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ABSTRACT

-The use of fluidized beds of hot inert>solids for dry-
in§ wood is a re]atively new conceht. Recent investigatiohs
| on f]uidized‘bed drying of thin veneer (],2) have shown that
more fapid drying can be achieved by this method than by
convénfiona] means. |

In the present work, blocks of Western Hémiock wood,
2 in. x 4 in. x 1 ft. containing 70% to 100% moisture (dry-
_basis) were dried in a fluidized bed of -20 +30 mesh sand at
four levels 6f bed temperature (175, 190, 204, and 217°F)
and three air velocities. “The drying time required to reach
15% moisture content (M.C.) was 14-15}hrs. for lumber dried
at 204°F as against two or more days generally taken in Kiln dry--
~ing. The quality of the wood dried ét bed temperatures of
204°F and below was not adversely affected. Bed temperature
had a strong inverse effect on drying time, while the fluidiz-
ing air flow fate had 1ittle effect.
| The diffusion equatiqn was employed to déscribe the
.movement of moisture during the fa]]ing-fate-period of dry-
ing and the heat conduction equation to describe the unsteady-
state movement of heat inside the drying block of wood.
.Mathematically, drying was treated both as a one and a two-
dimensional problem. The resulting equations were solved

on a digital computer to predict the average moisture content

i



?

and the average temperature of the_drying block of wood,

- each as-a fUnctioﬁ of time. The distribﬁtion of moisture
content within the drying block was also computed. The
caicu]ated results showed a good agreement with gxpefimenta]
data. THe economics of fluidized bed drying were estimated
and compared with the cost of Kiln drying. The results

- -showed that the capital cost of the fluidized bed system is consi-
derably 1owek while the operating cost is similar to that for kiln |

drying.

it
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CHAPTER 1

INTRODUCTION

Thé aim of this investigation was to assess the feas-

ibility of drying lumber in a bed of inert solids f]uidized

- with hot air. It is known that heat can be transferred

"rapidly and evenly from a fluidized bed to an object
immersed in the bed. dﬁe of the remarkable features of:

the fluidized bed is its temperature uniformity in both
radial and axial directions with effective thermal conducti-
vity of up to one hundred times that of silver, (3, p. 265).
The high rate of bed-to-object heat transfer is due to the
bubble-induced Vigofous mixing of the solid phase which also
causes pfaética]]y isothermal conditions in the'bed (4).

ZiegTér et al. (5), who studied simultaneous heat and
mass transfer_from.the surfaée of a wet sphere in a gas
stream and a gas f]uidized bed,'found that the presence of
solid particles in the fluidized state increased-thé rate
of mass transfer several times and of heat tr;nsfef 10 to
20 times, | _

In drying experimehts Loos (1) found that the drying
time required to dry 1/10" green loblolly pine veneer from |
107.3% M.C. down to 5% M.C. in a fluidized bed of sand at
400°F was 1 3/4 minutes. The highest drying rates obtained

in this study were three times faster for a fluidized bed



of sand fhan fhose for jet dryers run at the same tempera-
tures. Similar results have been reported by Babailov (2)
who found that the drying time required to dfy 0.06" thick
peeled veneer from 80% M.C. to 6% M.C. in a f]uidiéed bed

of metalTurgical slag at 293°F was 1 minute.

F]qidized bed drying appears to have several advant-
agés oVer convective drying with hot air,'which can be
summarized.as follows.

1. A dniform and closely controllable temperature

throughout the bed.

2. Shorter drying time than in 6ther types of dryers,

owing to the high rates of heat and mass transfer
~between the bed and an object immersed in it.v

3. The capital cost is expected to be‘léwer than for

other types of dryérs since with the high drying
rates attainap]e; the dryer would be relatively
sma]].‘ Heavy‘bui1dfhgs and foundations would
therefore hot be_néeded for-housing the dryer.

4, Tﬁe operation and_haintenance of the dryer is

: re]atiVe]y simple, as it is of simple construction
with no‘mbving.parts. The‘operation can be auto-
mated without difficulty. |

Preliminary experiments done by Tam on drying of 2" x 4" pieces of
W. Hemlock in a fiuidized bed of sand showed the drying to be much.
faster than in the absence of the sand bed (42).

The work reported in this thesis covers furthér experiments

on drying of samples of Western Hemlock immersed in a fluidized bed



_of -20 + 30 mesh sand, formulation of a theoretical. model to describe
the simultaneous heat and mass transfer processes involved and fina]]y
an economic assessment of fluidized bed drying versus kiln drying of |
lumber, |

The ‘work has been carried out in consultation with MacMillan

Bloedel Research Ltd.



CHAPTER 2

BACKGROUND AND PREVIOUS WORK

2.1 Drying Mechanism for Wood

1. Definftion of drying

.Drying is'defined,as the removal of a relatively small
amouht of 1iquid moisture from a wet solid by evaporation.
In the evaporation process-heat has fo be supplied to the
materié1’so that simultaneous transfer of heat and mass
occur. The evaporating moisture is usually carried away by
means of an external drying medium circulated over the dry-
ing solid. Often this medium consists of dry air, which
may be heated to éct as the heat transfer medium.
: 2.J Moiéture movement in drying

Water oécﬁrs in wood as free water in cell cavities
and as adsorbed or bound water which is held within the
structure of Ee]] walls. Free water pfesent in cell cavities
'abovevthé fiber-saturation point (F.S.P. - the mbisture con-
fent at which the cell walls are saturated with water but
there 1is no_free water in cell cavities) .does not affect
the propertjés of wood other than weight.- The bound-water,\
however, does affect wood properties, it is more difficult

to remove and requires additional energy for its removal



(bonding energy). According to Stamm (cited in ref. 35),
there are three Ways in which adsorbéd water may be held
within cell walls: (1) as water of constitution that cannot
be removed from wood without causing chemical change in the
nature of cell walls, (2) as surface-bound water, and (3) as
vcapi]]ary-condensed wéter in the transient ce]i-wa]] capill-
-aries. The removal .of water present in the last two forms
doés nof cause any chemical change in the wood.
| Above the fiber saturation point, the cell walls are
saturated with water and no unbalanced force exists which |
~would tend to cause diffusion from regions‘of high concentra-
tion to those of low concentration. However, the cell CaQi-
ties contain varying amounts of water, and that water moves
by capillary action. Below the fiber-saturation bdint,
water occurs in wood as liquid in cell Wallé and as water
- vapor in ce]] cavities, and moves by diffusion due to differ-
ences in mo1sture content and vapor pressure respect1ve1y
| M.o1sture can move within softwood by various
mechanisms. According to Brown (6, p. 26) there are five
main péths of travel (see Fig. 1), | |

1. fhrbugh the cavities of tracheids
through the pits
through the wood ray cells

How N

through the intercellular spaces, i.e., between
the tracheids which do not actually rest against
each other and

5. through the transitory cell-wall passages, which



Fig.1.Magnified three-dimensional sketch of a softwood

;tg:tangential surface; rr: radial surface;

tt:end-grain surface

; c:cell cavily ;sp:springwood;

p:pits

?

wr:wood ray:

tr: tracheid;

Sm:summerwood; ar:annular ring



exist within the cell wall only when liquid sepa-

rates the shbmicroscopic components of the wall,

and which disappear when the liquid is removed.
The available space for moisture movement is said to be from
25 to 85% of the total volume of wood (6), the available
space for wood of high specific gravity (bone-dry wt. of
wood*/wt. of an equal volume of water) being ltess. Of the
total movehent area, the ray cells represent only 2%, and
the intercellular spaces even less (6, p. 26). Hence, the
main areas available for movement of moisture (in any form)
are: cell cavities, pits, and the transitory cell wall

passages.

3. Periods of drying

There are two periods of drying in which the pattern
of drying rate is radically different: the "constant-rate
period" and the "falling-rate period". From data obtained
during drying of solids, a curve of moisture content (dry
basis) as a function of time (Fig. 2) may be plotted. The
variation of drying rate with moisture content can be better
seen if the M.C. versus time curve is graphically or numeric-
ally differentiated and plotted as dm/d6 vs. m, (see Fig. 3)
where m percentage moisture content, dry-basis, is given by

the following equation:

*
Bone-dry weight or oven-dry weight is defined as the
weight obtained on drying wood to constant weight in an oven
at 212°F.



moisture_ content (%)

time & (hrs) | |
Fig.2 MOISTURE CONTENT vs. TIME
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[ Y
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moisture content (%)
Fig.3 DRYING RATE vs.MOISTURE CONTENT



. (Original weight) - (bone-dry weight) x 100 A

m (bone-dry weight)

The constant-rate period on each curve is represented
by‘section BC, and the falling-rate period by CE’which begins
‘when the moisture content reaches the critical value (point
C). The section CD is usually called the first faYHnQ
rate period during which the solid surface is nb longer fully
covéred with moisture; As more and more of the surface
becomes dry, the drying rate decreases. The portion DE 1is
fhe second falling-rate period during which the solid suf—

face is assumed to be completely dhy.

4. Constant-rate period

In the first drying period (cdnstant;rate) the rate
Qf«drying depends entirely on externa] parameters such as
the velocity, flow pattern, temperature and humidity of the
drying air. During this period, the resistance to internal
transfer of moisture to the surface is small compared to
the external resistance to removal of moisture from the sur-
face. Hence, the evaporation'raté>of liquid at the solid
surface controls the drying rate. If the extefna] conditions
are kept constant, then the drying rate in this period is |
‘constant. During this period, the solid has a continuous
fi1m of 1iquid over the entire drying surface. It is also
known that if all the heat for'evapofation of water is
supplied in the drying air (convective‘drying), fhe tempera-

ture of the solid will equilibrate at or close to the wet-
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bulb temperature of air. The equilibrium between heat trans-
fer to the solid surface and mass transfer from the saturated
surface of the solid, which exists during this period Qf dry-

ing, can be expressed as follows (7),

d6%.  pgfh T eget
assUming“no change in solid volume during drying,
where AT = Tg_f TSC (°F)
' Tg = gas dry-bulb temp. (°F)
Tee = surface temp. during evaporation (°F)
P = P - Py (atm.)
Pg = partial pressure of water in the gas (atm.)
P.. - = vapor pressure of water at TSc (atm.)
h .= heat‘tranéfer coefficient (BTU/ft.2 hr. °F)
A = latent heat of vaporization (BTU/1bm.)
kg‘ ='4mas"s transfer coefficient (1bm./ft.2 hr. atm.)
pso = solid density (1bm./ft.3) of dry wood
2 = half thickness of solid (ft.)
A = surface area (ft.z)
(gm) _ drying rate during the constant-rate period
*de ' ‘

C (1bm. water )
1bm. bone-dry wood, hrs.
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After the critical M.C. 1s.reached the falling rate period

of drying begins.

5. Fa]]ingfrate pekiod

Since there i§ no longer any free moisture on the
solid surface, an addftibna] resistancé to moisture‘transfer-
arises, inside the méterial'being dried. The drying rate
' therefore decreases and becomes govérned By_the rate of mois-
ture movement within the solid. The internal mass transfer
rate depends dn the internal physical nature of the solid
and its moisture content. In addition, the solid surface is
no 1onggr at the wet bulb femperatures, so that it becomes
necessary to take into account both temperature and moisture
content distributions within the body.

" Most of the various theoretical models which have been

prbbosed for interpretation of moisfure distribution and
rate of moisture movement inside porous solids fall into the
following categories:

A. Diffusion theory

B. Capillary theory
and the most recent one

C. .Moving boundary theory.

A. Diffusion theory
"This theory, which assumes that liquid moisture moves
through the so]id'body as a result of concentration driving

force, waé first proposed by Sherwood (9) and Newman (10).
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They used Fick;s second law of diffusion,-whith has a mathe-
matical form analogous to Darcy's.]aw and Fourier;s heat-
conduction law to describe the rate of moisture movement
inside the drying solid.

| Fick's second law of diffusion is written as.f011ows:

2
dm d"m
=D — 2

where y is the thickness‘of the solid in the djreétion of
diffusion and D is the diffusion coefficient. Sherwood (9)
and Newman (10) found a complex solution for this equation
for the drying of a'slab in the falling-rate period. The
assumptions used in deriving this equation were: o

1. Surface bas a constant moisture content.

2. Evaporation takes'p1ace at the surfacé.

3. The diffusion coefficient D is constant.
Fof these conditibhs the solution of the diffusion equation

for a slab given by Newman (10) is as follows:

_ 25D

2 -
] 4%, 1 1 4g
K= le Tge t o5 e HIEER

where = D = diffusion coefficient
2 = half-thickness
6 = time
X = the fractional amount of moisture unremoved
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D.varies with méisture content as well as with temperature
but over small ranges of moisture content and tempgrature,
the assumption of.constancy.of D is.a good approximation,
and is often used. |

For long drying times, Eq. (3) simplifies to a limit-

~ing form of the diffusion equation as follows:

. 2, ,2
X - _gz_e-new /4% 3.1
. T '

Eq. (3.1) may be differentiated to give the drying rate as

o.

__lg_ =’--——--1T g (m-moo) - 3.2

where %% drying rate, 1b./(hr.)(1b. dry solid).

mym.,m, avérage moisture content (dry basis) at

' .. any time 6, at the start of the falling-
rate period, and at the surface, respectively,
1b./1b. _

The diffusion model has'been widely accepted for drying of
porous solids. Céag]ske and Hougen (12) believed that the \
diffusion equation was applicable to the drying of a soiid'
having a fine uniform fibrous structure, such as wood, because

the capillary tension, which causes the flow of liquid varies

directly with the degree of saturation of the solid. They
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suggested that the movement of water in fibrous materials
such as textiles, wood, paper and starch takes place by
‘ diffusion rather than by gravity, capillarity or external
pressure. |

HHOn"the other hand, it is evident that there is a differ-
ence between the bound water diffﬁsionvduring dryinngf‘wqod-
..and the Fickian ..diffusion’ describedfby the diffusion model
(11). 1In fhé former only very small temperature dependent
portion of water molecules migrate at any times (i.e.,'watér
molecules bounded to their sorptioh sites.migfate to new
sites when they receive energy in exéess of the bonding
energy) whereas in the latter all water molecules migrate
at all times. This leads to the conclusion that strictly
speaking Fick's second law does not necessafi]y hold true
for.bound water diffusion. Neverthe]ess; the diffusion
éqﬁation has been fodnd to give reasonable agreeﬁént with
experimental data and can be used within the limits impdsed

by the assumptions listed earlier in this section.

B.  Capillary theory

The capi]1afy flow theory (7,8,13,14,15,16) assumes
that liquid moisture in a porous solid moves through a_very.
large number of capillaries extending in all directions by
liquid-solid molecular attraction. It postulates that dur-
ing the constant-rate period, there is a water film on the
solid surface since the capillaries are full. As water

evaporates from the surface, some unsaturated surface portions
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appear and water starts to f]owvfrom the large capillaries
into the smaller capillaries end to the surface. In this -
way, some capillaries are drained out and more dry surface
appears. As a result of the reduced mass transfer area at
the surface, the rate of drying decreases. For thick solids
~with long capi]]aries; an internal flow resistance is also
postulated. The main assumptions involved in this model are:
1. 1iquid moisture moves only by capi]Tary motion ’
2. evaporation takes place only at thevsurface
E 3. surface temperature equals wet-bulb temperature
at the critical point, and increases up to the
dry bulb temperature as the equilibrium M.C. is
reached | |
4, effect of mass tfansfer on heat transfer is
negligible. _
The falling-rate, as euggested by Perry (ref. 7; see
Fig. 3) can be,expressed with fair accuracy over the required
range of moisture contents by an equation‘simi1ar to Eq.

(3.2); thus

dm dm o
- = (47 = Ky (m-m_) o 4
do do falling-rate !

where K] is related to the drying rate over the constant-
rate period as follows:
(dm/de)C

S I e | 5



4 - 16
Substituting (dm/de)C from Eq. (1) into Eq: (5), and putting
Ky into Eq. (4) gives: | |

dm _ h(Tg-Tsc)(m-mm)
—- de psAz (mc-mw)

dm

This theory of moisture movement could only bé'applicab1e
for liquid water (free and capillary condensed)’thﬁw con-.
tinuously in capi]]arieé through fiber cavities, pit chamBers,
pit membranes and other voids by mass flow. However, a bart
of the bound water in wood is sﬁrface bound water and its
movement through cell walls cannot be neg]iQib]e. \

o~z This view is supported by experimental data'whi;h, in
genéral, show a non-linear ré]ationship betweeﬁ drying rate

and moisture content (e.g., Fig. 20) rather than the linear

relationship assumed in writing Eq. (4).

C. Moving boundary model

This is the most recent model fof interprétation of
moisture distribution inside a porous solid duriﬂg drying,
widely accepted in the eastern world (14, 17, 18). The solid
is considered to have a wet zone and a dry zone. Evapora-
tion takes place ét the interface betweeﬁ the wét and dry
zones which moves inwards during drying. According to this
model, the interface and the dry zone offer the main resist-
ance to the flow of moisture, the resistance of the wet zone

being negligible in comparison. Moisture movement in the
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wet zone is considered to be by capillary motion and in the
dry zone by vapor diffusion. More detailed discussioﬁ of

this model is given in Section 2.2.

D. Other models

It is important to add that over 30 years ago Lykov
(cited in ref. 13) found that moi;ture can move through a
wet material due to temperature gradient (known as thermo-
diffusional effect). This effect according to Lykov was the
result of thermodynamic coupling of the heat and mass trans-
fer procesées. ‘

Valchar (19) suggested that l1iquid moisture movement
may be effected by changes in concentration of vapof mois-
ture, as a result of coup1ing of heat and mass transfer
processes.

There have been a few attempts to generalize the pro-
blem, for example by Krischer and his school (20) (cited in
ref. 13). They wrote the differentia] mass and heat equa-
tions, assuming that moisture may moVe by two mechanisms:
capillarity characterized by a "moisture conductivity co-
efficient" and diffusion characterized by a "moisture diffusi-
vity coefficfent", The two mechanisms may act iﬁ series, in
parallel, or in series and pafa]]e] combinations. The two
coefficients are functions of the nature of the solid, its
moisture content and temperature, so that Krischer's analysis
leads to differential equations with variable coefficients.

Hence, a complicated calculation procedure is involved in



18

determining the rate of internal moisture transfer,

On the basis of Krischer's hypothesis, Lykov et al.
(27) (cited in ref. 13) modified their original concept and
applied the methods of thermodynamics of irreversible pro-
cesses to the internal heat and mass transfer processes in
drying. According to them, moisture transfer occurs due to
a moisture transfer driving force (which takes in all possible
mechanisms of moisture transfer) characterized by a moisture
diffusivity coefficient, and due to a tempefature gradient,
which is characterized by a thermo-gradient coefficient.
Values of both the coefficients are dependent on moisture
content and temperature, as well as on the nature of solid.
It should be noted that in this approach the Lykov "moisture
diffusivity" attempts to include both of Krischer's co-
efficients in one parameter by using a generalized driving
force instead of two separate driving forces (diffusional
and capillary)..

Although the concept of moisture movement occurring
simul taneously by one br more mechanisms is very realistic,
the mathematics involved becomes very complex and therefore

- such models have not been applied in practice.

2.2 Fluidized Bed Drying

1. Drying of wood
The use of fluidized beds of inert particles to dry wood

is a relatively new concept. Loos (1) dried green pine veneer
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in fluidized beds of sand and Ceraspheres (hollow ceramic
spheres -10 +30 mesh), using two veneer thicknesses (1/10
inch and 3/16 inch),‘three bed temperatures (250, 325, and
400°F) and two air velocities (30 and 60 cfm). The shortest
drying time to reach 5% M.C., starting from 107.3% M.C. was
found to be 1 3/4 minutes for the thicker veneer. The maxi-
mum drying rates obtained were three times faster with sand
beds and two times faster'with Cerasphere beds than those
for a jet drier at the same temperature, Increaging the
bed temperature had the greatest effect on drying rate. Air
flow rate had an effect on drying rate only at low bed
temperatures and with thé slower drying rate medium (Cera-
spheres), but had negligible effect at higher temperatures
and with sand beds.

Babailov and Petri (2) have recently reported similar
work on drying of peeled veneer of thicknesses 1.9 mm, 1.45
mm, 1.1 mm inch and 0.65 mm, in a fluidized bed of metal-
lurgical slag (particle size, 0.515 - 1.125 mm), from 80%
M.C. to 6% M.C. at several temperatures and ajr velocities.
They found that the drying time for 1.45 mm thick veneer
decreased by a factor of 6.5 as the bed temperature increased
from 105 to 280°C; however, for bed temperature increase
from 260°C to 280°C, the drying time decreased very little.

They also found that the velocity of gas did not play
an important role in veneer drying. Babilov and Petri
reported the following linear relationship between drying

time (1) and the thickness of veneer (S]):
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k

P
1]

171

where coefficients k] and b] are bed temperature (1) denendent

1.98 x 107 x ¢~2-63

>~
1

+ 7.78 8

7

by = 11,9 x 107 x £=3.29

+ 1.41 9

where S] is in millimeters, t in degrees centigrade and t is
in seconds. |

From a comparison between fluidized bed dryers and
other types of dryers (convectﬁve dryer, contact dryer and
rotary dryer), Babailov and Petri showed that drying time
in the fluidized bed is much shorter.

A mathematical model for calculating the rate of veneer
or wood drying in a fluidized bed has been presented by Wen
and Loos (22). The symbols used in this model and their
physical relationship to the drying veneer are shown in

Fig. (4).



Fig.4

FLUIDIZED BED DRYING MODEL
OF WEN AND LOOS
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From heat transfer equation

.

= ._S_I(T

9= h(Tp-Tys)= T, (Tas~Te)

and mass transfer equation

1
o
-
=%
(V2

Nw = kg#Pds'Pb) T RT, AL

they derived

8D : D
8 4 “e 1
(1-X) S (PP - Tt AT
7 £ p/ \ToX Lk RT
L, RTapw _ gl a
and
8k ok
_ sl _ B _ 4 "sa
(-0 = 2= e Ty - 0w
w ‘
where g = flux of heat transfer, BTU/(ft.Z)(hr.)
:Ta = average temperature in the wood, °F
h = heat transfer coefficient across gas film,

BTU/(hr.)(ft.2)(°F)

‘k51= effective tHerma] conductivity of wood,
BTU/(hr.)(ft.)(°F)

k L mass transfer coefficient across gas film,
g 1b. moles/(hr.)(ft.2)(atm.)

D = effective diffusivity of water vapor through
dry wood layer, ft.2/hr.

10

11

12

13
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R = gas eonstant;’(atm.)(ft.3)/(1b. moles) (°F)
X = fraction of water remaining in wood

A = latent heat of vaporization of water, BTU/Tb.

Mw = molecular wt. of water, 1bs.
Py = initial wt. of water per unit vol. ofvmod,lanWt.3
e'_= time, hrs.

Plots of 1-X VS’.T%Y using experimental data at a bed
temperature of 250°F gave straight 1iﬁes and were used to
calculate k51’De’ h, and kgl,assuming Te in Eq. (13)_to be
the boiling point of water (212°F) and Pe in Eq. (12) to be
one étmosphere; However, at bed temperatures of 300°F and
above, the plots did not give straight lines, and the data
showed the rate of dfying above 250°F to be a weaker function
of bed temperature than indicated by Eq. (12). The assump-
tion that the temperature at the interface between the dry
and Wet Tayers is the boiling temperature of water is an )

"~ arbitrary one and apparehtly Becomes invalid at high bed
temperatures. It wou]d a1§o not apply at bed temperatures
1ower than 212°F. A more reasonable assumption for Tf would
appear to be the wet bulb temperature. However, plots of
1-X vs. e/]—X,usiﬁg experimental data obtained in this work"®

did not give straight lines. The model described above is

tﬁerefore considered to be of limited validity.
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2. Heat transfer between a fluidized bed and a submerged
object

Heat transfer between a fluidized bed and a surface
in contact with it is much more rapid than in single-phase
gas flow, or in a fixed bed. Bed-to-object heat transfer
coefficients in gas fluidized beds have been found to be 20
to 40 times those for gases alone (5, 3). Possible explana-
tions for good'heat}transfer in fluidized beds have been
summarized by Ziegler et al. (5) as follows: |
1. The increase in heat transfer is a consequence of
the scrubbing action of particles against the trans-
fer surface. This action disturbs the gas fi]m;
decreases its resistance to the flow of heat and
so increases heat transfer coefficient (23, 24, 25).
2. Fluidized particles move in pockets from the core
of the bed to the heat transfer surface, absorbing
or giving up heat by unsteady state conduction and
returning to the core of the bed (27, 28). The
gas serves as a stirring agent and also as a heat
transfer medium between the particles and the sur-'
face. The presence of the fluidized particles
causes ihe heat capacity of the pockets to be high
thereby'giving faster heat transfer than with a
gas alone.
Several equations for calculating heat transfer co-
efficients proposed‘by different investigators, are given

in the book by Kunii and Levenspiel (3, p. 268).



CHAPTER 3

THEORETICAL ANALYSIS OF DRYING IN
FALLING-RATE PERIOD

3.1 Definition of the Problem

The problem is to formulate a mathematical model for
drying in the falling-rate period which can be used to pre-
dict distribution of moisture and temperature inside the wood
during drying with a finite external reS%stance to heat and
mass transfer. The model will be‘restricted fo the drying
of a uniformly wet slab of wood with heat and mass transfer

occurring in one dimension and in two dimensions.

3.2 Selection of a Model

The various models for moisture transfer inside wet
bodies discussed in the prévious sections were examined, and
the liquid diffusion model was selected for the following
reasons:

1. The capillary theory of moisture movement is applic-
able only to that fraction of water which moves
through capillaries by mass flow (free and capill-
ary condensed water) but not to surface bound mois-
ture whose movement by molecular diffusion cannot
be negligible, especially at low moisture contents.

2. The moving boundary model assumes that the tempera-

25
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ture at the interface between the dry and wet zdnes
is the boiling temperature of water. This is an
arbitrary assumption and apparently becomes invalid
at bed temperatures higher than, as well as lower
than, 212°F. 4A more reasonable assumption for the
interface temperature would appear to be the wet
bulb temperature, but plots of (1-X) vs. 6/(1-X)
using the experimental data obtained in this work
did not give the expected straight line. This model
is therefore considered to be of limited validity.
Besides, the concept of having a completely dry zone
and a wet zone does not seem to be rea1isti¢.

3. The diffusion model on the other hand offers a more
reasonable mechanism for the movement of bound
water during drying, and is amenable to mathe-
matical analysis. It has, therefore, received
acceptance in the iiterature (7).

Sherwood (9) and Newman (10) have thoroughly investi-
gated the problem of diffusion in porous solids when the mass
transfer coefficient through the gas film is infinite (i.e,,
zero surface resistance to mass transfer). In fhe analysis
presented here, their solutions are extended to include the
more general boundary condition where the surface mass trans-
fer coefficient is finite. 1In addition, the theory developed
is capable of yielding the distribution of moisture within
the solid as é function of time, while Newman's diffusion

model provides only average values of moisture content of
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wood during drying.

3.3 Assumptioﬁs
1. The effective diffusivity D and thermal diffusi-
. vity o are assumed,fo remain constant during the
coﬁrse of a drying run. »:

2. Liquid‘évaporates only from theAsurface.

3. The surrounding air is‘dry (mb = 0).

4. The so called "radiation" boundary condition exists
(30). This boundary condifion describes the situa-
tion where the flux of heat or mass across the sur-
face is proportional to the temperatufe or partial

"pressure‘gradients befween the surface and the
_surrounding medium (i.e., finite surface resistance

§

to heat and mass transfer).
, ~
3.4 Theoretical Analysis
In the following analysis, the drying 6f a block of‘
wood is treated as a two-dimensional problem, assuming that
temperature and moisture gfadients in the x-direction (along
the grain) (see Fig} 5) can be neglected.

' This assumption is. valid fof'drying of a long piece of
lumber (2"x4"x12f), and was satisfied in the experimental
work by insulating the two ends of the block for both heat
and mass transfer.

Note that y direction is a radial direction (across

the growth zones) and z is a tangential direction (parallel
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Fig.5  GEOMETRY OF BLOCK
y -/

Yaws
Ny

x

to the growth zones).
When a block of wet wood is subjected to convective
therma] drying, two processes occur simultaneously.
1. Transfer pf heat to the surface by convection and
then into the interior of the block by conduction.
2. Transfer of mass as liquid from the interior to
the surface by diffusion and as vapor from the sur-

face to the surroundings by convection.

1. Heat transfer

An elementary heat balance inside the block gives:
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- 2= 2= ‘
%% = a{i_% + E_l} 1
oy 9z
where
h o = ks (subscript s refers to - \ 2
.CpspSo solid properties)
- (T1,-T) o
T = TTE:TET s d1men5jon1ess temperature 3
kS = thermal conductivity (BTU/ft.hr.°F), assumed
: constant S

Cps = specific heat (BTU/1bm.°F)

Peo = density (1bm./ft.3)0fdryvmod

T = temperature at any point inside block (°F)

Tb = temperature of fluidized bed (°F)

T0 = initial temperature of block (°F) at the beginning
of the falling-rate period, assumed constant throughout the
block

& = time (hours)

o = thermal diffusivity (ft.z/hr.),'(avérage~va]ue

over the drying period).

Equation (1) must satisfy the following initial and
boundary conditions.

Initial condition

6 =0, forall y,zz T =7T, or T =1 4
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Fiﬁa1 condition
o > o, for all y,z: T.+ Ty or T >0 5
Boundary conditions

2, -L < Z < L:’

. 8>0, y-=
kg 5% - ADogy§% = h(T,-T) K;
Q
where A = latent heat of Vapbrization of water (BTU/1bm.)
m = mass of water/mass of dry wood (1bm./1bm.)
h = external heat transfer coefficient (BTU/ft.zhr.°F)

D = diffusivity of water in wood (averége value over
the drying period) (ft.2/hr.).

Let

where mo‘(assumed constant throughout the block) and mm'are
the moisture contents of the wood at 6 = 0, (at tmebegiMﬁng of -
the falling-rate period) and 8 + =, respectively. Substitution from

Eqs. (3) and (7) into Eq. (6) gives

' 9T M _ = :
- kS(Tb-TO) 5y - ADpSo(mO—mw) 5y - h_(Tb-TO)T 8

or
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Putting
ADogdmo ) 10

and

h

2= p 11

ks»
in Eq. (9), gives

T M 5
-3y " 35y C bT 12

The boundary conditions for the other three surfaces

can be found in a simi]arvmanner. Thus for 6 > 0, ¥y = -2,

and -L < Z < L
+_

dT M _ =
5 + a 3y bT

For 8 >0, z = L, and -2 < y < 2,

e
=il

oM _ . =
-a:ﬁ--bT

(s34

¥4

13

14



For 8 > 0, z = -L, and -2 < y < &,

1

AT M _ = :
+57+ a.'é-z'—bT- 15
2.  Mass transfer .
| ”:A simple matérial,ba1ance on an element inside the
block gives
SN2 20 :
e T ’ 16
3y VAN
"The initial, final, and boundary conditions are:
6 =0, forall y,zz M=1 | 17
(e.+ ©, for all y,z: M - 0) V 18
For 6 >0, y = &, -L <Z <L
o, 2= (p-p,) - 19
sO03y g''s b * :
“where k = external mass transfer coefficient (1bm./ft.2
. 9  hr.atm.)
P_ = partial pressure of water vapor at the surface

(atm.)

Py = partial pressure of water vapor in the bed (atm.)
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If we assume that the water vapor concentration in
the surrouhding is zero, i.e., Pb = 0, and the partial pres-

sure of water vapor at the surface is given by
P.= P S em_ | 20

where P is the vapor pressure at the surface, and S is the

vp .
slope of the desorption isotherm curve for Western Hemlock
(Fig.'6) representing the relationship between moisture con-
tent (%) and relative humidity (%), the boundary condition

(i.e., Eqg. (19)) becomes:

_ Ve -
- Dogdmg-m,) 5y = kP ST {{mg-m )M+ m ) 21

However, since m, = 0, Eq. (21) becomes

M _ gvp .y 22
Letting
kP s
9 VP ___ - ¢ 23
. DpSo

"Eq. (22) becomes

oM _
- 5y = CM | 24



1g6 ADSORPTION AND DESORPTION 34
ISOTHERMS AT 30°C
for westem hemlock (ref30)

[ P
£
/,' A,
Y/
2/
' byl
| /-7/'/
/' ,/.
7 J
470
. / .
Y
/{., 6/ 7
8 4
/./_ Q ,‘. =
< %
O s
&”e P /
l// C o ‘d
é‘ (Q’i,\o '//
/ @
/ 06 . .///
5 NS
e
v =
- ¢ AR DRIED
yd 0 CONVENTIONAL
’/I A 2200F '
O 245F
50 300 100 500 600 70.0 80.0 900

relative humidity (%)



35

In a similar way, for 8 >0, y = -2, -L < Z < L

-+
|
<z

n

CM 25

for 6 >0, z =L, -2 <y < 2

- 37 CM | 26
for 8 >0, z = -L, -2 <y < &
oM _

+_3-Z_CM - 27

3.5 Solution of the Mass and Heat Transfer Equ@tions

The mass transfer boundary conditions represented by
Eq.'s (24), (25), (26) and (27) are independent of tempera-
ture, hence it is appropriate to sb]ve the mass transfer
equations first. The equations are fﬁnear and can therefore

be solved by separation of varjables (39, p. 363).

1. Mass transfer

Let us assume that the solution of Eq. (16).15 of the

form:
M= v, (8)v,(y)ws(z) 28

i.e., the independent variables can be separated, w], wz, w3
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being functions of 6, y, z, respectively. Substituting (16)

into (28) and rearranging gives:
— = D{—--}-——-—} . 29

The left hand side (LHS) is only a function of 6 whereas
the right hand side (RHS) is a function of y and z. This

condition can only be met if

<
f—]

lpzll

7S

constant 30

|

w3ll
Ty

<
—

Let the constant be denoted by -DAZ so that:
lp ]
1 - _p? 31
v
and
w n w "
.__._2 + ___.3 = - )\2 32
Vo o V3
The solution of Eq. (31) -is
2
e-DA 0 33
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omitting the constant of integration multiplying the RHS of
Eq. (33).

From Eq. (32) we have
2 - .3y 34

Once again the LHS and RHS of Eq. (34) are functions of

different independent variables so that

___=...‘B h 35
and

-2 o A= -8 36

The general solution of Eq. (35) is
Y, = A'sin(By) + B'cos(By) 37

where A' and B' are constants of integration.

If we rewrite Eq. (36) is

" 2_,2y, .



and put

then, the general solution of Eq. (38) is:

 ¢3 = A"sin(qz) + B"cos(qz)

14

~where A" and B" are constants of integration.

From symmetry

[}
o

<.
0

0 oM/3y = 0 axpz/ay'

1}
o

N
it

0 oaM/3z 0 Bw3/32

Hence, Eqs. (37) and (39) become

WZ B'cos(By)

Vs B"cos(Qi)

Eq. (28) therefore becomes

z2g

D ecos(By)cos(Qz)'

M = Be

All

38

38.

39

40

41

42

43
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where B constant of integration = B'-B"

D

diffusivity

B, @, and X are eigen values.

To find the constant 8, substitute Eq. (43) into Eq.
(24)

2 2

-Da 68 sin(BL)cos(Qz) = CBe'DX 8

+ Be cos(BL)cos(Qz) 44

or

B tan(BL) = C 45

This equation has an infinite number of solutions for 8. Let
us denote them by B, where n is an integer. Hence Eq. (45)

can be written as:
B, tan(B %) = C . | 45.1

Note that substitution from Eq. (43) into Eq. (25) leads

also to Eq. (45). By a similar method we find
Q tan(qL) =-C ' 46

with Qm as solutions where m is an integer or
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2 tan(QmL) = C 46 .

Eqs. (45.1) and (46.1) can be solved numerically for

Bn and Q which are eigen values as defined by equations

(45.1) and (46.1), respectively. It follows from Eq. (38.1)
that

2 2 2 | 47

We therefore have as a particular solution of Egq. (16)

- -0 e
M = B_e cos(Bny)cos(sz) 48

and as the general two-dimensional solution

2

© -Dx_“6 :
_ n
M = mz] nzl B.ine cos(Bny)cos(sz) 49
where an = Bm-Bn ‘ 50

Eq. (49) may be rewritten as follows

-0g, 2o m -po e
cos(g.y) J B.e ™ cos(qz) 5]

M(g,y,z) = | B
m:

n

ne~1 8
emnd
w
®
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Note that only positive values of B and Qm need be con-

sidered since negative values give dependent particular

solutions.

The average moisture content of the block of wood is:

L 2
May(0) = f [ M(e,y,z)dydz/42L
L -2 '

52

Integration of Eq. (51) and substitution of the result

in Eq. (52) yields:

B, -8,°D8 - §
— sin(B.% — e
] 28n n m= &

~1 8

MAV(e) = )

" The coefficients Bm and Bn on the right hand side of
Eq. (51) are found by substituting Eq. (51) into the initial

condition Equation 17,

1 = nzl B, cos(Bny) mz1 B, cos(sz) : 54
2
Multiplying both sides of Eq. (54) by [ cos(Bjy)dy, we
have 0
2 . 2
f cos(Bjy) = mzl B B, cos(sz) - cos(Bjy)cos(Bny)dy 56
0

0
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-From standard orthogonality procedﬂre(39)

[ | |
f'cos(Bny)cos(Bjy)dy = 0, when n # j . 57

0

therefore, n = j.
Integration of Eq. (56) gives

F =88 mz B, cos(sz) 58
wheré
F = sin(snz)/sn
and
© sin(28. %)
- &' ——_-n—_ )
B = {2 + 18 } . 59
n
| | | L
Multiplying both sides of Eq. (58) with f cos(ﬂkz)dz
we get 0 ’
L ' L .
60

F / cds(ka)dz = B-B_+B_ / cos(sz)cos(ka)dz
0 o 0
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If k # m,

L
f cos(sz)cos(ka) = 0 61
0

Therefore k = m, and Eq. (60) after integration becomes

AA = B_+B *BB.B 62

where
AA = F sin(QmL)/Qm
“and
L sin(ZQmL)
BB—{?-‘-_'@?Z—_ 63
m
Combining Eqs. (63) and (62) with Eq. (59) gives
sin an sin QmL
Ban = Bn'Bn T BT sThn 25 % L sin 2oL 64
n n m m

(ot —— A7+ —g—}

Numerical solution of Eq. (53) in conjunction with Eq.
(64) gives the average moisture content of the block as a

function of time.
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2. 'Heat transfer

By separation of variables

where ¢], $os and ¢3 are functiqns of 6, y, and z, reépec-
tively. | |
As in the case of mass transfer, Eq. (1) leads to the

following equation, which is analogous to Eq. (43) for mass

\

transfer:
= _ -akze ‘ :
T = Ae “cos(uy)cos(vz) 66
where
A = constant of ihtegfation—
o = thermal diffusivity
u,v = eigen values
k2 = u? 42 | 67

“To find the constant u (eigen value), substitute Eq.

(66) and Eq._(49) into Eq. (12), setting z = 0 and y = &,

2 oo

. 0 : . 2 .
-ak™6_. . -DA"8
u e sin(u %) + a z Y By Bun sin(B 2)e
4 m=1 n=1
’ | o _
- pe~ok 6cos(unz) 68
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where u, is the number of solutions, n being an integer.

By a similar method we find

2 ] © 2
-ak“0 . . -DX_“6
Ve s1n(me) + a 2 Z Q. B, s1n(QmL)e n
n=1 m=1
2
- pe”ok ecos(me) 69
with v as solutions, m being an integer,.
It follows from Eq. (67) that
2 _ 2 2 |
kn = Uy + Vin | 70 -

The general solution of Eq. (1) can now be written as

follows:

-ak 29

S A e " cos(uny)cos(vmz) S A

T(6,y,2) = |} . A

m=1 n

Since the coefficient Amn = Am-An. 72

Eq. (71) may be written as follows:

T(e,y,z) =

iie~1-8
b=
1)
=
O
o
w0
———
=
=
<
A
e~1 8
w—
by
®
3
O
o
[72]
-
<
3
N
g
~
w

n=1

Equations (71) and (73) are analogous to mass transfer
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Eqs. (49) and (51). The coefficients Amn = Am-An are found

by the same method as used in the case of mass transfer with

the following result:

sin(unl) sin(me)
A = - . : 74
mn u_f sin 2u_ % v _L sin 2v_L
2 4 2 4
The average wood temperature is given by:
% L
Tpy(0) = [ [ T(e,y,z)dydz/42L 75
‘ S -l ‘ _

Integration of Eq; (73) in conjunction with Eq. (74)

and substitution of the result in Eq. (75) yields

Equation (76) is analogous to mass transfer Eq. (53)
and can be solved numerically to get the average'temperature

of the wooden block as a function of drying time.

3.6 Calculation Procedure
In applying the preceding mathemafica] model to analy-

sis of experimental data, the mass and heat diffusivities
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(D in Eq. (53) and a in Eq. (76)) were treated as loose para-
meters. The values of these parameters weré determjned for
‘each run by searching fqr the value required in the theore-
.tica1 equations to give a good match (least-squares fit)
between calculated and observed results of average moisture
content and average temperature, each as a function of time.
1. Computer program

Digital computer programs for numerical solution of
Eqs. (53) and (76) were written fbr predicting the average
- moisture content and aVerage temperature, both as a function
of time, for a block of wood undergoing unstéady—state dry-
ing. An additional program was written fof computihg and
plotting moisture distribution (Eq. 51) as a function of time.
A list of the Fortran programs used is shown in Appendix A,
while the theoretical results of average moistures and tempera-
tures togethér-with corresponding experimental data appeér
in Appendix B. Theoretical result of moisture distribution
within the block after different periods of drying time are

included in Appendix D.

2. Mass transfef
For calculating average moisture content as funcfion
of time by Eq. (53), the Newton method of iteration (29),
- was employed to find ejgen values (Bn and Qm), i.e., the roots
e . . ' : K P. S_]
of Eqs;f(45¢1)-and-(4§;}).~-ThewCOnstant C é (—Qﬁ%fg——) in

Eq. (23) is a function of diffusivity D, which is unknown.
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Fortunately the value of C for the experimental conF

ditions of the present work was always > 100 and the

eigen values for C > 100 are approximately the same as
“in the caﬁé 0f C = o (36). Hence, even large changes in |
- mass-transfer coefficient k_, vapor pressure'of water at the

g

surface Pv , and solid density Py have very little effect

P
on the final result of eigen values. The slope of the equi]i-u
brium curve (desorption isotherm for Western Hemlock), S
taken from Fig. (6) to be about 0.2 for moisture content of
5-6% which was experimentally found to be the moisture con-
tent close to the surface of the wood.

| The mass transfer coefficient kg, for use in Eq. (23)

was calculated from the following equation given by Beek

(4, p. 433)

. -m*
K U d u
Gw 2/3 _ ~*. mf
— S = C : 77
Tye omF Sc Gz
, . .
where ¢ = 0.7, m = 0, and SC = 2.57 for gas f]uidized bed,
* Umf dp P

R, = ETT:E;F)(3OO-]2’OOO)’ and ey ¢ (0.50-0.95), hence Eq. (77)

‘may be rewritten:

KGw

Umf

(2.57)2/3 - 0.7 78

mf °

where'KGw = mass-transfer coefficient, ft./hr.
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Eq. (77) is valid for mass transfer between a fluidized
bed and a wall or an object. The properties of the fluidized
bed used are given in Table (4). For the present system with
viscosity (u) and density (p) of air at the bed temperature
(T, = 217°F) the value of the mass transfer coefficient by kg
works out to 128 1bm./ft.2hr.atm. The average moisture con-
tent obtained after one hour of drying was used as the start-
ing moisture content of the falling-rate period so as to

exclude the initial heating-up period from the calculations.

3. Heat transfer '

In order to calculate average wood temperature as a
function of time using Eq. (76), the Newton method of itera-
tion (29) was employed to find eigen values (un, and vm),.
i.e., the roots of Eqs. (68) and (69). However, the-exist-
ence of the terms aM/dy and aM/3z in Eqs. (12), (13), (14),
and (15) made the boundary conditions non-linear. In order’
to simplify the problem, theifo110wing approximate procedure
was adopted: The average wood temperature measured eXpefi-
mentally after one'hour of drying was used as the starting
temperature of the first interval. The drying time was then
'divided into intervals of one hour, For each interval, 3aM/oy
and aM/3z were assumed constant and were evaluated af the mid
point of that interval, takiﬁg time 6 = 0, at the beginning
of the interval. The eigen values (un and vm) for each inter-

val were then evaluated using Eqs. (68) and (69). Taking the

final temperature at the end of a time interval to be the
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initial temperature at the beginning of the next 1ntervé1, and
agsuming that the initial temperatures of each interval is
uniform throughout the block, it then becomes possible to
determine the coefficients Amn of the interval under considera-
tion using Eq. (74). A more accurate approximation could have
~been obtained if, instead of the uniform distribution assumed,
'the actual temperature distribution at the end of the pre-
vious interval had‘beén used in the usual orthogonality pro-
cedure for finding these coefficients. To check the validity
of the approximation procedure used, the calculation was
repeated using a shorter time interval (1/2 hr.). The

results for half-hour and one-hour intervals, shown in Fig.
(7), are seen to be within 2% of each other.

In Eqs. (68) and (69),

a = —ﬁgféfg—j- and b = -
kg (T~ Ty : ks

The heat of evaporation A as a function of average surface
temperature of wood during the falling-rate period was read
from the Steam Table (32) and the effective diffusivity D, was
obtained from the mass traﬁsfer calculations described in the
previous section. The density and thermal conductivity of
wood were obtained from the literature (sée Table 5) at éver-
age moisture and temperature conditions over the drying period.
The value of heat transfer coefficient (h) was calcu-

lated using the following correlation proposed by Wender and
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Cooper (3, p. 272) for fluidized bed to immersed vertical

tube heat transfer:

0.43
hd cC p 7
= - P9
—& = 0.01844 Cp(1-e.) (—55)
0.23 0.8 0.66.
(dEpU) (CEsand) (psand) 79
m C P :
Py _
for

d pU
2 - 1072 - 10?2

(Re no. in present experiments ~ 12)

o
1]

where R correction factor for non-axial location of

immersed tubes -

1, for a vertical tube positioned at the bed's
~axis (our case). '

The fluidization conditions used in this work were

within the range of variables on which Eq. (79) is based.



CHAPTER 4

EXPERIMENTAL STUDY

4,1 Equipment

Thowequipment-used is illustrated in Fig. (8). Air
is supplied from the mains through globe valve C and rota-
meter D, (calibration ohart in Appendix C) to the e]eétrical
heater E, where it is heateo to the desired temperature. Hot
" air then enters the fluidized bed column H, which consists |
of a 5.75" diameter x 3' high stainless steel pipe fitted
with a sight glass I, through a mu?tiorifice gas distribu-
tor G. The distribufor has 17 orifices of 0.6" diameter and
is backed with a 60 mesh screen to avoid leakage of solids
| through the holes. |

Iron-constantan thermocouples J Were osedAto measuré
the temperature of the bed at differenf’locations as well as
temperatures within the’Woodon block at positions shown in
Fig. (9). A standard Delmhorst resistance moisture meter
capable of measuring moistures up to 65% dry-basis was used
to measure the moisture content of the wood during drying.
The'célibration chart for the moisture meter provided by the
manufacturer is fhcluded in Appendix C. .
The ca]ibration was checked by comparing moisture con-

‘tents measured by the meter against results obtained by the

oven-drying method (see Table 1), and the two were found to

53
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FIG.9  LOCATION OF THERMOCOUPLES AND ELECTRODES

note - standard blockcalled a 2'x 4" actually is 1,5"x 3,5"
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be within about 5% of each other.

TABLE 1. ACCURACY OF MOISTURE METER

Final Moisture Content (%)

Ruh No. Meter Reading* Oven-Drying Methdd
1 15 15.6
12 15 | 15.8
2 20 20.8 -
3 37.5 38.1
4 15 15.8
5 15 15.7
6 15 | " 15.5
7 15 15,9
8 15 15.3
1 27 | 27.9

* Flectrodes located at a distance of 1/5th the
block thickness from the surface.

4.2 Procedure

Blocks of Western Hemlock, 2 in. x 4 in. x 1 ft. long
containing 70% to 90% moisture (dry basis) were provided,
and examined after drying, by MacMi]fan Bloedel Research
Ltd. The samples were cut across the grain, and were free
of knots, pitch, streaks,rspits or other defects. Both ends

of the sample were sealed with epoxy resin and covered with
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1/16" thick asbestos cloth (two-dimensional drying) to pre-
vent transfer of moisture and heat along the grain. In sdme
experiments, either the edges (y direction) or the large
sides (z direction) were additionally insulated in the same
manner to achieve one-dimensional drying. The asbestos cloth
was secured to the wood with wire. The samples, after insu-
lating, were marked for identification, placed in polyethy-
lene bags and stored in a constant humidity room (tempera-
ture 40°F, RH = 50%) until further processing. The fluidized

3

bed, of -20 + 30 mesh Ottawa sand (p, = 89.03 1bm./ft.~ and

b

o) = 164.2 1bm./ft.3) was operated with the same bed depth

sand
(16" settled), and at a constant air flow rate (U = 1.2
Umf) for all runs except run no. 7 (U =1.3 Umf) and run
no. 8 (U = 1.1 Umf)' The observed minimum fluidization velo-
city, Umf,‘was 1.3 ft./sec. The bed temperature was varied
from one run to the other (175, 190, 204, and 217°F) by
controlling the temperature of the-inlet air.

The test sample, previously weighed and fitted with
the moisture measuring electrodes and thermocouples, (Fig. 9),
was mounted in a specially designéd holder (Fig. 10), and
was inserted into the preheated bed operating at steady-
state conditions. The sample was poéitioned in the bed so
that it was fully submerged and was well removed from the
wall and base of the column, as shown in Figure (10).
The temperature of the bed, temperatures at different

points in the test sample, as well as the average moisture

content of the sample, were recorded at regular time intervals.
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The holes for the (1/8" dia.) electrodes were drilled under-
size to insure a tight fit, and the electrodes were inserted
into the wood through a rubber seal ring in order to avoid
condensation or evaporation in the ho]e during decreasing
relative humidity conditions. When the Tumber reached the
desired final moisture content of around 15%, the sample was
removed from the bed and weighed immediately. The initial
moisture content of the sample was determined by the oven-
drying method (drying to constant weight.- at 212°F), since
initial moistﬁres were outside the upper 1imit measurable
by thé moisture meter (65%). The fiha] moisture contents
were also determined by the above method as a check of the
correétness ofythe moisture meter readings (see Table 1).

The average moisture content of the test sample was
determined using the procedure suggested by Dunlop and Bell
(ref. 16, p. 185). These authors found, by integrating the
roughly parabolic moisture content profiles of drying wood,
that "the moisture content in a plane located at one-fifth
of the thickness of the material from its surface is usually
very near the average of the piece." The moisture content
of the wood samples in the experiments were therefore obtained
by placing the metef electrodes at the above distance from
one of the uninsulated surfaces for the case of one-dimen-
sional drying and from the front surface in the case of two-
dimensional drying. " |

The data in Table (1) provide experimental support for

assuming that the moisture meter indeed gave values close to
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the average moisture content of the block, in conformity

_ with the rule suggested by Dunlop and Bell. Further con-
firmation of this‘procedure over a wider moisture range was
obtained by measuring moisture contents at two'positions in
the block 2/5" (1/5 x thickness) and 1" (centre of block),
using two pairs of electrodies. The centre va]ues were con-
verted to average hoisture conténts by using the following

equation given by Brown et-al. (35, p. 86):
Moo= 3/2(M M) + Mg 80

where Mc’ Ms’ and Ma are moisture‘contents (%) at the centre,
surface, and aQerage, respectively.

The average values (Ma) from Eq. (80), with Ms taken
as -4%, show remarkably good agreement with results obtained
at the 2/5" position, (see Table 2).

Eleven runs weré performed with bed temperatures rang-
ing from 175 to 217°F and U/U_. from 1.1 to 1.3. In order
td.check the quality of the wood after drying, five extra
samples were dried at bed temperatures of 190, 204 (two
samples) and 217°F (two samples). After drying, the'blocks
of Hemlock were tested for drying defects.' During the drying
the fo]]owing typés of damage can occur in wood:

1. Césehardening is caused by too rapid drying in
which the zones near the surface of the wood

shrink more (passes F. S. P. faster) than the dinner



TABLE 2. AVERAGE MOISTURE CONTENT FROM EQ. (80) VERSUS
VALUES MEASURED AT 2/5" FROM SURFACE

8 ma(%) Mc(%) ' M, from Eq. (80)(%)
Time Distance from the Surface
(Hr.) - 2/5" "
] 47 .1 68.8 - 47.2
2 39.0 58.7 40.5
3 36.0 53.5 37.0
4 33.5 49.9 34.6
5 31.5 46.6 32.4
6 29.6 43.7 30.5
7 27.8 41.2 28.8
8 26.3 38.4 26.9
9 25.0. 36.5 25.7
10 23.7 34.3 24.5
11 22.4 32.6 23.1
12 21.4 31.0 22.0
13 20.0 28.9 20.6
14 19.2 27.8 19.9
15 18.0 26.1 18.7
16 17.1 23.8 17.7
17 16.3 23.3 16.9
18 15.0 - 21.2 15.5
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portion of the wood. The shell of the wood is

in tension while the core is in compression (a).
Surface checking (Fig. 12) related to caseharden-
ing can occur at this point. As the drying proceeds
the core dries below F.S.P;, shrinkage starts which
creates tension stresses greater than those in the
shell. Hence, the shell is now in compression and
the core in tension (b) (see Fig. 11, ref. 16,

p. 93).

The tensile stresses bui]f up in caseharden-
ing may be of such magnitude that rupture in ten-
sion perpendicular to the grain may ensue.

2. Surface checks, Fig. (12) (16, p. 91) are longi-
tudinal openings, frequently developed along the
wood rays, and can be observed on the tangential
surfaces. The cause ofAthe surface checking is
more rapid drying of the wood surface than the
interior of the wood.

3. Honeycomb, Fig. (13) (16, p. 94) occurs when the
internal tensile forces dué to improper drying
reach the breaking point. Breaks usually start
at the interfacés between wood rays and adjoining
longitudinal tissues, the short radial cracks thus
formed open. This is a defect which is not always
visable eiterna]]y.

After drying, the blocks of Hemlock were tested for

casehardening and examined externally for evidence of the
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"surface checking and internally under the microscope for
honeycombing and the rupture in tension perpendicular to the
grain. The procedure for the casehardening test is as
follows (6): From the test piece, cut a small section about
3/8 in. wide from the centre of the board. Cut slots in the
section with a hand saw, as shown in Fig. (14). After a
few minutes, an evaluation of the stresses, can be made,

(c) If the outer prongs have turned in noficeab]y,

the stock is stressed.
(d) If the outer prongs are straight, the wood is

stress free.

3/8i0

,\r'

R}

v

|

roee .
YT n.

stressed -~ @ ) — stress-free
'/
(c) ‘ <

(d)

Fig.14 . CASEHARDENING TEST
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4.3 Results

The experimental results are summarized in Table (3),
typical curves are shown in Figures (15) to (24) and'detai]ed
data, theoretical as well as experimental, for all the runs
are tabulated in Appendix B, Tables (i) to (XiI). Figures
(15), (17), (18) and (19) also include theoretical curves
of average moisture content versus time for comparison.
Average block temperature data are shown in Fig. (24), the
experimental results being arithmatic average values of
temperatures measured at four.different positions in the
block. The values of time required to attain final M.C.
of 15%, listed in Table (3), were mostly determined experi-
mentg]]y, but some were obtained by extrapolating the mois-"
ture content versus time cufve to 15% M.C. (Figs. 15, 17,
and 18). |

The properties of the f1Uidized bed used are given in
Table (4), and the properties of Western Hemlock in Table
(5) with viscosity and density of air taken at the bed tempera-
ture (Tb = 217°F), thé bed-to-surface mass transfer coeffic-
ient (kg) for the éand bed used was calculated by Eq. (78)
(Ch. 3) to be 128 1bm./ft.%hr.atm., and the heat transfer
coefficient (h) by Eq. (79) (Ch; 3) to be 43}01-43.47

2op

BTU/hr.ft.
Values of effective mass diffusivity (D) and thermal

diffusivity (a) were obtained by searching for the value

required in Eq. (53) (mass transfer) and Eq. (76) (heat

transfer) to give the best (least squares) fit between theore-



TABLE 3. SUMMARY OF EXPERIMENTAL RESULTS

Time Required to

I.M.C. Bed. Temp. Attain = 15% M.C. Drying
Run No. U/Umf % Ty & (hr.) Direction

1 1.2 86 217 18 y
12 . 1.2 88 204 o 25 y
2 1.2 89 190 38 y
3 1.2 81 217 | 60 z
10 1.2 85 204 85 : z

4 1.2 85 217 8 y + z

5 1.2 91 | 204 14 y + z

6 1.2 84 190 | 2.5 y + z

9 1.2 85 175 35 y o+ oz

7 1 87 217 : : 8.5 y + z

8 1.3 78.5 217 8.5 y + z

11 (no bed) 1.2 85 217 ‘ 25 y + z

99
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TABLE 4. PROPERTIES OF THE FLUIDIZED BED

Diameter of particles (dp) 0.718 mm (-20 +30 mesh)
Minimum fluidization vel. (Um%) 1.3 ft./sec.
Height of bed at U . (me)‘ | ‘ 17"
‘Height of settled bed (L ) - | 16"
. Void fraction at U ¢ (ep¢) - 0.46
Operating velocities (U) | : 1.43, 1.56, and 1.69 ft./sec.
Height of expanded bed (Lf) ' 20", 22", and 23"
Void fraction at U (eg) 0.6, 0.64, and 0.65
Bulk density of sand (o) | 89.0 1Tbm./ft.>
_ . ;

Sand) 164.? 1bm./ft.

) ) © . 0.191 BTU/1bm.°F

Particle density of sand (p

~Specific heat of sand (C

psand

LL
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TABLE 5. PROPERTIES OF WESTERN HEMLOCK

Spécific grévity (oven-dry basis) = 0.4
(35, p. 14)
Derisity of wet wood (16, p. 167) = 30 ibm./ft.>

(32.5% M.C.) (o)

Specific heat of wet wood

(16, p. 246) (32.5% M.C.) (Cps)

Thermal conductivfty (35, b. 112)
(32.5% M.C.) (k)

R

0.42 BTU/1bm.°F

0.08 BTU/ft.hr.°F

R

TABLE 6. FLUIDIZED BED-TO-SURFACE HEAT TRANSFER
COEFFICIENTS h(BTU/ft.Zhr,°F) CALCULATED

BY EQ. (79)
Bed Temp. Air Velocity - h
Run No. oF VU, BTU/ft.2hr.°F

4 217 | 1.2 42.3

5 204 1.2 43.3

6 190 1.2 43.4°

9 175 1.2 43.4
7 217 - 1.1 43.0°

8 217 3 43,5

11 (bed) =~ 217 - 1.2 : 4.2
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tical and experimental results. The diffusivity values thus
obtained for each run are tabulated in Table (7).

Figure (25) gives a comparison between mass diffusivi-
ties found in this work and values obtained by other investi-
gators (37, p. 128). Biggerstaff (37) measured the rates
of drying of small, specimens of Eastern Hemlock sapwood
from the fiber saturation point to the oven-dry condition
at'temperatures ranging from 50° to 120°C. A forced-convec-
tion oven was used to dry the samples. Diffusion coefficients
were calculated from the square of the loss in moisture-time
basis. The sensitivity of the M.C. versus time prediction
to the value of diffusivity is ¥l1lustrated in Fig. (26), and
of wood temperature versus tfme prediction to the value of

thermal diffusivity in Fig. (27).



TABLE 7. VALUES OF EFFECTIVE MASS DIFFUSIVITY (D) AND THERMAL DIFFUSIVITY (a) FOUND
: BY LEAST SQUARE FIT OF THEORETICAL AND EXPERIMENTAL DRYING CURVES .

Mass Thermal
Bed Temp. Moisture Operating Air Direction Diffusivity Diffusivity
T, Range Velocity of p-10% o103
Run' No. oF 4% U/Uns Drying-  ft.%/hr. ft.%/hr.
1 217 (47.1-15) 1.2 y 1.4 -
12 204 (58-15) 1.2 ' y 1.2 -
2 190 (67-20) - 1.2 y 1.0 -
3 217 (62-37.5) 1.2 z 1.4 -
100 204 (69-45) 1.2 z 1.2 -
217 (32-15) 1.2 y + z 1.4 2.5
5 204 (45-15) 1.2 y + z 1.2 3.0
6 190 (68-15) 1.2 y + z 1.0 3.5
9 175 (64-15) 1.2 y + z 0.8 4.0
7 217 (33-15) 1.1 y + z 1.4 2.0
8 217 (33-15) 1.3 y + z 1.4 2.5
11 (no bed) 217 (63-23) 1.2 y + z 1.4 2.5

08
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CHAPTER 5

DISCUSSION OF RESULTS

5.1 Controlling Mechanism

The drying curves in Fig. (205, which are drawn from
the data in Fig. (15), show two stages:‘a constant rate
period, followed by a falling rate period. However, the
first moisture measurement was made after one or two hours
of drying so that the shape of the M.C. versus time curves
(Figs. 15, 17, and 18) during the initial one or two hours,
when the constant-rate period might have existed, is not
known. According to drying theory, the drying rate during
the first period is governed by evaporation of moisture from
the solid surface, and during the second period by diffusion
of bound water through the solid. The surface temperature
of wood, estimated by extrapolating the measured temperature
profiles (Fig. 23 and Appendix B, Tables I to XII), rose to
va]ués higher than the adiabatic saturation temperature of
the drying air in less than half an hour. Thus, the constant-
rate period, if it existed, lasted only for a very short
time. Above the fiber saturation point (F.S.P. = 30% M.C.
(16)), the cell cavities contain varying amounts of free
water, but they are never filled with it. However, the cell
walls are saturated with water. As long as the ce]]lwalls

are saturated with water, no unbalanced force exists which
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would tend to cause diffusion frdm regions of high concen-
tration to those of low concentrationv(35).

The agreement obtained between experimental and theore-
tical values of M.C., étérting after one or two hours of
drying (Fig. 15) suggests that apparent F.S.P. could be as
high as 65% M.C. at the lower drying temperature used. It
is possible that during the first period, above the fiber
saturation point, drying was governed by the external mass
transfer rate as well as by the internal movement of free
water from the cell cavities. In view of the difficulty in
judging when the constant rate period ended, it was éssumed
in all calculations that the falling rate period started
after one or two hours of drying, even though at high tempera-

tures (217°F,. 204°F, Fig. 15) it actually started earlier.

5.2 Effect of Operating Variables

1. Bed temperature _

The strong influence of bed temperature on drying rate
can be seen frdm the data in Fig. (15) which have been re- |
plotted in Fig. (22) as drying time for the moisture range
= 80 to 15% versus bed temperature. Fig. (22) shows that
increasing tHe bed temperature from 175°F to 217°F caused
the drying time to decrease from 35 hrs. to 8 hrs. The
effect of bed temperature is reflected in diffusivity values
(Table 7), which increased from 0.00008 ft.z/hr. at 175°F
to 0.00014 ft.%/hr. at 217°F.
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2. Air f]owvrafe - . .

Variation in air flow rafe up to 30% above the minimum
fluidization rate had 1ittle effect on drying time as shown
in Table (3). It was observed that at an operating Ve]ocity
20% above U_., temperatures at different locations in the
bed were very uniform. Either increasing or decreasing the
air flow rate (U = 1.3 U,¢ or U =‘1f1'Umf) caused temperature
-differenceé to arise within the bed, although in appearance

the bed seemed to be as well fluidized as at U = 1.2 Upg

3. Fluidized bed-drying versus air-drying

| Figures (16) and (21) show the effect of the presence
of the fluidized bed on drying time. Both runs were operated
at the same bed temperatures.(Tb = 217°F), the same air flow
rate (U = 1.2 U . = 1.56 ft./sec.), and the same I.M.C. (85%).
Wifhout the. bed, the time required to take moisture down to
15% was 25 hours (obtained by extrapolation) while with the
bed, the time required was oh]y 8 hours. This compafison'
underlines the main advantage of drying lumber in a fluidized
bed of inert particles which arises from the much higher heat
transfer coefficients obtainable with fluidized beds (43

BTU/hr.ft.2°F,vsee Table 6) than with convective heat trans-

fer (4 BTU/hr.ft.2°F). o ' | o
As pointed out earlier, the constant C = —1563———-
‘ , : So.

in Eq. (45.1), used in finding the mass transfer eigen values,

is always large and in fact approaches infinity. This implies
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that the internal resistance to mass transfer in wood (<« D'])
under‘coﬁvective drying conditions is always much greater
“than tHe external resistance (<« kg-])' In other words, the
dfffusion model predicts that the drying process in the
falling-rate period should be independent of the external
environment. It shouid therefore be expected that for a
Agiwenqdmying temper&ture,‘themdvehage moisture content-time
curves for-different fluidized bed ve]ocifies, and even in
the absencevof the bed, should yield the same diffusivity
values. As can be seen from Tab]é (7) (run nos. 7, 8, 4,

and 11) this is indeed the case. The goqq;agreement obtained
befween the experimental and thebretica] results, and the
insensitfvity of diffusivity values to changes in the exter-
"~ nal conditions, would seem to substantiate the va]fdity of
the diffusion model for the falling-rate pefiod} Although
the external conditions have no observable effect oh drying
during the fa]]ing-raté period, they are obviously of greét
importance at the beginning of drying as shown by the mﬁch
more rapid initial drying in the f]uidized bed than in air

alone (Fig. 16).

5.3' Qual{ty Tests

In order to che;k the quality of dried.'WOod, five wodd
sdmp]es after drying were tested (by MacMi]]én Bloedel
Research Ltd.). The results of the test are shown in Table (8).
| It can be séeh from Table (8) that the blocks of Western

Hem]ock dried at bed temperature of 204°F and below did not
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suffer any defects during drying, while the quality of wood
dried at 217°F was adversely affected. A photograph illust-
rating the appearance of samples subjected to the stress

test is shown in Fig. (28).

TABLE 8. RESULTS OF QUALITY TESTS ON
FLUIDIZED BED DRIED WOOD

- Drying Moisture

Run Bed Temp. Time Range
No. (°F) (hr.) (%g Quality
13 190°F =225 280-=15 No drying defects
14 204°F =14 =280-=15 No drying defects
15 204°F =15 - =80-=15 -No drying defects
16 217°F =8 =80-=15 Drying defects
1. Casehardening
2. Very small and
narrow honeycombing
3. Same surface checks
17 217°F =9 290-=15 Drying defects

1. Casehardening
. 2. Very small and
narrow honeycombing

5.4 Theory Versus Experiment

1. Mass transfer

Figﬁres (15), (17), and (18) show good agreement
between measured moisture contents of wood during drying and
values calculated by the theoretical model described in

Chapter 3. Similar agreement was obtained for all other runs



SR Tyt

S ST e RN . T Y AR R S R P

T

L
e oy

S R B T L AT

- o L SN U, - sy i -
2% 5 \\n‘ 1%% : l\\
¥t Lo A ¢ 5

QUALITY TEST

,..ﬂ.;
iR o & T

e e e




90

also, detailed data for which are présented ih Appendix B.
The effective diffusivity D for each run, which is the value
-required in Eq. (53) to give the best fit between the theore-
tical curves and the expérimenta] data, are tabu]ated in
Table (7)+ The magnitude of these values, as well as theif
temperature dependence, is consistent with published values
of diffusivity of water in wood, as can be seen in i’ig. (25).

It has been found that after a given drying time, the
average moisture content during two-dimensional drying
(M.C.yz).approximate1y equals the product of average.moiéture
contents during drying in the yvdirection (M.C.y) and in the
z direction (M.C.z). The theoretical basis for the above

finding is the-fo]iowing equation, (38, p. 80):
- 81

for‘diffusion controlled dryihg of a rectangular bar of thick-
ness 2% and width 2L, with sealed ends, where X = fraction
~of water unremoved, dimensionless.
_ - Consider for example the data for run nos. 4, 1, and
3 (Appendix B) in the first 8 hours of drying, presented in-
Table (9). Data fdr the other runs (Appendik B) show a ;
similar behavior. | | |

It was also fouhd that diffusion coefficienfs iny, z,

and y + z directions (Table 7) were the same for the same

bed temperéturer
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TABLE 9. COMPARISON BETWEEN EXPERIMENTAL (M.C.p,)
AND CALCULATED MOISTURE CONTENTS FOR BED
TEMP. = 217°F AND U = 1.2 U_

¢
e Mc., M.C., M.C.yy  MCoy x MCo,
(hr.) (%) (%) (%) (%)

1 17.1 68 (extrap.) 32~ 31.9

2 39 62 24 24.2

3 36 60 | 2 21.6

4 33.5 68.1 19 © 19.5

5 31.5 56.6 18 - 17.8

6 29.6 55.1 17 - 16.3
7 .27.8‘ 54,2 16 N 5.1
8 26.3 '

53 15 14

2. Heat frénsfer

Good agreement Was obtaihed between experimental and
theoretical avérage wood temperatures as illustrated in Fig.
(24) and shown by fhe data in Apbendix B. The average thermal
diffusivity o for each run was determined, as for mass trans-
fer, by matching the theoretical curve:wifh_expefimental
data. The results for two-diménsiona] drying are tabulated
in Table (7). The sensitivity.of the aVeraée wood tempera-
| ‘ture versus time prediction'to_the value of'thermé1 diffusi-
vity is shown in Fig. (27). The va]ﬁes of a found in this.

work (0.002-0.004 ft.2/hr.) are of the same order as the value
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calculated from wood properties in literature (a = ks/pSCps =
0.006). The inverse dependence of thermal diffusivity o with
wood temperature found in this work would be explained if ks
increases with temperature at a slower rate_than Cps'
3. Distribution of moisture~dur1ng drying

Figures (29) and (30) show typical distributions of
moisture content within the wooden block in the y and z
directions after one hour and two hours of drying respectively,
calculated by Eq. (51), at 217°F with starting M.C. of 32%-
dry basis, (corresponding to experimental run no. 4). Simi-
lar curves for hourly intervals up to 8 hrs. are included in
Appendix D. Because of éymmetry,,the moisture profiles are
given only for one quadrant (y = 0, 2/2; z = 0, L/2) of the
block of wood. No measurements of moisture distribution
within the block were made but average moisture contents
based on the predicted profiles, calculated by Eq. (53), gave

good agreement with experimentally obtained values (Appendix

B), providing support for the validity of Eq. (51).
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'CHAPTER 6

COMPARISON WITH KILN DRYING

6.1 Drying Time

TaSie (10) shows comparative results of drying Hemlock
in a fluidized bed and in a kiln at abproximately the same
air dry bulb temperature. The kiln drying data for 2"x10"x3'
(end-coated) Western Hemlock are those reported by Solomon
(34) who worked with an expérimental kiln of internal size
3 ft. wide x 3fft..16ng x 6 ft. deep.

The drying time in the f1uidized‘bed.is seen to be

much smaller than in the kiln. The air velocity in the kiln
" (34) is much greéter than in the fluidized bed,.but the cal-
culated heat transfer coefficient for'the kiln (h = 15.1
BTU/hr.ft.2°F) is much smaTler than for the fluidized bed
(h = 43 BTU/hr.ft.2°F), due to the contribution of particle
>convectfon to fluidized bed heat tfansfer. Note that the
air wet bulb temperature during'the kiln drying was lower
than during fluidized bed dryiﬁg.

In.addition, fhe uhifofm and easily controlled tempera-
~ture of a fluidized bed should give more uniform drying and

hence, should result in better quality of dried Tumber.

6.2 Economiés

A conceptuaﬁ.scheme‘for f]uidized.bed-drying of Tumber

94



TABLE 10. FLUIDIZED BED VS. KILN DRYING

OF HEMLOCK

Temperature Air Flow Time Required to
Dry Bulb Wet Bulb 3 I.M.C. Dry to 15% M.C.
ft. ft. ’
(°F) (°F) ~ min. sec. (%) (hr.)
Fluidized bed* 204 ~88 18.72 ~1.56 85 14
Kiln (34) 160-218 - 150-200 5400 10 60 80

* Data for run no. 5.

G6
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on the industrial scale is costed in Table (11). The follow-

ing design basis was used for sizing and costing the drying

plant:
1. Capacfty: 36 million FBM/yr. where Feet Board
"~ Measure (FBM) is a unit = 1"x1"x1"'
2: Moisﬁure range: 91% (dry-basis) to 15% (dry-basis)
3. Drying air temperature = 204°F |
4, Drying time ' .= 14 hrs.
5. Batch size ‘ = 5140 pieces of lumber,
2"x4"x20"'
6. Loading and unloading time = 2 hrs.
7. Working days/yr. = 350
8. Bed material . - - .20 +30 mesh sand
9.v_Air ye]ocity (= 1.2 Umf) = 1.56 ft./seé.
0. Size of fluidized bed, = 30 ft. dia. x 30 ft.

based on 1" spacing
between boards.

The capital cost of an equivalent kiln drying facility
(3 double kilns, 36 million FBM/yr.) is estimated at $600,000
and its operating Cbst at $1O/MFBM1(42). Thus the fluidized
bed is seen to offer a_considerab]e'économfc advantage in
éapité] cost. | B

Note that MFBM is a unit = 1000.(1"X1"x1') lumber.



TABLE 11. ECONOMICS OF FLUIDIZED BED DRYING OF LUMBER

CAPITAL COST

Description Cost ($)
1. Equipment cost* S 30' dia. x 30' high. m.s. vessel 158,000
' - : plus blower, direct fired air
heater, cyclones, piping and
ducting. _
2. Installation cost* incl. supports 158,000
structure, electricals, insula-
tion, contractors fee (100% of equip-
ment cost) '
3. Loading-unloading equipment cost 100,000
(ref. 41)
416,000

Capital Cost

~* Cost data taken from reference (40, 1967) and up-dated using the
Marshal and Steven's inflation index from Chemical Engineering.

L6



TABLE 11. (CONTINUED)

OPERATING COST

Item \ Usage Unit Price  Cost ($/yr.)
1. Electricity for air blower 15,000,000 kwh/yr. 1.2 c/kwh _ 180,000
52200 cfm at 17 psi '
2. Fuel cost* 52200 cfm 58,000 x10% BTU/yr.  $4.10/6.3 x 10° BTU 38,000
from 70°F to 250°F ‘
3. Maintenance cost (5% : ' ’ - 20,800
of capital cost) _ o
4, Labor cost 1 man/shift $8/hr. ' IR 67,000
5. Supervision (30% of. : : : o . 20,000
labor cost) ' : S '
6. Depreciation cost ’ ‘ ' 41,600
(10% of capital cost) : :
Operating Cost | - | : | 370,000
: = $10/MFBM

~* Fyel consumption has been estfmated without allowing for recycling of the air, and
therefore represents the upper 1imit of heat requirement. Note that $4.10/6.3 x 108 BTU
is for net heating value, based on equivalent price of oi and natural gas. =~
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. CHAPTER 7

CONCLUSIONS

The folleWing~conc1usions can be drawn:from the fesu]ts
of this {evestigation.
| 1. 'The'time taken to dry Western‘Hemlock of 2"x4"

size immersed in a fluidized bed of sand at 204°F,
from a moisture content of 91% (dry—basis) to 15%,
was found to be 14 hours as against 25 hours for
‘air drying with air temperature of 217°F and at
air'yelocity of 1.56 ft./sec. |

2. The rate of drying showed a markedbincrease with
increaéing fiuidized bed temperature (range studied:
-175-217°F), but wood dried at bed temperatures above
204°F suffered a loss in quality, evidenced by case-
hardening, surface checking and small and narrow

| honeycombing in the interibr of the wood.
3. Variation in air flow rate up to 30% above the
~minimum flow required for f]uidizafion did not
show any noticeable effect on the rate of drying.

4, The tempereture and moisture history of wood during
drying suggested‘that in drying from é85% to 15%
moisture, the conetant‘rate period, if it existed,
lasted for a very Short period.(< 1/2 hr.).

5. A theoretical mode] to describe the drying process

99
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in the falling rate period, based on 1iquid.
diffusion for internal mass transfer, was formu-
lated. The model takes into account simultaneous
transfer of heat, extefna]]y by convection and
-internally by conduction. '

Predictions from the model, with assigned
values of mass diffusivity and thermal diffusivity,
showed good agreement with experimental data bn
--variation of moiéture content and temperature

(averagé.values for thé block) with drying time.
_Moiétdre profiles within the drying b]ock were also
calculated. '

. The diffusivity values requiréd for obtain-
ing the best fit between theoreticai'predictions
and experimental results were found to be consistent
with literature values for wood, for both mass and
heat diffusion. »

A rough estimate of the cost of fluidized bed dry—
ing on the iﬁdQstria] scale shows that the method
offers substantial econpmiesin thexmpitdlcostimen
compared with the conventional kiln drying process. The opera-
_ting cost works out to a value similar to that for kiln

drying, but ié likely td bevreduced by improvements in the °
deéign of the fluidized bed drier, e.g. use of a rectangular
unit, positioning the 1uhber horizontally in the drief,

recirculation of the air, etc.



Symbol

mn

mn

C*

NOMENCLATURE

Surface area

Coefficient of a series in
Eq. (71)

Constant defined by (Eq. 10,
Ch. 3)

Coefficient in (Eq. 9, Ch. 2)
bed temperature dependent -

Constant defined by (Eq. 11,
Ch. 3) .

Coefficient of a series in
Eq. (53)

Constant defined by Eq. (23)
Constant in Eq. (77)

Correction factor of nonaxial
location of immersed tubes,
Eq. (79)

Specific heat of wet wood
Specific heat of gas
Specific heat of sand
Particle diameter

Effective diffusivity of water
in wood

Effective diffusivity of water
vapor through dry wood layer
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Units

ft.

ft.

ft.

BTU/1bm. °F
BTU/1bm. ©
BTU/1bm.°F
ft.

ft."/hr,

‘ft.'/hr.



Symbol
F.S.P.

I.M.C.

M.C.

Fiber saturation point

Heat transfer coefficient
across gas film

Initial moisture content
Thermal conddctivity of air

Thermal conductivity of wet
wood

Mass transfer coefficient
across gas film

Mass transfer coefficient
Constant in (Eq. 5, Ch. 2)

Coefficients in (Eq. 8, Ch.
2) bed temperature dependent

_ 2 2 .

= YU, t v, » eigen values
Half thickness of wood
Half width of wood

Thickness of wood - Wen and
Loos model

Thickness of dry layer

Height of bed at Umf

Height of settled bed
Height of expanded bed
Molecular wt. of water

Moisture content
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Units

BTU/ft.%hr.°F

%
BTU/ft.hr.°F

BTU/ft.hr.°F

1bm./hr.ft.2atm.

ft./hr.

hr.']

fr.7 !

ft.

ft.

ft.

ft.

inch.

inch,

inch.

- 1b.moles



Symbol

M=M(6,y,z)

%m

May

dm/de =
(4n/do) 41y,

Averagé M.C. in y direction
Average M.C. in z direction
Average M.C. in y+z directions
Average moisture content

Moisture content at the centre
of wood

Moisture content ~ at the sur-
face of wood

Average M.C. calculated by
Eq. (80)

Dimensionless moisture content

m-m

= - , function of 6 and

directions

Moisture content at any time

Moisture content of wood at
6 = 0, and 6 > =, respectively

Moisture content at surface
Critical moisture content

Percentage moisture content

Average moisture content,
dimensionless

Drying rate in falling-rate
period
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Units

%

%

%

%

%

1bm.

water

Tbm,

Tbm.

dry-wood

water

ibm.

1bm.

dry-wood

water

Tbm.

1bm.

dry-wood

water

Tbm.

%

%/hr.

dry-wood



Sc

Constant in Eq. (77)

Drying rate in constant-rate
period :

Flux of water vapor
Vapor pressure at surface

Partial pressure of water at
surface

Partial pressure of water in

bed

Vapor pressure of water at Tds
Vapor préssure of water at Tf

bartia] pressure of water in
gas

Vapor pressure of water at TSC

"Flux of heat transfer

ud o |
= ﬂTTgE¥7 Reynolds no.,
dimensionless

Gas constant

S]ope of desorption 1sotherm
(Eq. ) (Fig. 6)

Thickness of veneer (Eq..7,

ch. 2)

Schmidt no., dimensionless

Gas dry-bulb temperature

BTU/ft.
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Units

1bm. water
1bm. dry-wood, hr.

2

1bmoles/hr.ft.
atm.

atm.
atm.

atm.
atm.

atm.

atm.

2hr

atm, ft.3/1bm01es°F
mm

O.F



Symbol

=i

Surface temp. during evapora-
tion in constant-rate period

Surface temp. of dry layer

Temp. of interface between
wet and dry layers

Bed temperathre

Surface temp. during falling-
rate period

Bed temp. (Eq. 7, Ch. 2)

ol s ool dimensionless
temperature

Average temp. in the wood,
(Eqs. 11, 12, Ch. 2)

Average wood temp., dimension-
less '

Temp. ét‘any point inside wood
Initial temp. of block
Operating air velocity
Minimum fluidization velocity

Eigen values - heat transfer
(y direction)

Eigen values - heat transfer
(z direction)

Fraction of moisture unremoved,
dimensionless

°F

105

Unjts

°F

°F

°F

°F

°F

°C



Symbol

Emf |

Ef

’,

Direction of flow along the
grain

Direction of flow across the
grain

Direction of flow across the

grain

Eigen values - mass transfer
(y direction)

Eigen values - mass transfer

(z direction)

_ 2 2 . _
= Bn + Qm , eigen values -

mass transfer
Particle density of sand
Bulk density of sand

Initial wt. of water per unit
volume

Density of wet wood

Dengity of oven-dry wood
Density of air |
Viscosity of air

Void fraction at Umf

Void fraction at U

thermal diffusi-

- ks/pscps’

vity

Units

ft.

ft.

ft.

ft.

ft.

ft.

1bm

1bm.

1bm

1bm.

1bm.

1bm

1bm

ft.

LJft.
/ft.

J/ft.
/ft.
/ft.
./ ft.

Jft.

/hr.
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Symbol

A
vy(8).w,(y),
va(2z)

9,(0),0,(y),
<b3(2)

Time

Time, (Eq. 7, Ch. 2)

Latent heat of vaporization
Functions of 6, y, z respec-

tively - mass transfer

Functions of 8, y, z respec-
tively - heat transfer
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Units
hr.
sec.

BTU/1bm.
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APPENDIX A

COMPUTER PROGRAMS

No. 1 Average Moisture Content Calculated by Eq. (53)
No. 2 Ayeraée wood Temperature Calculated by Eq. (76)
No. 3 Distributioh of Moisture Calculated by Eq. (51)

Note : Sample computer outputs are presented in Appendix D.
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Symbols used in the following programmes:

Calculation of average moisture content - Programme No.

LZ L 2"

LY g = 1"

MA - dimensionless average moisture content iny + z
direction

MCO = M0 - average exptl. moisture content at the
beginning of falling-rate period (1bm./1bm,
dry wood)

MT - average theor. M.C. in the wood at any time
(1bm./1bm. dry-wood)

ME -~ average exptl. M.C. in the wood at any time
(1bm./1bm. dry-wood)

TET = 6 » drying time (hrs.)

D = D » diffusion coefficient (ft.z/hr.)
BET = B - eigen value in y direction (ft,'])
OM = @ > eigen value in z direction (ft.'])

MY > dimensionless average M.C. in y direction

MZ >~ dimensionless average M.C. in z direction

Calculation of average wood temp. - Programme No. 2

TA > dimensionless average wood temp. in y + z direction
TY - dimensionless average wood temp. in y direction
TZ -~ dimensionless average wood temp. in z direction

TT -~ average theor. wood temp. at any time (y + z
directions), (°F) '

TE - average exptl. wood temp. at any time (y + z
directions?, (°F)

PMY = 3M/dy
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PMZ = 3M/3z

TETT - time in the mid point of each interval, used to
calculate 3M/3y and 9M/3z, (hrs.)

ALFA = o > thermal diffusivity (ft.2/hr.)
] Z u > heat eigen value in y direction (ft."])
v = v > heat eigen value in z direction (ft.'])

Moisture distribution in the wood - Programme No. 3

B

Tb > bed temperature, (°F)

cC oz k S-]/pSD (ft.”1)

QPVP

MY > dimensionless moisture content as function of y
direction_and 9

MZ - dimensionless moisture content as function of z
direction and 6

M - dimensionless moisture content as function of y,
z directions and 6

MC - distribution of moisture during drying (1bm./lbm.
dry-wood)



PROGRAMY No. |
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PAGE 0001

0

FORTRAN 1V G COMPILER MAIN : 10-21-175 11:40:31
o MAIN PROGRAM
0001 IMPLICIT REAL%8(A-H,0-1)
0002 DIMENS ION OM(2000),B8ET(2C00),TET(50),ME{50),MT(50)
0003 REAL*8 LZ LY MY, MZyMA MCOyMEyMT
0004 READ(5,4) IRUN,T8,C
0005 READ(5,1) I1,K
0006 DO 300 J=1,K
0007 READ(5,17) TET{J),ME(J)
0008 17 FORMAT{2F10.5)
0009 300 CONTINUE
0010 TETO=TET(1)
0011 D0 400 J=1,X
0012 TET(J)=TET(J)-TETO
0013 400 CONTINUE
0014 WRITE(E,5) TRUN,TB,C
0015 4 FORMAT (14492F 1245) :
0016 5 FORMAT {1HL ,5%X,*RUN NO=',15/3X, 'BED TEMP.=?,F10.,5/5Xy*C=11F12.5/)
0017 WRITE(642) .
o018 2 FORMAT{7X, 'TET ME MT
) SIG*//)
0019 1 FORMAT(214})
0020 MCO=ME{1)
0021 "LY=1e/12
0022 LZI=1e/6e °
0023 DO 3000 I=1,1000
0024 CALL AVIC4X,yLY,1)
0025 BET(I)=X
0026 CALL AV(CyX,LZ, 1)
0027 OM(1) =X
0028 3000 CONTINUE
0029 0=0.0
0030 7 D=D+0,00001
0031 SIG=0.0
0032 DO 500 J=1,K
0033 " N=1
0034 MY=0,0
0035 13 BETT=BET(N)*LY
0036 . BM=2.*DSIN(BETT)I/(SETT+DSIN(2.*BETT)/ 2.}
0037 FY=D% (BET(N)*BET(N))
0038 BY=8BM*DS IN(BETT)/BETT
0039 XY=BY*DEXP(-FY*TET(J))
0040 MY=MY +XY
0041 IF(N.EQ.1) GO TO 8
c CHECK THE CONVERGENCE
0042 CON=XY /MY
0043 1IF(DABS(CON)«LT+0,00001) GG TO 100
0044 IF{NsL.To1000) GO TO 8
0045 WRITE(6,11)
0046 11 FORMAT(1X,*MY NCT CONVERGED'}
0047 G0 TO 100
0048 8 N=N+1
0049 G0 TO 13
0050 100 MZ=0.0
0051 N=1
0052 6 OMT=0MIN)*LZ
0053 BN=2,%DS IN(OMT )}/ (OMT+OSIN{ 2. %0MT )/ 24)
0054 FZ=D*(CMIN)=0M(N))

BZ=BN#DSIN{OMT)/GMT



FORTRAN IV G COMPILER MAIN 10-21-75
0056 XZ=BI%DEXP(~-FZ*TETL1J))

0057 MZ=MZ+XZ

G058 IF{NsECe1) GO TO 9 .

CHECK THE CONVERGENCE

0059 CON=X2/M2

0060 IFIDABS(CCN)«LT40400001) GC TO 200
0061 IF(N.LT+1000} GO TO 9

0062 : WRITE(6,12)

0063 12 FORMAT (1X,*MZ NQT CONVERGED')
0064 GO TO 200

00¢5 9 N=N+1

0066 GO TO 6

AVERAGE MOISTURE CONTENT

0067 200 MA=MY*®NMZ

0068 MT{J)=MA%MCO )

0069 WRITE(6,3) TETUJ)eMELI) 4 HT(J)
6070 '3 FORMAT{3F 1546}

6071 SIGS={MELJI-MT{JI)I=R(ME(JI-MT(I))
0072 SIG=SIGS+SIG

0073 500 CONTINUE

0074 WRITE(€,191D,516G

0075 19 FORMAT{45X,2F10.5)

0076 IF(D«GT.0.001) GO TO 21

0077 GO 10 7

- 0078 21 SToOP

0079 END

TOTAL MEMORY REQUIREMENTS 008A62 BYTES

CCMPILE TIME

0.4 SECONDS
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11:40:31



FORTRAN IV G COMPILER MAIN 10-21-175

C SUBPROGRAM
¢0o01 SUBROUTINE AV(CiXsLo1)
0002 IMPLICIT RCAL*8(A~H,0-1)
0003 REAL*8 L
0004 F12(A)=A*DTANLA*L)-C
0005 PI=3,141563
0006 H=0,.001
0007 X1=(({I1-1)*%PI/L)+PI/{2.%L)-0.0001
0008 2 X2=X1-H
0009 Al=F12(X1)
0010 A2=F12(X2)
0011 AM=A1%*A2
0012 IF{AM.LT&0.0) GO TQ 10
0013 X1=X2
0014 GO TO 2

C NEWTON METHCD ITERATICN
0015 10 X=(X1*A2-X2%A1}/(A2-A1)
0016 - IF{DABS{X-X2)aLT+0.00001) GO TQ 7
0017 X1=Xx2
0018 Xx2=X
0019 Al=F12(X1)
0020 A2=F12(X2)
0021 G0 70 10
0022 7 RETURN
0023 END

TOTAL MEMORY REQUIREMENTS 000396 BYTES

COMPILE TIME

O.1 'SECONDS
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11:40:31



PRQAGRAMME No. 2
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FORTRAN 1V G COMPILZR MAIN . 12-01~75 22:48:47
c MAIN PROGRAM
o CALCULATION OF AVERAGEZ TZMP. IN Y AND Z DIRECTION
0001 IMPLICIT RTAL*8(A-H,0-Z2)
0002 DIMENSION BET(100),3M(100}),TET(50),
LTETT(S0),TE(50),TT{50) 4PMY(50) 4PMZ(50)
0003 REAL*8 LY,L2Z
0004 READ(84+4) IRUN,TB,0,A,8
0005 WRITE(6,5) 1RUN,TB,D
0006 READ(8,41) K ,
0007 4 FORMAT(1444F1045)
0008 1 FORMAT (14}
0009 5 FORMAT{1HL ,5Xs "RUN NOG=',15/3X,'BED TEMP4=1,F10.5/5X,
2 'O=‘1F10.5/)
0010 DO 600 J=1,K
0011 READ(817) TET(JI2TELJI)STETT (I
0012 17 FORMAT(3F1065)
0013 600 CONTINUE
0014 €=1000,0
0015 WRITE{6,2) .
0016 2 FORMAT{TX'TET TE 181
3ALFA . SIG*/ /)
0017 LY=1e/124
0018 L2=1e/6e
0019 DO 3000 1=1,100
0020 CALL EVM(C,yX LY, 1)
0021 * BET(I)=X
0022 CALL SVM(C,Y,LZ,I1}
0023 OMII)=Y
0024 WRITE(T+7) XyY
0025 7 FORMAT (2F10, 3)
0026 3000 CONTINUE
0027 DO 300 J=1,K
0028 SY=0.0 .
0029 $2=0.0
0030 SY1=0,0
0031 $21=0.0
0032 Do 700 1=1,100
0033 BETT=BET{1)%LY
0034 OMT=0M(1)%L2
0035 BM=2,%DSIN(BITT)/{BETT+DSIN(Z24*BETT)/2.)
0036 BN=2o%DSIN(OMT )/ (OMT+DSIMN{ 24 %0i4T )/ 26}
0037 FY=D%(BET{1)*BET(1))
0038 FZ=0*(OM{ 1)=IM{1) )
0039 BY=8BM=BET (1) *ISIN(BETT)
0040 BZ=BN®0OM({I)=3SIN(IMT)
0041 . XY=BY*DEXP (-FY®TETT(J))
0042 XZ=BN*DEXP(-FZ&TETT(J))
0043 XY1=BM*DEXP(-FYXTZTT(J))
0044 X21=B2%DEXP(=FLZ*TETT(J))
0045 SY=SY+ XY
0046 SZ=S1+XZ
0047 SY1=SY1l+XY1
0048 S21=S21+X21
0049 700 COMTINUE
0050 PMY(J)=SY%®SZ
0051 PMZ{J)=5Y1%521
0052 WRITE(G9,8) PAY(J),PMZ(J)
0053 8 FORMAT {2F1045)
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B FORTRAMN IV G COMPILZR MAIN 12-01-75 22:48:47
0054 300 CONTINUE
0055 ALFA=0.0
0056 27 ALFA=ALFA+0,0005
0057 TO=TE(1)}
0058 TT(L)=TE(LD)
0059 S1G=0.0 .
0060 DO 500 J=1,K
0061 N=1
0062 TY=0,0
0063 U=0.0
0064 13 CALL EVH(A,ByPMY{J+1),LY,UsN)
0065 WRITG(10,22) U
0066 22 FORMAT(F 10.3)
0067 UT=uUxLY
0068 BM=2,%DSIN{UT )/ (UT+DSIN{2.*UT )/ 2.)
0069 FY=ALFA*{U*U)
0070 BY=8BM*DS IN(UT }/UT
0071 XY=BY*DIXP{-FY)
0072 TY=TY+XY
0073 - TF(NoEQel) GI TO 88
‘ : c CHECK THE CONVERGENCE
0074 CON=XY/TY -
0075 1IF{DABS{CON).LT.0.00001) GO TO 100
0076 IF{N.LTs100) GO 70O 88
0077 WRITE(6y11)
0078 11 FORMAT (1X,'TY N”T CONVERGED' )
0079 GO TO 100
0080 es N=N+1
0081 GO TO 13
0082 100 TI=0.0
0083 N=1
0084 V=0,0 ’
0085 6 CALL EVHIA,B,PMZ{J+1),4LZ,V,N)
0086 WRITE(10,22) V
0087 VT=V*LZ
0088 BN= Ze*DSIN(VT)/(VT#DSIN( 0*VT1/2.)
0089 FZ=ALFA*(V&Y)
0090 BZ=BN*DSIN(VT)/VT
0091 X2Z=BZ*DEXP(—~FZ)
0092 TZ=TZ+ X1
0093 IF(N.EQel) GO TO 9
c CHECK THC CONVERGENCE
0094 CON=XZ/TZ
0095 IF{DABS{CON)oLTe 0, 00001} G3 TO 200
0096 IF(N4LT,100) GO TO 9
0097 WRITE{6412)
0098 12 FORMAT(1X,'TZ MOT CONVERGED')
0099 GO TO 200
0100 9 N=N+1-
0101 GO TO 6
c AVERAGE TEMPERATURE
0102 200 TA=TY*TZ
0103 TT{J+1)=TB-TA*(T8-TO}
0104 TO=TT{J4¢+1)
0105 WRITE(6,423) TrT(J)'TE(J)cTT(J)
0106 33 FORMAT(3F15.6)
o107 IF(Je€Qs1) GO TU 500.

SIGS=(TE(I)=-TTLINS(TIHI)-TTLI))
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FORTRAN IV G COMPILER MAIN 12-01-75 22:48:47
0109 SIG=SIGS+SIG
~ Q110 500 CONTINUE

0111 WRITE(6,19) ALFA,SIG

01:2 19 FORMAT (45X, 2F10a5)

0113 IF{ALFA.GT,0.01) GO T3 21

Oll4 GO TO 27

0115 21 STQP

0116 END

TOTAL MEMORY REQUIREMENTS 001BF6 BYTES

COMPILE. TIME = 0.6 SECONDS



FORTRAN IV G COMPILER - MAIN 12-01-75

c SUBPROGRAM
0001 SUBRNUTINE EVMIC,XysLyt)
0002 IMPLICIT REAL*B(A-H,0-Z)
0003 REAL*8 L
0004 F12(A)=A*DTAN(A®L)-C "
0005 PI=3,141593
0006 H=0,. 001
0007 X1={(I-1)%01/L)}+P1/{24%L)~0, 0001
0008 X1=({I-1)*PT/L)+P1/(24%L)-0,0001
0009 2 Xx2=X1-H
0010 A1=F12(X1)
0011 A2=F12(X2)
0012 AM=A1tA2
0013 IF(AMalT40.0) GO TD 10
0014 X1=X2
0015 60 TQ 2
c NEWTON METHOD ITERATISN
0016 10 X=(X1%A2-X2%¥21)/(A2-A1)
0017 IF(DABS{X-X2)eLTa0,00001) GO TO 7
0018 X1=X2 .
0019 x2=X
0020 Al=F12(X1)
0021 A2=F12(X2)
0022 GO TO 10
0023 7 RETURN
0024 . END

TOTAL MEMORY REQUIREMENTS 0003D6 BYTES

COMPILE TIME

Os1 SECINDS
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FORTRAN IV G COMPILER MAIN 12-01-75
¢ SUBPROGRAM

. 0001 SUBROUTING EVHIA,B,S,LeXy1)

0002 IMPLICIT RZAL%*8(A~H,0-1)

0003 REAL*8 L :

0004 F12(6)=G=DSIN{G*L)+A%=5~B*DCOS (G*L)
0005 H=1.

0006 IF(1.GTel) GO TO 3

0007 X1=X .

0008 Go TO 2.

0309 3 Xl=x+l,

0010 2 X2=XL+H

0011 Gl=F12{X1)

0012 2=F12(X2)

0013 GM=G1%G2

0014 IF{GH,LT40.0) GO TO 10

0015 X1=X2

0016 Go T0 2 :

¢ NEWTON METHOD ITERATION

0017 10 X=(X1%62-X2*51)/(62~G1)

0018 IF(DABSIX-X2)sLTo0.00001) GO TO 7
0019 X1=X2 _ '
0020 X2 =X

0021 Gl=F12(X1)

0022 62=F12(X2)

0023 GO 7O 10

0024 7  RETURN

0025 END

TOTAL MEMIRY REQUIREMENTS 0003%4 BYTES

COMPILE TIME

Os1 SECONDS
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PROGRAM N0, 3

%L AST SIGNON WAS: 22:48:45 MON DZC OL/75

USER YMAYA"

$SLIST M

°
N
(%))

Wo~NCuudPWN -
°
N
w\n

SIGNZD ON AT

CALCULATION OF MOISTURE PROFILE IN THE W00OO

MAIN PROGRAM
IMPLICIT REAL*8(A-H,0~1)

09:42:26 ON MON DEC 22/75

122

DIMENSION OM(2000) 46ZT{2000),Y (30),2{60)1+MY(30),

3 MZ(60),M(60,60),YP160),2P(60)

REAL®E8 LZoLY MY MZyMCO
REALX*4 YP, ZPyM,CN
READ(5+4) IRUN,TS,C
WRITE(6,5)IRUN,TB
FGRMAT(1442F 12051}

FORMAT {1H1,5Xy YRUN D=7, 15/3X, 'BED TEMP='yF10.5/)

MCO=0.32
D=0,00015
LY=10/12a
L2Z=14/6

DO 3000 I1=1,2000
CALL AVI(CyX,LY, 1)
BET(I)=X

CALL AVI(C,X,LZy 1)
oOM(I)=X -



3000

800

300

13

11

100
400

12

200
500

700
600

CONTINUE
YP(1)=245
DO 800 1=2,26
YP(I)=YP(I-1)+0.2
CONTINUE
ZP(1)=0.0
DO 900 J=2,51
2P(J)=ZP(J-1)+0.2
CONTINUE
TET=1.0
DO 300 K=1,8
Y{(1)=0.0
DO 400 1=1,26
N=1
MY{1)=0.0
BETT=BET(N)*LY )
BM=2, *DSIN(BETT) /{BETT+DSIN{2.%BETT}/2.)
FY=D*{BET(N)®BETIN))
XY=BM2D=XP (~FY*TET)I*DCOS(BET(NI*Y(T))
MY(I)=MY{TI)+XY
IF{N-EQol) GO TO 8
CHECK THE CONVERGENCE
CON=XY/MY(1)
IF(DABS{CON)«LT0,0000000001) GO TO 100
IF{N.LT.2000) GO TO 8
WRITE(G6y11)
FORMAT(1X, *MY NCT CONVERGLD')
GO T0 100 .
N=N+1
GO TO 13
Y(I+1)=Y(1)+LY/25.
CONT INUE
2(1)=0,0
DO 500 J=1,51
N=1 .
MZ(J)=0,0
OMT=0M(N)¥LZ
BN=24%DSIN(OMT )/ (OMT+DSIN(2.%0MT )}/ 2.)
FZ=D*{OM(N}*0OM(N))
XZ=BN#¥DEXP{~FZ*TET )*0COS{OMINI*Z(J))
MZ{J)=MZ{J)+XL
IF{N-,EQ.1) GO TO 9
CHECK THE CONVERGENCE
CON=XZ/MZ{J)
IF{DABS(CON)eLT«00,0000000001} GO TO 200
IF(N.LT.2000) GO TO 9
WRITE(6,12)
FORMAT(1X, 'MZ NOT CONVERGED']}
GO TO 200
N=N+1
GO T0 6
ZUJ+1)=Z{J)+LZ/50.
CGNTINUE
DO 600 I=1,26
DO 700 J=1,51
M{J, I)=MY(1)%MZ{J)*MCO*100,
CONTINUE
CONTINUE

L CALL AXIS(0e032¢5¢%2%;~1,100040004060,002)

CALL PLOTI(10.042.593)

123



104
END OF FILE

$SIG

910

300

10

124

CALL PLOT(1000770 512)
CALL PLOT{040+765,2)
CALL AXIS{0e032e51'Y"914560490.0,000,002)}
CN=5.0
DC S10 I=1,6
CALL CHTOUR(ZP,451,YP4269yMs60,CNy3a0,CN)
CN=CN+5,0
CONTINUE .
CALL SYMBOL{005486090628*THETA ='4000,47)
CALL NUMBER{2042y8+0,0428yTET4 060,11}
CALL PLOT(1440,000,-3)
TET=TET+1.0
CONTINUE
CALL PLOTND
STOP
EMD
SUBPROGRAM
SUBROUTINE AV{C,XsL,1)
IMPLICIT REAL#8{A-H,0-12)
REAL*B L
F12(A)=A*DTAN(AXL)-C
PI=3.141593
H=0,001
X1=((I-1)*PI/L)4+P1/(2%L }-0,0001
X2=X1-H
Al=F12(X1)
A2=F12({X2)
AM=A1*A2
IF{AMoLTW0.0) GO TO 10
X1=X2
GO TO 2
NEWTON METHJD ITERATION
X={X1%A2-X2%A1}/ (A2-A1l)
IF(DABS{X-X2)sLT+0.,00001) GO 7O 7
X1=X2
X2=X
Al=F12(x]1)}
A2=F12( X2}
GO TO 10
RE TURN
END



APPENDIX B

SUMMARY OF EXPERIMENTAL DATA AND THEORETICAL
RESULTS OF MOISTURE CONTENT VS. TIME AND TEMPERA-
TURE VS. TIME FOR BEST-FIT VALUES OF D AND o
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TABLE B-I.

EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 1

Wood Temperature, °F Average M.C. %
Distance from Surface ,
Time Average
(hr.) 1/4" 2/5" 3/4" 1" Value Exptl. Theor. (Eq. 53)
0 61 61 61 61 61 86
0.5 165 163 156 150 158.75
1 195 192 185 180 176.0 47.1 47 .1
2 199 196 190 185 192.5 39.0 39.6
3 203 200 194 190 196.75 36.0 36.43
4 210 208 200 196 203.50 33.5 34.04
5 214 212 204 197 206.75 31.5 32.01
6 215 213 205 198 207.75 29.6 30.03
7 216 215 209 199 209.75 27 .8 28.62
8 217 216 200 - 200 210.5 26.3 27.14
9 1] H n (1] 1 25.0 25,76
-IO 1 H ] (1] " 23.7 24.48
11 " " ! " ! 22.4 23.27
12 " " " " ! 21.4 22.13
13 " ! ! ! ! 20.0 21.04
]4 n 1] 1] (1] it ]9.2 20.0
15 " ! " ! " 18.0 19.04
16 ! " ! ! ! 17.1 18.11
17 " " ! ! ) 16.3 17.23
18 " ! " ! " 15.0 16.39
Air flow: U = 1.2 Umf = 1.56 ft./sec.; Bed Temp., Tb 217°F; D = 1.4 x 10~ ft.z/hr.

Drying Cirection » y.

921,



TABLE B-II. EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 2

Wood Temperature, °F

Distance from Surface

Average M.C. %

Time Average
(hr.) 1/4" 2/5" 3/4" " Value Exptl. Theor. (Eq. 53)
0 €0.5 60.5 60.5 60.5 60.5 89
1/2 138 135 125 115 128.25 .
1 156 153 145 139 148.25 78 (extrap.)
2 174 172 164 158 165.25 67 (extrap.) - 67.0
3 178 176 169 165 172.25 62 63.07
4 181 178 172 169 175.0 60 59.72
5 183 181 177 172 178.25 55.7 56.88
6 185 184 180 176 181.25 53.1 54 .39
7 188 186 182 179 183.75 51.0 52.13
8 189 187 183 181 185 48.5 50.01
9 189 - 187 183 181 185 46.2 48.13
10 189 187 183 181 185 45.0 46.32
11 190 187 183 181 185.25 43,1 44,61
]2 n 1] (1] 1 " 4].4 42.98
]3 n 1] n 1 n 40.0 4].43
]4 " 1 1} 0 1 38." 39.95

Ll



TABLE B-II. (CONTINUED)

Wood Temperature, °F Average M.C. %
Distance from Surface
Time v Average
(hr.) 1/4" 2/5" 3/4" 1 Value Exptl. Theor. (Eq. 53)
15 190 187 183 181 185.25 36.8 38.53
16 " " " " " 35.1 . 37.17
17 o " " " " 33.7 35.86
18 ! " ! ! o 32.4 34.59
19 " " " oo ! 31.1 - 33.38
20 " " " ! ! 30.0 32.22
21 ! : " ! " 28.7 31.08
22 " " " ! " 28.0 29.99
23 H] 1] 1] n 11 26.7 28.94
24 1] 1] 1 1 1 26.0 27.93
25 " " " " " 24.6 26.96
26 ! " " " " 24.0 26.01
27 ! " " ! " 22.9 25.11
28 n n 1] L] ] 22.0 24.23
29 ! " ! ! ! 21.0 23.38
30 190 187 183 181 185.25 20.0 22.57

Air flow: U = 1.2 Umf = 1.56 ft./sec.; Bed Temp., Tb =‘190°F;-Drying Direction - y
D=1.0 x 1074 £t.%/hr.
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TABLE B-III. EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 3

Wood Temperature, °F Average M.C. %
Distance from Surface
Time . Average
(hr.) 1/4" 2/5" 3/4" 1" Value Exptl. Theor. (Eq. 53)
0 61 61 61 61 61 81
1/2 150 148 137 132 141.75
1 168 165 156 150 159.75 67.9 (extrap.)
2 172 170 160 155 164.24 62.0 62.0
3 183 181 173 168 174.00 60.0 60.21
4 192 190 183 175 182.66 58.1 58.48
5 197 195 188 . 181 188 56.6 57.03
6 202 202 194 188 195 55.1 55.74
7 206 204 196 190 196.66 54.2 54.58
8 212 211 204 197 204 53.0 53.51
9 216 214 207 199 206.66 52.6 52.52
10 217 216 209 200 208.0 51.0 51.58
11 " " " " " 50 50.70
12 ! " " " " 49 49 .86
]3 11 u 1 ] 1 48 49 06
14 n u it " u 47 .5 48 .29
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TABLE B-III. (CONTINUED)

Wood Temperature, °F Average M.C. %
Distance from Surface
Time Average
(hr.) 1/4" 2/5" 3/4" 1" Value Exptl. Theor. (Eq. 53)
15 217 216 209 200 208 46.5 47.55
16 " : " " l oom - 46.2 46.83
17 - " " " " " 45,2 46.15
18 " " L " u 44 .5 45.48
19 " " n " " 44.0 44 .83
20 " " " " " 43.0 44 .19
21 " " " 0 " 42.6 43.57
22 " " " " n 42.0 42 .97
23 " " " " " 41.2 42.39
24 . " " u 0 40.0 41.81
25 " " " n " 39.9 41.25
26 " " " n n 39.6 40.70
27 " " n u n 39 40.17
28 " 8 " n n , 38.5 39.64
29 " ! L L L 38.2 39.13
30 217 216 209 200 208 37.5 38.62

Air Flow: U = 1.2 Um

£ = 1.56 ft./sec.; Bed Temp., Tb = 217°F; Direction of Flow + z;
D=1.4 x 10°°

ft.%/nr.
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TABLE B-IV. EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 4

Wood Temperature, °F Average M.C. %
Distance from Surface Average Wood Temperature

Time

(hr.) 174" 2/5" 3/4" 1" Exptl. Theor. (Eq. 53) Exptl. Theor. (Eq. 53)
0 61 61 61 61 61 85

1/2 169 167 153 143 158
1 202 200 190 180 193 193 32 32
2 209 207 200 190  201.5 197.6 24 24.5
3 213 212 206 194 206.25 201.89 21 21.64
4 214 215 208 198 207 205.37 19 19.56
5 217 216 210 200 208.75 208.11 18 17.86
6 217 216 211 200 211 , 210.23 17 16.42
7 " u " " " 211.87 16 15.16
8 " " " " " 213.12 15 14.04

Air Flow Rate: U = 1.2 Umf; Bed Temp., Tb = 217°F; Drying Direction - y + z;

4

D =1.4x 10°% ft.2/hr.; o = 2.5 x 1073 ft.%/hr.
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TABLE

B-V.

EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 5

Wood Temperature, °F

Distance from Surface

Average M.C. %

Average Wood Temperature

Time
(hr.) 1/4" 2/5" 3/4" 1" Exptl. Theor. (Eq. 53) Exptl. Theor. (Eq. 53)
0 64 64 64 64 64 , 91
1/2 153 151 140 133 144.25 '
1 175 173 162 156 166.5 166.5 45 45
2 187 185 178 170 180.0 174.37 36 35.49
3 192 190 185 180 186.75 181.55 29 31.84
4 194 192 187 182 188.75 187.22 27.2 29.15
5 196 195 190 185 191.75 191.56 25.1 26.96
6 198 197 193 189 194.25 194.82 23.5 25.09
7 199 198 195 192 196.0 197.26 22 23.45
8 200 199 196 194 197.25 199.06 20.5 21.98
9 204 202 198 195 197 .75 200.39 19.3 . 20.65
10 " " " " " 201.68 18.3 19.43
11 " " " " " 17.6 18.30
12 . " " " " 16.8 17.26
'|3 il 1] ] . L] u ]5.8 ]6.28
14 204 202 198 195 197.75 15.0 15.38
Air Flow Rate: U = 1.2 Umf = 1.56 ft./sec.; Bed Temp., Tb = 204°F; D = 1.2 X 10'4
ft.z/hr. o = 3.0 x 1073 ft. /hr.; Drying Direction » y + z
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TABLE B-VI.

EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 6

Wood Temperature,

Distance from Surface

°F

Average Wood Temperature

Average M.C. %

Time _
(hr.) 1/4" 2/5" 3/4" 1" Exptl. Theor. (Eq. 76) Exptl. Theor. (Eq. 53)
0 60 60 60 60 60 84
1/72 142 140 - 130 120 133
1 165 163 153 148 157 .25 157.25 68 (extrap.) 68
2 172 170 160 156 164.5 164.51 55 54.82
3 178 176 166 164 171.1 171.11 48 49,73
4 185. 183 172 165 176.25 176.23 44 45.96
5 188 186 176 170 180.10 180.05 41.8 42 .88
6 190 188 180 174 182.9 182.85 38.0 40.24
7 190 188 183 179 184.9 184.89 36.8 37.92
8 190 188 185 182 186.4 186.36" 34.5 35.83
9.5. " " " " " 189.92 32 33.04
1'] n H " (1] 1] 29 30.57
12.5 " " " . " 27 28.35
]5.5 " [1] u [1} 1 24 24.49
16.5 " . " ! " 23 23.35
17.5 " " " " " 21.5 22.26
]9 1l H 1t 1} n 20 20.75
20 1 n n n n '19 ]9.79
21.5 . ! N " " 18 18.46
22.5 " " " 8 " 17 17.63
23.5 ! " . ! ! 16 16.83
24.5 190 188 185 182 186.4 15 16.07
Air Flow Rate: U = 1.2 Umf = 1.56 ft./sec.; Bed Temp., Tb = 190°F; Drying Direction - y + 2z
D=1.0 x 10°% £t.%/hr.; o« = 3.5 x 1073 £t.%/hr.
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TABLE B-VII.

EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 7

Wood Temperature,

Distance from Surface

Average Wood Temperature

Average M.C. %

{;T?) 1/4"  2/5"  3/4" 1" Exptl. Theor. (Eq. 76) . Exptl. Theor. (Eq. 53)
0 71 71 71 71 71 87
1/2 178 175 160 152 166.25 44
1 209 205 195 185 198.55 198.55 33 33
2 212 209 200 192 200.31 201.76 25 25.49
3 214 211 203 - 195 205.7 204.81 22 22.64
4 216 214 206 198 208.4 207.36 19.5 20.54
5 217 215 206 202 210.0 209.42 18.6 18.84
6 217 216 210 205 212.0 211.06 17.5 17.39
7 217 216 210 205 212.0 212.36 16.8 16.12
8.5 217 216 210 205 212.0 113.98 15.0 14.5

Air Flow Rate: U = 1.3 Umf
y+z3D=1.4x10"% £t.2/hr.; o = 2.0 x 10°

3

- 1.69 ft./sec.; Bed Temp.,
ft.z/hr.

T

b

217°F; Drying Direction ~»
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TABLE B-VIII.

EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO.

Wood Temperature, °F

Distance from Surface

Average Wood Temperature

Average M.C. %

{;T?) 1/4"  2/5"  3/4" 1" Exptl. Theor. (Eq. 76) Exptl. (Eq.
0 62 62 62 62 62 78.5
0.5 179 177 162 154 168
1 204 201 191 180 194 194 33.0 33
2 211 208 200 192 200 197.59 24.0 25.5
3 214.5 211, 203 195  203.1 201.36 21.5 22.64
4 215 213 207 199  206.3 204.6 19.5 20.54
5 216 214 209 200 207.6 207.25 18.6 18.84
6 217 216 211 201  209.3 209.39 17.0 17.39
7 217 216 211 201 . 209.3 211.08 16.5 16.12
8.5 217 216 211 201 209.3 212.82 15 14.50

-Air Flow Rateﬁ U =

y + z; D =

1.4 x 10°

U

mf
ft.2/hr.; o

1.43 ft./sec.; Bed Temp., T
2.5 x 1073

£t.%/hr.

= 217°F; Drying Direction -

GEL



TABLE B-IX. EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 9

Wood Temperature, °F _ Average M.C. %
Distance from Surface Average Wood Temperature
Time
(hr.) 1/4" 2/5" 374" 1 Exptl. Theor. (Egq. 76) Exptl. Theor. (Eq. 53)
0 61 61 61 61 61 85
1/2 126 124 113 105 117 ‘
1 148 145 134 127 138.5 138.5 77 (extrap.)
2 155 152 143 137 146.8 144.7 64 64
3 162 159 150 147 154.5 155.5 57 58.5
4 168 166 156 152 160.5 158.8 54.2 55.2
5 172 170 162 155 164.7 162.9 50 51.5
6 174 172 165 160 167.8 166 .7 47 48.5
7 175 174 168 163 170 168.9 45.1 46.2
8 175 174 170 167 171.4 177.5 43.2 44,2
11 175 174 171 170 172.5 174.28 38 38.5
15 175 174 171 170 172.5 175.91 32.7 33.4
]9 1] 1} n n n 29 30 . 2
22 " " " ! ! 25.3 25.8
26 " n n 1 1 22 2] . 5
28 n 1] 1] " (1] 20 ]9.2 .
3] n 1% n 1 1} 18 ]7. 'I
33 " " 1 1} n 16.5 ]5.2
35 175 174 171 170 172.5 15 14

1.56 ft./sec.; Bed Temp., T_ = 175°F; Drying Direction » y + z

Air Flow Rate: U = 1.2 Umf t ) b
2 x 10 © ft."/hr.

D=0.8x10"%ft.%/hr.; o
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TABLE B-X. EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 10

Wood Temperature, °F Average M.C. %
Distance from Surface
Time Average
(hr.) 1/4" 2/5" 3/4" 1 Value Exptl. Theor. (Eq. 53)
0 71 71 71 71 71 85
1/2 .

1 152 150 139 132 143.25

2 166 163 151 144 156.0

3 177 175 165 158 168.75 69.0 (extrap.) 69.0
4 186 183 175 167 177.75 67.0 (extrap.) 67.64
5 195 193 182 174 186.00 66.0 66.09
6 199 197 186 179 190.25 64.1 64.74
7 200 198 187 180 191.50 : 63.1 63.51
8 202 200 190 184 194.00 61.4 62.38
9 203 201 191 184 194.75 61.0 61.33
10 204 202 192 185 195.75 59.7 60.34
11 " " " " " 58.4 59.41
12 " " " . " 57.4 58.52
13 " " " " " 56.6 57.66
14 ! " " " " 56.0 56.85
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TABLE B-X. (CONTINUED)

Wood Temperature, °F Average M.C. %
Distance from Surface
Time ' Average
(hr.) 1/4" 2/5" 3/4" 1" Value Exptl. Theor. (Eq. 53)

15 204 202 192 185 195.75 55.0 56.07
]6 1] n " n " 54.2 55-3]
17 " ! " " " 53.4 54.58
18 " " " " . 53.0 53.87
19 " ! " " " 52.0 53.19
20 " . " " " 51.5 52.51
2'[ n 1] u [} H 5] 5].86
29 u t " " u 50.2 51.23
23 " ! " ! ! 49 .4 50.61
24 " ! ! " ! 48.7 50.0

25 " ! ! ! " 48,2 49,41
26 ! ! " " ! 47.3 48 .82
27 n It u 11 " 47 48.25
28 " ! ! " " 46.6 47 .70
29 " " " ! ! 45.7 47 .15
30 204 202 192 185 195.75 45.0 46.61

Air Flow: U = 1.2 Umf = 1.56 ft./sec.; Bed Temp., Tb = 204°F; Drying Direction » z;
D=1.2 x 1074 £t.2/nr.
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TABLE B-XI. EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 11 (NO BED)

Wood Temperature, °F Average M.C. %
Distance from Surface Average Wood Temperature
Time :
(hr.) 1/4" 2/5" 3/4" 1" Exptl.  Theor. (Eq. 76) Exptl. Theor. (Eq. 53)

0 61 61 61 61 61 85
1 ' 193 193
2 201 197 .55 63 62.6
3 206.5 201.82 56 55.6
4 207.0 205.29 50 50.4
5 209.0 208.04 45 46.2
6 210.0 210.17 43 42.7
7 211.0 211.82 -39 39.6
8 211.0 213.08 37 36.8
9 " 213.84 34 34.3
10 " 31.5 32.0
11 ! 30 29.88
12 " 27.5 27 .94
13 " 26.0 26.15
14 " 25 . 24.48
15 211.0 _ 23 22.93

Air Flow: U = 1.56 ft./sec.; Air Temp., = 217°F; Drying Direction » y + z;
D=1.4 x 10°% ft.%/hr.; o = 2.5 x 1073 £t.%/nr.
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TABLE B-XII. EXPERIMENTAL AND THEORETICAL DATA FOR RUN NO. 12
Wood Temperature, °F Average M.C. %
Time Distance from Surface Average
(hr.) 1/4" 2/5" 3/4" 1" Value "Extpl. Theor. (Eq. 53)
0 60 60 60 60 60 88
1/2 152 149 137 130 142 72 (extrap.)
1 173 170 160 152 163.75 58 58
2 185 183 176 168 178 49 49.4
3 187 185 178 170 180 45.1 45,84
4 192 189 184 179 186 42 .3 43.11
5 195 192 187 183 189.25 40 40.8
6 197 195 190 185 191.75 37 38.77
7 199 197 193 189 194.5 35.9 36.93
8 200 198 195 192 196.25 34.2 35.24
9 202 199 196 193 197.5 32.4 33.67
10 204 202 198 195 199.75 31.0 32.22
11 " " n " n 29.5 30.81
12 . W " " " 28.1 29.49
13 I n " n " 27'0 28.24
14 " " " " " 25.5 27 .05
15 " " " " " 24.3 25.91
16 " " " " n 23.5 24,82
17 " " " " " 22.3 23.78
18 " " " " " 21.3 22.78
19 " " n u " 20.6 21.83
20 L " " g " 19.7 20.92
21 " " " " n 18.8 20.04
22 " " " " " 17.8 19.21
23 " " " " " 17.0 18.40
24 " it " " " 16.0 17.64
25 204 202 198 195 199.75 15 16.9
Air Flow: U = 1.2 Upf = 1.56 ft./sec.; D = 1.2 x 104 ft.2/hr.; Bed Temp., T,
>y

204°F; Drying Direction
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APPENDIX C

CALIBRATION CHARTS

c-I. Rotometer

c-11. _Moisture Meter
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Figc-11 CALIBRATION CHART FOR THE
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APPENDIX D

No. 1 Moisture Distribution Data by Eq. (51)
~ No. 2 Computer Output - Average M.C. by Eq. (53) -

No. 3 Computer Output - Average Wood Temp. by Eq. (76)
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No. 1 Moisture Distribution Data by Eq. (51)
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No. 2 Computer Output - Average M.C. by Eq. (53)
RUN NO= 8

BED TEMPe= 217,
€C=100000,00000

«260260

T=T ME MT D
0.0 : 0.330000 0.3229123
1.0G0000 0.240000 0.309154%
2000000 0.215000 0.300682
3,000000 0.195000 0.294248
4,000000 0.186000 0.283872
5,000000 0,175000 00284172
6, 000000 0.170000 0.279951
7.000000 0.165000 0.276094
7.500000 04150000 0.274216
0.00001 0008435
0.0 0330000 0.329123
1, 000000 0.240000 0.300682
2., 000000 . 04215000 0.,288872
3,000000 0195000 06279951
4,000000 0.186000 0.272524
5,000000 00175000 D, 266053
6.000000 0170000 00260260
7. 000000 0. 165000 0254982
7.500000 0.150000 0.252501
_ 0.00002 0.05888
0.0 0.330000 0.329123
1.,000000 0.240000 00294248
26080000 G«215000 0.279951
3,000000 0, 195000 00269189
44000000 00186000 06260260
5. 00C000 0175000 0.252501
66000000 0170000 002455173
7., 000000 0165000 02329275
7.500000 0.150000 06236319
: 0,00003 0, 04287
0.0 06330000 ° 00329123 :
1. 000000 0,2400C0 0.2886872
2.000000 0,215000 06272524
3, 000000 0195000 0,260260
" 44000000 0.136000 0250111
5. 000000 0.175000 06241313
6o 0000C0 0.170000 00233475
7000000 06165000 00226365
. 7500000 0150000 04223034
: : : : 0.,00004 0003159
0.0 0,330000 0329123 o
1. 000000 0240000 0.284172
2.000000 0.,215000 06266053
3,000000 0.195000 06252501
4,000000 0.186000 0.241313
50,000000 0e 175000 - 06231537
6.,000000 0.170000 0.223034
7. 000000 0.165000 00215244
7500000 0.150000 00211599
' * 000005 0,02326
0.0 0.330000 0.329123 :
1. 000000 0.240000 00279951
20000000 0.215000
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3.000000
4000000
5. 000000
60000000
7. 000000
7.500000
0.0

1. 000000
2, 000000
3, 000000
4,000000
50 000000
6.000000
7, 000000
7.500000

0.0

1. 000000
20000000
3,000000
4.,0C00000
50000000
60000000
7.000000
7500000

0.0

1. 000000
2606000
3,000000
4. 000000
50000000
6,000000
*7, 000000
7.500000

. 00
1,000000
20000000
3. 000000
4,000000
5000000
6, 000000
7.000009
7500000

0.0

1, 060CCC
20.000000
30000000
4,000000
5,000000
66 0000GC0
7,000000
70500000

‘000
1,000000
2. 000000

0.,195000
0.186000
0,175000
0.,170000
0165000
0.150000

0.3300C0C
0.,240000
00215000
0.195000
0,186000
0175000
0.170000
0165000
0.15000C

' 0.330000

0.,240000
00,215000
0,195000
00186000
0.,175000
0.170000
0. 165000
04150000

0330000
00240000
0.215000
0,195000
0.186000
0.175000
0.170000
0,165000
0.150000

0.33C000
0,240000
0,215000
0. 195000
0,186000

0.175000

0,170000
0.165000
0.,150000

0,330000
0.240000
0215000
00195000
0.186000
0.175000
0s170000
0,165000
04150000

0330000
00240000
0,215000

00 245573
04233475
00223034
0.,213768
0205392
0201418

04329123
00276094
0254982
0.239275
04226365
0.215244
0.205392
0,196503
0,192354

0.329123
0.272524
00250111
0.233475
0.219831
0.208098
0.197723
0,188376
0.184019

0,329122
04269189
00245573
0,226084
0.213768
0.201478
00190629
0.180872
0.,176328

06329123
00266053
0.241313
00223034
0.208098
0.195299
0.184019
0,1738889
04169177

0,329123
0,263083
0.2327292
0.218274
0,202765
00189496
0.177820
00167351
00162488

0.329123
0.260260
0,233475

0. 00006

0.00007

0,00008

0.00009

0., 00010

0.00011

' 0.01696

0001215

0.00848

0.00572

0600370

0.00229

150



30,000000
40000000
50000000
60 000000
7. 0CC000
7.,500000

0.0

1,000000
2. 000000
3.000000
40000000
50 000000
6,000000
70 000000
7500000

0.0

1. 600000 -

2,000000
3, 000000
4,0,000000
5000000
6.0€0000
T70.000000
7.500000

0.0

1, 000000
2,000000
3,000000
4, 000000
50000000
66000000
7000000
7500000

0.0

1,000000
24 C0O0000
3.000000
40000000
50000000
6.,000000
7,000000
7500000

0.0

1,000000
20000000
3. 000000
40000000
50000000
6, 000000

1, 000000

1500000

0.0
1, 000000
2.000000

0195000
0.186000
06175000
0176000
0,165000
0.150000

0.,330000
06240000
0,215000
0.,195000
0,186000
0175000
0,170000
0.,165000
04150000

0.330000
0. 240000
0,215000
0.195000
0.186000
0175000
0.170000
04165000
0.150000

0,330000
0.240000

00215000

0.195000
0186000
0,175000
00170000
0. 165000
0150000

0.330000

0,240000
0.2150C0
00195000
0186000
0175000
00170000
0.165000
0. 150000

0.330000
0. 240000
00215000
0.1950C0
0.186000
0.,175000
0,170000
0165000
0.150000

0330000
0.240000
0215000

06213768
0,197723
00184019
0.171978
0.161199
0.156198

0.329123
00257565
0229840
0. 206482
0192936
0.178827
0,166450
0.155387
00150261

04329123
00254982
00226365
0.,205392
0,188376
0.173889
0.161199
00149877
00144638

00329123
0.252501
0,223034
00201478
0.184019
0.169177
00156198
0.144638
0.139296

00329123
00250111

0.219831

00167723
0.179844
06164670
0.151422
0«139644

00134210 .

0329123
00247804
06216746
0.194110
0,175835
04160349
00146852
04134875
0.129359

0,329123
02455173
00213768

0.00012

0, 00013

0.00014

0,00015

0.00016

0, 00017

 0.00138

00 00091 .

0.00080

0.,00102

0, 00152

0,00225



No. 3 Computer Output - Average Wood Temp. by Eq. (76)

R

UN N =

.3

BED YEMPe= 190.00000

D=

0.0001.

TET

1.000000
24000000
3,000000
4,000000
5. 000000
64000000
7.000000
8, 000000

" 1.000000

2. 000000
3,000000
4,4 000000
5.000000
6. 000000
7. 000000
8. 000000

1. 000000
2.,000000
3,000000
4,0000C0
5000000
60000000
7. 000000
84000000

1, 000000
2. 000000
3. 000000
4,000000
5000000
6. 00000C
7.000000
84000000

1.000000

2 000009
3,000000
44000000
5. 000000
6.000000
7.000000
8., 000000

1.000000
2.€00000
3,000000
44000000
5.000000
6. 000000
7.000000
8.000000

1.000000
2.000000
3.0000C0
4, 000000
54000000
6, C00000
74000000
84 000000

1.600000
2. 000000
3,000000
4,000000
5. 000000
6. 000000
1,000000
8000000

1. 000000
2. 600000
3. 000000
44 000000

TE -

157.250000
164.510000
171,100000
1760227000
160, 100000
182.9000G0
1844900000
1864400000

157.250000
1644510000
171,100000
176.227000
180.100000
1824900000
184,900000
1864400000

157.250000
16445100C0
171.100000
1764227000
180,100000
1824900000
184.900000
1866400000

157.250000
164.5100C0
171.100000
1764227000
1804100000
182.900000
184.900000
1864400000

157.250000
1644510000
171, 100000
176227000
180.,1000C0
182.900000
184900000
186400000

157.250000
1644510000
171.100000
1764227000
180. 100000
1824900000
18449000C0
1864400000

157,250000
1644510060
171.1000C0
176.227000
180100000
182,900000
184,9000C0
1864400000

157.250000
164.510000
171100000
176,227000
180,1000C0
182.,900000
1844900000
1864400000

157.250000

164.510000
171.100000
1766227000

7

157.250000
1574580256
159.112452
160.958741
162.895740

1644829396 -

1664712073
1684517621

1574250000
159381426
162,507368
165.654374

- 1684607436

171.300127
173.,717433
175. 866001

157.250000
160. 744181
164946883
168.853768
172, 254569
175.255649
177.771053
179.889779

157.250000
161873411
166.883845
171.284543
174.973385
173.,002662
1804461220
182.441033

157.250000
162.851539
1684499655
173,234836
177.,039492
180,038584
182,376637
1844185811

157.250000
163.721760
169. 888532
174.352855
178.6652836
1814609600
183.801568
1856436957

157.250000
1644506919
1714106979
1760226183
1804049920
182.856210
1840894413
1864364256

157.25000¢C
165.233129
172.191858
177.411479
1814184743
183,865915
185.,751606
187.068512

157.250000
1654903419
173168914
178.447781

ALFA

0+00051697.95586

0,0010 714456704

0,0015 318.97251

060020 134.79773

0.0025 47.28927

0. 0030

0,0035

0.0040

9.75650

0,00578

6039986

1Je



