 10000 STEP 200
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’ JET MASS FLOW RATE (KG/H) AND VELOCITY (M/S)

MJ = 3800 * F * MU(TJ) ®* REJ / D

UJ = (MU(TJ) * REJ) / (SDEN(TJ) * D)

’ INITIAL MOISTURE CONTENT FOR IMPINGEMENT STEAM DRYING

! AND AVERAGE IMPINGEMENT DRYING RATE (KG/M2-H)

RATECALCL.:

RC = 3.6 * CON(TJ) * (((TJ + 273.2) / (TB + 273.2)) ~ -.77) * (FGEO / D)

* (REJ ~ .6BBE67) * LOG(1 + {(CP({(TJ + TB) ~» 2) * (TJ -~ TB) / DHV)) /
CP{(TJ + TB) / 2)

XC = .373 * (RC ~ .2865)

M=3.028 * (RC ~ .495) * (B ~ .198)

RF = RC + 3.028 * (RC ~ .495) * (B ~ .198) * (XF - .373 * (RC ~ .2B5))
IF (RF <= 0) THEN GOTO REJINCL ' PROVISION FOR RF>0

IF (XIT > XC) THEN RI = RIC(M, XII, XF, RC, XC} ELSE RI = RIF(M, XII,
XF, RC, XC)

JI = RI

IF (RI < RILOL) THEN GOTO REJINCL

IF (RI > RIHIL) THEN GOTO TJINCL

’ OUTLET TEMPERATURE TE (DEG. C)

ALFHA = (RI * D) 7 (36800 * F * MU(TJ) * REJ)
TE = {1/ (1 + ALPHA)) * (TJ + ALPHA * (TB - (DHV / CP((TJ + TB) / 2))})

! FAN EXHAUST PRESSURE PF (KPA ABS.)

DELTAP = .0000005 * ((MU(TJ) » (CD * D)) ~ 2) * RS * (TJ + 273.2) * (REJ
~ 2) 7/ PATM
PF = PATM + DELTAP

! FAN WORK WF (KJ/H)

3
]

(MJ * CP(TE) * (TE + 273.2) / ETAF) * ((PF / PATM) ~ .25 - 1)
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: COMPRESSOR WORK WC (KJ/H)

WC = JI * CP(TE) * ((TE + 273.2) 7/ ETAC) * ((PSAT(TJ) / PATM) ~ .25 - 1)

' TOTAL WATER REMOVAL RATE JT (KG/H)

HT = ((WF + WC - (MJ * CP((TJ + TE} ~ 2) * (TJ - TE))) / JI) + {DHV +
CP((TB + TE) / 2) * (TE - TB))

QUAL = (HT - (CL * (TSATP(PC} - TB))) / DHV

JT = JI * (1 + QUAL / KAPPA)

? ITERATION OF XII

IF (((XF + (JT 7 JI) * (XII - XF}} - XiIC) > .01) THEN

XII = XIT - .001

IF (XII > (2 * XF)) GOTO RATECALCL ELSE GOTO TJINCL
END IF

IF ({(XF + (JT / JI) * (XII - XF)) - XIC) < -.01} THEN
XII = XII + .001 g

IF (XIT > (2 * XF)) GOTO RATECALCL ELSE GOTO TJINCL
END IF

' SPECIFIC HEAT (KJ/KG), WORK (KJ/KG), TOTAL (XKJ/KG) AND EQUIVALENT
' (KG/KG) ENERGY CONSUMPTION

RESULTSL(1, ROW4) = TJ

RESULTSL(2, ROWA) = UJ .

RESULTSL(3, ROW4) = DELTAP

RESULTSL{4, ROWX) = JI

RESULTSL(5, ROWX) = JT

RESULTSL(6, ROW4) = WF / JT

RESULTSL(7, ROW%Z) = WC / JT

RESULTSL(8, ROW%) = EPSILON * (WF + WC) / (JT * DHV)
RESULTSL(9, ROW#) = QUAL

ROWY = ROWY + 1

IF (QUAL > 1) THEN GOTO TJIiiCL "PROVISION FOR QUALITY < 1
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REJINCL:
NEXT REJ

TJINCL:
NEXT TJ

LR¥% = ROWZ - 1
! RESULTS PRINTING SECTION

CLs

PRINT " RESULTS "
PRINT

PRINT " TJ uJ DELTAP JI JT  WF/JT  WC/JT EQUV.
QUALITY"

PRINT

FOR ROWZ = 1 TO LR¥%

PRINT ; USING “#####. #8"; RESULTSL(1, ROWY%); RESULTSL(2, ROW4);
RESULTSL(3, ROW#4)}; RESULTSL(4, ROW%); RESULTSL(5, ROWZ); RESULTSL(S,
ROW#%); RESULTSL(7, ROWZ), RESULTSL(8, ROWX), RESULTSL(S, ROWX)

NEXT ROWZ
' RESULTS EXPORT SECTION

OPEN “C:\JFBOND\SWIFT\CYCL.PRN" FOR OUTPUT AS #1

FOR ROWZ = 1 TO LR%

PRINT #1, RESULTSL(1, ROWX); RESULTSL(2, ROWX4); RESULTSL(3, ROW4});
RESULTSL(4, ROWX); RESULTSL(S, ROWZ); RESULTSL(6, ROWZ); RESULTSL(7,
ROW%); RESULTSL(8, ROW4); RESULTSL(9, ROW%)

NEXT ROWA
CLOSE #1

END

“" FUNCTION RIC (M, XII, XF, RC, XC)

’ THIS FUNCTION RETURNS THE AVERAGE IMPINGEMENT DRYING RATE, KG/M2-~H,
' FOR DRYING BEGINNING IN THE CONSTANT RATE PERIOD AND ENDING WITHIN
’ THE FALLING RATE PERIOD. THE INPUTS ARE THE SLOPE OF THE FALLING
’ RATE, THE INITIAL AND FINAL MOISTURE CONTENTS FOR IMPINGEMENT
’ DRYING, THE CONSTANT DRYING RATE AND THE CRITICAL MOISTURE CONTENT.
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VALUE = (XII - XF) 7/ (((XI1 - XC} / RC) - (1 / M) * 1LOG((1 + (M / RC) *
(XF - XC))))
RIC = VALUE

END FUNCTION

FUNCTION RIF (M, XII, XF, RC, XC)

THIS FUNCTION RETURNS THE AVERAGE IMPINGEMENT DRYING RATE, KG/M2-H,
FOR DRYING ENTIRELY WITHIN THE FALLING RATE PERIOD. THE INPUTS ARE
THE SLOPE OF THE FALLING RATE, THE INITIAL AND FINAL MOISTURE CON-
TENTS FOR IMPINGEMENT DRYING, THE CONSTANT DRYING RATE AND THE CRI-
TICAL MOISTURE CONTENT.

- = w wm o=

VALUE = (-M * (XII - XF}) 7 LOG({(1 + (M 7/ RC) * (XF -~ XC)) / (1 + (M /
RC) * (XII -~ XC)))
RIF = VALUE

END FUNCTION

! STEAM PROPERTY FUNCTION DEFINITIONS ARE GIVEN IN APPENDIX 4
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