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ABSTRACT

Predictions of local temperature and moisture-content profiles in the high-temperature
drying of single Pinus radiata D.Don boards of 100X 50 mm, for both unidirectional flow
of air and airflow reversals, have been based on a rigorous mathematical model. This was
reviewed and confirmed in drying tests conducted at New Zealand Forest Research
Institute (NZFRI). When the air flowed in one direction only, temperatures were higher
and moisture contents were lower near the leading edge of the board than at other
positions across the board, because of the decrease in heat- and mass-transfer coefficients
with distance from the leading edge. These differences could be reduced, to a certain
extent, by reversing the airflow, thus establishing more-uniform temperature and
moisture-content profiles.

In the drying of a sapwood board using unidirectional airflow at dry-bulb/wet-bulb
temperatures of 120°/70°C, the maximum moisture-content variation between the
leading and trailing edges after 4 hours of drying was predicted to be 27% m.c. This
variation persisted for about 6 to 8 hours, before.decreasing with further drying. The
largest difference in surface temperature (27°C) occurred between the same positions as
for the moisture content after 6 hours of drying. With airflow reversals, the differences
both in temperature and in moisture content were reduced, with the middle region
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becoming the wettest during drying. Airflow reversals every 4 or 8 hours shortened the
period of maximum moisture-content difference, but the peak value was not reduced.
Reversing the airflow every 3 hours, or reversals after 2 and 6 hours, was more effective
inreducing the greatest moisture-content difference to below 20%. All reversal strategies
resulted in similar moisture-content and temperature profiles in the later period of drying
(after 16 hours). For heartwood, the benefit of airflow reversals is not as significant as
that for sapwood, since the differences in both temperature and moisture content with
unidirectional airflow are smaller because of the much lower initial moisture content of
heartwood.

Keywords: high-temperature drying; airflow reversals; moisture-content variations;

Pinus radiata.

INTRODUCTION

High-temperature (HT) drying, involving air temperatures exceeding 100°C, is a
commercially established technique which significantly reduces the drying time of softwood
boards compared to that for a conventional drying schedule (Williams & Kininmonth 1984).
High-temperature drying takes advantage of the much greater heat-transfer rates occurring
with high-temperature schedules, typically 120°/70° or 140°/90°C. However, some drying-
related defects, such as internal checking (Booker & Haslett 1993), may be associated with
the faster drying using higher temperatures. In order to understand and hence to prevent
drying defects, we need to describe the heat- and mass-transfer processes both within and
outside timber boards.

The initial drying is particularly influenced by the external mass-transfer process of
convection of vapour from the surface of the boards. Some experimental and theoretical
studies have been carried out (Kho et al. 1989, 1990; Langrish et al. 1993) to investigate the
variation in external mass-transfer coefficients with distance from the leading edge of each
board within a stack. Kho et al. (1989, 1990) reported that experimentally measured profiles
of the mass-transfer coefficients over each board in a stack within a small industrial kiln were
not uniform both over a single board and across a kiln-stack; the values were higher than
those over a sharp-edged flat plate.

Pang et al. (in press) have proposed a mathematical model to simulate the moisture-
transfer process within wood, based on physiological features of green wood and observed
behaviour during high-temperature drying. The model has been solved numerically to give
the temperature and moisture-content profiles of a Pinus radiata board. Predictions of the
model both for heartwood and for sapwood agree closely with independent measurements
of temperatures found on drying a single board (W.Miller, I.Simpson pers. comm.).

In all of these previous studies, the air has been considered to flow in one direction only.
However, in practical kiln operations, the airflow is reversed periodically to achieve more-
uniform drying. Therefore, in this study we first tested the mathematical model against
additional experimental results. Then the local temperature and moisture-content profiles
across aboard were calculated from this model both for unidirectional airflow and for airflow
reversals. In the calculations, variations in local mass-transfer coefficients over a single
board were taken into account. These predictions indicate the effects of airflow reversals for
sapwood and heartwood in terms of moisture content and temperature uniformity within a

board.
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PROFILES OF HEAT- AND MASS-TRANSFER COEFFICIENTS
IN AN AIRSTREAM

Inthe tests reported by Kho et al. (1989, 1990), a 100 x 25-mm truncated aluminium board
coated with naphthalene was placed within a kiln stack, and the mass-transfer rate was
determined by measuring the amount of sublimation from the surface. Experiments were
carried out at air velocities of 3, 5, and 7 m/s respectively. The mass-transfer coefficient
variations over the first five boards with distances measured from the leading edge of the first
board are shown in Fig. 1, and some important features can be observed:

(a) The maximum mass-transfer coefficient occurs over the front of the first board 10—
30 mm behind the leading edge;

(b) The maximum values over successive boards occur at positions close to leading edges
of each board, then fall to an asymptotic value some 30—40 mm from the leading edge
of each board;

(c) From the second board on in the airstream direction (with exception of the last board),
the coefficient profiles over each board are essentially the same for a fixed air velocity,
with higher values being observed for higher air velocities.
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FIG.1-Local mass-transfer coefficient variation with distance from the leading edge for the first
five boards with normal board gap of 1 mm and uniform board level. Source: Kho et al.
(1990).

In these experiments, the effects of minor board irregularities have also been investigated.
With a 5-mm gap between adjacent boards, the local mass-transfer coefficient was enhanced
about 20% compared to where the gap was only 1 mm. The influence of different heights of
adjacent boards has been observed to change the local coefficients to a varying extent: a
lower leading board has a greater influence on the front portion of the sample board than that
of a lower trailing board with the same height difference. Significant enhanced local mass-
transfer coefficients over the sample board were observed when the sample board was lower
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than both adjacent ones. The asymptotic values of the mass-transfer coefficients are greater
than those over sharp-edged flat plates, owing to the generation and diffusion of stationary
eddies along the boards (Sgrenson 1969; Miller 1972). These eddies have been observed by
Lee (1990), using a smoke visualisation technique.

The flow over an array of slabs, similar in geometry to a stack of boards in a kiln, has been
modelled using computational fluid dynamics (Langrish et al. 1993). By using the Reynolds
analogy between skin friction and mass transfer from the surface, it is possible to compute
local mass-transfer coefficients. The magnitude and variation of the calculated coefficients
withdistance are in good agreement with the experimental values, except that the enhancements
atthe leading edge of each board are under-predicted owing to inadequacies in modelling the
flow at the leading edge.

The measured mass-transfer coefficient (F), which is based on the molar concentration
difference, can be converted into one based on the vapour partial pressure difference (). The
latter will be used in the following simulation. The heat-transfer coefficient is calculated
from Chilton-Colburn analogy, in which the radiative heat is taken into account (Pang 1994).

If the air flows in only one direction, the local mass- and heat-transfer rates are higher over
the leading edge for a single board, thus the board surface-temperature is higher and the
moisture content is lower than elsewhere across the board. These non-uniformities limit our
ability to manipulate the external conditions which can be chosen to minimise degrade
caused by excessive moisture-content maldistribution. In practice, somewhat more-uniform
profiles of heat- and mass-transfer coefficients are created by reversing the airflow periodically.
Under these conditions, the profiles of the heat- and mass-transfer coefficients will follow
the airflow change. If the boards are neatly stacked in the kiln, the new profiles of the
coefficients will be mirror images of the old ones (Fig. 2).
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FIG.2-Local external mass-transfer coefficient variation across a single board before and after

the air flow is reversed.
Air velocity = 5 m/s. Boards: 100 x 50 mm. Sticker thickness (board gap): 25 mm.
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OO A

NOMENCLATURE

coefficient in Equation (12)

coefficient in Equation (12)

specific heat of moist wood (J/kg-K)

bound-water diffusion coefficient (kg/s-m?)

effective permeability of wood to liquid flow (s)

effective permeability of wood to water vapour flow (s)
external mass-transfer coefficient based on molar-concentration difference (mol/m?2-s)
external heat-transfer coefficient (W/m2-K)

flux of bound water (kg/m?2-s)

flux of liquid water (kg/m2-s)

flux of water vapour (kg/m?-s)

permeability of wood to water vapour (m?)

liquid permeability of unsaturated wood (m?)

liquid permeability of saturated wood (m?)

molar mass of water vapour (kg/mol)

total pressure of the air stream (Pa)

vapour pressure (Pa)

minimum saturation for liquid continuity

entropy (J/mol-K)

temperature (K)

specific volume of water vapour (m%/kg)

local moisture content (kg/kg)

moisture content at the fibre saturation point (kg/kg)
moisture content of wood if the entire void structure were filled with liquid (kg/kg)
space co-ordinate measured normal to the board surface (m)

Greek Characters

void fraction

thermal conductivity of wood (W/m-K)

chemical potential of bound water (J/kg)

chemical potential of water vapour (J/kg)

viscosity of water vapour (kg/m-s)

distance of the evaporative plane from the surface (m)
thickness of the thin dry layer of sapwood (m)
density of water (kg/m3)

density of water vapour (kg/m?)

basic density of wood (kg/m3)

time (s)

external mass-transfer coefficient based on pressure difference (s/m)
half thickness of a board (m)
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A PHYSICAL MODEL TO SIMULATE THE DRYING
OF A SINGLE BOARD

In aprevious paper (Pang et al. in press), a mathematical model was proposed to simulate
the high-temperature drying of P. radiata boards. In this model, during the initial stage of
drying a heartwood board, an evaporative front is assumed to lie within the wood at which
all of the liquid water evaporates. Since the pits are aspirated during the formation of
heartwood (Booker 1989), liquid flow is insignificant beneath the front, and thus this
evaporative front will withdraw into the material as drying proceeds. The front divides the
material into two parts, a wet zone towards the core of the board and a dry zone adjacent to
the surface. In the dry zone, moisture exists as bound water and water vapour. Bound water
will be in local thermodynamic equilibrium with the water vapour at the local temperature
(Stanish et al. 1986). In the wet zone, the moisture content remains essentially at the initial
value. Once the evaporative front reaches the centre-layer of the board, drying is controlled
by bound-water diffusion and water vapour flow.

While the tree is living, the bordered pits are required for transport of liquid nutrients
within the sapwood. They subsequently aspirate only as the sapwood dries out. With green
sapwood boards, wood cells close to the board’s surfaces have been damaged during the
milling process and the continuous water column is broken. Therefore, when the sapwood
isdried, an evaporative front will appear at a shortdistance &, from the surface (corresponding
to the depth of the layer damaged by sawing). The evaporative front resides at this point for
a considerable part of the drying schedule since, at depths greater than &, most pits are not
yet aspirated and sufficient flow of liquid can take place (Fig. 3): capillary tension at the
temporarily static evaporative front is sufficient to cause cavitation in the wet interior. The
liquid flow towards the evaporative front means that the front will remain at the position &,
until the moisture content at the front decreases to the minimum value for liquid continuity.
Thenceforward, the front starts to recede into the material and subsequent drying behaviour
is similar to that for heartwood drying.

— p Airstream
&
N The thin dry layer } 1S
8  The evaporative front

FIG.3-An evaporative front receding in a sapwood board under high-temperature drying.

Heat and Mass Conservation Equations

While heat and moisture mass conservation equations can be applied within a softwood
board, the terms in the equations need to be specified separately for the different zones with
corresponding boundary and initial conditions. These equations are respectively—
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for conservation of heat:

aT 9 oT
(o =— ==—[A=—1+®
L i v M
for conservation of moisture:
by K oD (ot @
s ot oz WY wf T Jwb.
where
C, is the specific heat of moist wood (J/kg-K)
X s the local moisture content (kg/kg)
P, is the basic density of wood (kg/m3)
T is the temperature (K)
T is the time (s)
z  is the space co-ordinate measured normal to the board surface (m)
A is the thermal conductivity of the moist wood (W/m-K)

Jjwy is the water vapour flux (kg/m2-s)
Jws is the liquid water flux (kg/m?-s)
jwp is the flux of bound water (kg/m?2-s)
and @ is the source term involving the latent heat of vaporisation.

These equations imply that the net transfer processes take place across the grain
perpendicular to the airflow direction (this assumption is valid except over small stretches
at each end of the board). In the period of drying when the evaporative front is receding into
the wood, no liquid water exists in the dry zone; thus, only water vapour and bound-water
fluxes will be considered. The same transfer processes will occur within the whole board
once the evaporative front reaches the mid-layer of the board. In the wet zone of sapwood
the liquid water flow will be taken into account, whereas the vapour and bound-water fluxes

can be neglected.

Moisture vapour movement
We assume that the flux of water vapour is proportional to the gradient of the vapour
partial pressure, so the vapour flux in the dry zone can be expressed by Darcy’s law:

. op¥
Jw = —Ey _aP_ 3)
z4

in which E,, is the effective permeability to vapour flow and pV is the vapour partial pressure.
The effective permeability to vapour flow, E,,, may be related to the commonly measured gas
permeability, K, by the equation:

Kv pv ( 4)

v
1%
where p,, and [y are the density and viscosity of the vapour respectively.

The vapour partial pressure can be calculated as a function of local temperature and
moisture content using the relationship given by Simpson & Rosen (1981) with some
modification for the particular species of wood, P. radiata (Pang 1994).

Bound water movement
We use chemical potential as the driving force for bound-water movement. The bound-
water flux may be expressed in a form given by Stanish et al. (1986):
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, d
Jwb = -Dp(1—¢) aizb )

where |1, is the chemical potential of bound water, Dy, is the bound-water transfer coefficient,
and ¢ is the fractional void space. For local thermodynamic equilibrium, the chemical
potential of bound water, |1, is the same as that for the vapour, W, and it follows:

My _pp Oy _ 9T (0¥
My %z My iz oz v 0z ©

The entropy, S, is a state function of temperature and pressure.

When the vapour obeys the Ideal Gas Laws, the above relationship can be transformed
into a computable form in which the chemical potential is related to local temperature and
pressure gradients (Stanish et al. 1986):

Dy (-8 [ 1187 4 3511 (—L—) — 8314 In (
M 208.15 298.15

L )]— 8314191_’_ }(7)

Jwb =

v

Liquid water movement in the wet zone of sapwood

For sapwood, the moisture content is initially high, so when water evaporates at the
evaporative front, free water beneath the front will flow towards it because of the liquid
pressure gradient. This process can be described by Darcy’s law. The pressure gradient in
the liquid is assumed to be the consequence of capillary action between the liquid and gas
phases within the voids of the wood. Thus we obtain the liquid flux within wood (j,) as

Jw= E e ®
W= Tl
where p, is the capillary pressure and E; is the effective permeability to liquid flow, which
may also be related to the commonly measured liquid permeability, K; , by the equation:
_Kip
E, m ®
in which p; and |, are the density and viscosity of liquid water respectively. Stanish et al.
(1986) correlated the liquid permeability (K;) of unsaturated wood to that measured at
saturation (K7}) by the expression:

T (S = Smin)
K, = 1.0- o _min’ 10
1= { cosl 3 o= smm)]] (10)
Here s is the relative saturation of wood defined by
_ Liquid volume _ X~ Xpgsp Can

Void volume ~ Xmax — XFsp
The moisture content at the fibre saturation point is Xgsp when the lumens are devoid of
any liquid water and Xy, is the moisture content of the wood where the entire void structure
is filled with liquid. The minimum saturation for liquid flow within the board is sp,;;,. When
saturation is below this point, unbound water is no longer funicular and the liquid continuity
is broken. For softwoods, Spolek & Plumb (1981) assumed that the capillary pressure is a
simple algebraic function of saturation:
p.= AsB ‘ (12)
where A and B are constants.

From Equations (8), (11), and (12), the relationship between liquid water flux and local
moisture content becomes:
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ABE; (X — Xpsp)? 0X

Jws X—Xpp)T*B 3

We can use Equations (1) to (13) to predict the temperature, 7, and the moisture content,

X, inboth the dry and the wet zones, the bound water flux (j,;,) and the water vapour flux (j,,,)

in the dry zone, and the liquid water flux in the wet zone (js) for sapwood. We can solve the

model numerically when the initial and boundary conditions, the various transport coefficients,

and the physical properties of wood are known. The method adopted is described elsewhere
(Pang 1994; Pang et al. in press).

(13)

TEMPERATURE AND MOISTURE-CONTENT PROFILES:
COMPARISON OF PREDICTED RESULTS
WITH EXPERIMENTAL DATA

Drying Tests

A separate experiment was undertaken at New Zealand Forest Research Institute
(NZ FRI)drying single boards of sapwood and heartwood under commercial high-temperature
conditions. The timber was cut from two P. radiata stands, approximately 30 years old, in
Kaingaroa Forest. Tests boards were flat-sawn with dimensions of 100 X 50 X 350 mm for
sapwood and 100 x 50 X 500 mm for heartwood. Small pieces were cut from each end of the
specimens for determination of initial moisture content and basic density.

The specimens for drying were edge- and end-coated twice with a mixture of Altex Devoe
Devshield 235 base aluminium paint and converter. In the tests, the specimens were dried
inanelectrically heated, steam-humidified, tunnel dryer. The dry-bulb/wet-bulb temperatures
used were 120°/70°C, 120°/90°C, 140°/70°C, or 140°/90°C and these were controlled
automatically with maximum fluctuation of £ 0.5°C. An air velocity of 5 m/s was used in all
of the trials.

When the dry-bulb and wet-bulb temperatures were stable, the sample was weighed and
placed on the cradle which was hung from a balance on the top of the dryer. Then the data
monitor and logger were started to display and to record the elapsed time, temperatures, and
sample weight. When all the temperatures at different depths from the drying surface of the
board were very close (in a range of 1-2°C) to the dry-bulb temperature, the test was
terminated. Finally, the sample was weighed and oven-dried at a temperature of about 103°
+ 2°C for 48 hours and the board-average moisture contents were calculated from the oven-
dry weight.

For the measurement of local temperatures, four thermocouple holes, 40 mm in length
and 2.5 mm in diameter, were drilled into the trailing edge of the specimens. Thermocouples
were inserted, a silicon adhesive was pumped in both to seal the holes and to fix the
thermocouple tips. The location of the measurement points, 40 mm from the trailing edge,
was chosen on the basis that the external mass-transfer coefficients over this region were
believed to be relatively constant and could be taken to be representative over the whole
board. The four holes were drilled into the trailing edge so that the thermocouples would be
approximately 6, 12, 18, and 25 mm below the top face of the board. To measure the surface
temperature a slot about 0.5 mm deep was cut with a knife tip and the tip of a thermocouple
was pressed into the slot. In these experiments, a dummy board was placed in front of the
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sample board so that the mass-transfer coefficients over the sample board could be related
to the majority of boards in a kiln stack rather than to the distinctive characteristic of the first

board (Fig. 1).

Experimental Results

Wood density and green moisture content

Wood density and green moisture content are two of the most variable properties of wood.
For sapwood, the measured density varied from 419 to 488 kg/m3, and the green moisture
content was in the range 1.164 to 1.392 kg/kg. These values agree with data previously
reported (Cown et al. 1991; Kininmonth & Whitehouse 1991). For heartwood, the density
ranged from 372 to 429 kg/m3 and green moisture content from 0.34 to 0.38 kg/kg. The
density of the heartwood was also close to that measured by the above authors, but the
moisture content was slightly less than the previously reported values.

Temperature and average moisture-content profiles

The temperature profiles for each test under various external conditions are shown in
Fig. 4 and 5 as discrete points. The shapes of these profiles are similar to those reported by
Beard et al. (1985) for the drying of American yellow poplar (Liriodendron tulipiferaL.) and
Northway (1989) for Australian P. radiata. The average moisture content is also plotted.

Heartwood: The test data, external conditions, and values for assumed parameters are given
in Fig. 4 and 5, and in Table 1. For heartwood at dry-bulb and wet-bulb temperatures of
120°/70°C (Run 1), the surface temperature rapidly rose above 100°C and increased
gradually towards the air temperature with the internal temperatures being close to one
other, remaining at about 100°C. Subsequently, the internal temperatures at different
depths started to rise as the evaporative front receded into the wood. Finally, the central
temperature increased and approached the surface temperature of the board. Unfortunately,
in Run 1 the data logger failed to record the sample weight after 7 hours’ drying because :
of a faultin the cradle. By this time, the moisture content had fallen from the initial value
0of 33.1% to 13.7%.

For Run 4 (120°/90°C), the temperature profile is similar to that of Run 1 (120°/70°C).
The moisture content decreased with elapsed time virtually from the beginning of drying
except for a short induction period of about 10 minutes. During this time, the board
absorbed some moisture from the air and the sample weight increased a little since the
surface temperature was below the wet-bulb temperature of the air. However, no constant
drying rate period was observed throughout the whole process of drying. In this run the
initial moisture content was 32.5%, falling to 11.3% after 7 hours and to 4.0% after 18
hours of drying, at which point drying was terminated.

In the two runs with a dry-bulb temperature of 140°C (140°/70, 140°/90 °C), the surface
temperature of the board rose much more rapidly than in those at the lower temperature
of 120°C, as expected. Within the first 2 to 3 minutes of the fan and heater being switched
on, the surface temperature was over 70°C. The average moisture content dropped also
more quickly during drying at 140°C than at the lower air temperature. As expected, for
the same dry-bulb temperature, the drying rate with alower wet-bulb temperature (70°C)
was greater than with a higher wet-bulb temperature (90°C). After 12 hours of drying,
the moisture contents for Run 3 (140°/70°C) and Run 2 (140°/90°C) were 1.3% and 2.3%



93

" Pang et al.—Airflow reversals in high-temperature drying. 1: Single board

T Uy D06/5071 (P) € UNY Do0L/07T (9) * uny

D606/,021 (@) 1 Uy D,0L/50T1 () :se1meredurd) qinq 3om/qnq A1 ‘preoq 943 Jo 90ejins 1oddn oY) Wo1j 90URISIP 3y SI 2 I9}oWEIR]
“e1ep [epuswradyos yim uosiedwod pue S)[NSAI UONB[NWIS (PIEOG POOMMESY B UIyIIMm sa[joid Jusiuood-aimsiows pue aimesadws—4 Ol

(ssnuiw) awny pesdejg

008 00L 009 00S OOy 00OE 002 OO0L 0
R 2o o ....,».&_.“.“r.....w. R En e 1
Rt
.9,
T L —— —— ke A ¥ 02
—-.
Juajuoo ainjsiow abereny -
T wweg=z o - oy
I wwoz=z ¢ ——
T wwyr=z x [ g1 09
[ wwy =z + -_—— -
T 0 =2 e 08
[ aunjesadwsa) (8207
T |ejuswpadxy leonaloay ) 001
- 5~ X - 02t

(senuiw) swny pasde|g

008 004

(senuiw) swn pasde|3
00S 00t

009 00€ 00c 00} 0

* P ]

Jusjuoo ainjsiow sbesany

wwegg=z ©
wwig=z ¢ —_— - 09
WWGL=Z X  emm=-== ]
wwoL=z + —_—— - 208
0 =2 e —_— ]
ainjelradws) (8207 + 001
[eyuswuadxy eonaioay | 4
g T ozt
[ I
.......... 0] 4%

(senuiw) sw pasde|3

00c}H 0001 008 009 ooy 00¢ 0 000} 008 009 (00)4 00¢ 0
......_....._.r..rp.h;L._.p..._....._O ._._._L....“. PR S S S S S SR S B SR ._O
?-L.QIQ.-OLO.-’:’.F..) ! ! I P — e ! !
nu‘luﬂln‘u:ﬁn Y i ||-...‘.||Q:u.‘nl )
. R e, 02 T ¢ e e, 02
Juajuoo ainjsiow abelrany ~e-. [ Jusjuoa ainjsiow sbeisay A
wwegg=z © ov -+ (anusd) ww Gz =z o ‘ oy
ww L=z ¢ — 5 — r wwoL=z ¢ —  —
wwzp=z x —meme- - 09 xw WWLE=Z X ecee=a now
wweg =z + —_— o - wwy =z + —_—— e —
0 =z o — 1 o8 I (sdeuns)p =z e 08
ainjeiadws] [eo07 r ainelsadwsa) (8207
|jeluswuedxy  [eonesosyl [ [eluswuadxy  [eonalosyl
~ 001 T 00}
L oz1L (@ oct

%) Juajuoo ainjsiow abeiany

(Do) @injesadwa |

(

(%) U090 ainjsiow abesany

Lov)
)
e

(0,) a1mesadwa

By comparison

respectively, and the corresponding initial values were 32.9% and 34.2%.

with these final values, the average moisture content for Run 4 (120°/90°C) was still

5.9% after 12 hours, and 4.0% after 18 hours of drying.
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Sapwood: The temperature and average moisture-content profiles for sapwood drying in

these tests were similar to those measured by I.Simpson and W.Miller (pers. comm.) and
by Northway (1989) for wood from the same species. In the drying experiment for
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TABLE 1-Values of the parameters used in the simulation of high-temperature drying of a single Pinus
radiata board.

Parameters Heartwood Sapwood
Runl Run4 Run3 Run2 Run5 Run8 Run6 Run?7

Dry-bulb/wet-bulb

temperatures (°C) 120/70 120/90 140/70 140/90 120/70 120/90 140/70 140/90
Wood permeability

to gas, K (10715 m?) 0.2 0.4 0.6 0.5 1.0 1.3 1.2 1.3
Wood permeability to

liquid, K% (1016 m?) - - - - 14.0 10.0 10.0 144

External heat-transfer

coefficient, & (W/m2.K) 30.9 30.9 30.9 30.9 50.0 50.0 50.0 50.0
External mass-transfer

coefficient, B (10-8 s/m) 16.0 16.0 16.0 16.0 20.0 20.0 20.0 20.0
Thin dry layer thickness,

&y (mm) - - - - 1.3 1.1 1.1 1.1

sapwood at dry-bulb temperatures of 120°C and 140°C, the surface temperature rose
rapidly to above 100°C-and then increased slowly towards the air temperature. All of the
internal temperatures at different depths (6, 12, 18, and 25 mm beneath the surface) were
very similar to each other and remained at about 100°C for a substantial period of time.
The length of this period depended on the external conditions: for example, 8 hours for
dry-bulb temperature of 120°C, and 57 hours for 140°C. During this period the moisture
content decreased relatively linearly with drying time, corresponding to a constant
drying-rate period. Following this constant drying-rate period, the wood dried in a
similar manner to that for heartwood: the drying rate fell and the temperatures at different
depths started to increase progressively. Finally, all the temperatures approached the dry-
bulb temperature as the moisture contents approached the equilibrium values.

Comparison of Predictions with Experimental Data

Using the mathematical model described in this paper, the temperature and moisture-
content profiles within the boards were calculated for each experimental run. The physical
properties and parameters were taken as those measured in the experiment or chosen by
fitting the predicted temperature and moisture-content profiles to the measured ones
(Table 1). The predictions are presented in Fig. 4 and 5 as curves with the experimental data
plotted as discrete points to allow comparison between the predictions and the laboratory
data.

For heartwood, the predictions matched closely the experimental data for the whole
drying process. The discrepancy in moisture content was less than 1% m.c. between the
measured and predicted values. The largest difference of 5°C between the predicted and
measured temperatures was found in the initial stage of drying, in which the measured
surface temperature rose more rapidly than the predicted ones. The internal temperatures
started to increase during drying in the same way as those measured.

The features of sapwood drying observed in the tests were predicted from the model. The
temperature profiles from the model were in close agreement with the laboratory data. The
maximum discrepancy in moisture content between the predictions and the measured data
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was found before the evaporative front (in the model) reached the centre layer of the board,
with predicted moisture contents being 5~15% m.c. higher than the experimental results.
However, the values converged when the drying rate decreased after about 10 hours of

drying.

SIMULATION RESULTS BOTH FOR UNIDIRECTIONAL AIRFLOW
AND FOR AIRFLOW REVERSALS

Using the values in Table 1 and considering the changes in heat- and mass-transfer
coefficients with distance from the leading edge of aboard (Fig. 1 and 2), we derived the local
temperature and moisture-content profiles across the board at different distances from the
leading edge and at different times from our mathematical model with dry bulb/wet bulb
temperatures of 120°/70°C. The air velocity was assumed to be 5 m/s. For the airflow
reversals, the strategies considered were as follows:

Strategy A: the airflow was reversed every 3 hours;

Strategy B: the airflow was reversed every 4 hours;

Strategy C: the airflow was reversed every 8 hours;

Strategy D: the airflow was reversed only once after 4 hours of drying;

Strategy E: the airflow was reversed once after 2 hours and again after 6 hours of drying.

Strategy A and Strategy B have been practised in commercial kiln drying in New Zealand.
Strategy C was used to investigate the influence of extending the interval length forreversing
the airflow, while Strategy D and Strategy E were proposed to investigate the effects of only
a single reversal or only two reversals.

The changes in the surface and centre temperatures of a sapwood board, the local moisture
contents, and the position of the evaporative front are given in Fig. 6 and 7. These variables
are given as functions of distance from the original leading edge of the board. In Fig. 6b to
6f, the simulation results are presented for drying after 8 hours with different reversal
strategies, compared with those with unidirectional airflow in Fig. 6a. Similar results after
16 hours of drying are shown in Fig. 7. Profiles for heartwood were similar to those for
sapwood, but the extent of the changes with distance was less than for sapwood due to the
lower initial moisture content of heartwood.

In Figs 6 and 7, the surface and centre temperatures within the wood indicate the overall
temperature differences between the surface and the centre-line of the board. Of course, the
temperature changes across the thickness of the board were not uniform. In the wet zone, the
temperature differences at positions perpendicular to the surface were not significant
because the evaporation of water was negligible and the heat requirement for heating up the
material was small. Therefore, the temperatures in the wet zone were close to those at the
evaporative plane. On the other hand, during the initial period of drying when the wood was
relatively cool, the temperature gradients in this wet zone were greatest, but even so the
temperature at the centre-line was only about 3°C lower than that at the evaporative plane.

In the dry zone, however, the temperature drop accounted for most of the overall
differences in temperature. The quantitative prediction of the temperature distribution was
complex owing to the non-linear variation of water vapour flux in this zone. As more water
evaporated at a given location (liquid water at the evaporative front and bound-water at other
points), more heat was required, resulting in a steeper gradient in temperatures about this
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FIG.6-Variations in the surface and centre temperatures, local average moisture content, and the
position of the evaporative front with distance along board from the leading edge: sapwood,
after 8 hours of drying. Dry-bulb/wet-bulb temperatures: 120°/70°C, air velocity: 5 m/s.
(a) Unidirectional airflow; (b) airflow reversed every 3 hours; (c) airflow reversed every
4 hours; (d) airflow reversed every 8 hours; (e) airflow reversed only once after 4 hours;
(f) airflow reversed after 2 hours and after 6 hours.
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FIG.7-Variations in the surface and centre temperatures, local average moisture content, and the
position of the evaporative front with distance along board from the leading edge: sapwood,
after 16 hours of drying. Dry-bulb/wet-bulb temperatures: 120°/70°C, air velocity: 5 m/s.
(a) Unidirectional airflow; (b) airflow reversed every 3 hours; (c) airflow reversed every
4 hours; (d) airflow reversed every 8 hours; (e) airflow reversed only once after 4 hours;
(f) airflow reversed after 2 hours and after 6 hours.
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location. Normally, this situation occurs near the timber surface, since all the heat required
to heat up the material and to evaporate the moisture (both bound- and unbound-water) is
transferred through the external surface.

The local average moisture contents in the board represent some volume-smoothed
values at a given position, but the moisture contents varied both with distance from the
leading edge and with depth from the board surface. In the dry zone the moisture was in
equilibrium with the local temperature of water vapour. At the position just above the
evaporative front, the moisture content equalled the fibre saturation value Xgpgp (about
0.22 kg/kg at boiling point), while near the surface the moisture content decreased from Xpgp
(when the evaporative front started to recede) towards equilibrium moisture content. The
value of equilibrium moisture content at operating conditions of 120°/70°C was about
0.022 kg/kg.

DISCUSSION

Unidirectional Airflow

Sapwood

For sapwood drying with unidirectional airflow (Fig. 6a and 7a), there is an initial period
when the liquid flow outwards keeps the evaporative front near the surface for a variable
length of time, depending upon the position from the leading edge of the board. The extent
of this period of drying depends on both the external heat- and mass-transfer rates and the
initial moisture content of the green wood. In the simulation when the initial moisture content
was taken as 1.4 kg/kg, this initial period lasted 4 hours for the wood at the leading edge, and
in material near the trailing edge of the board this period extended to about 6 hours.

We believe that the appearance of kiln brown stain at a depth of about 1 mm is a practical
illustration of the formation of the thin dry layer. Wood sugars and other water-soluble
components could migrate to the evaporative front where they undergo reaction to form kiln
brown stain.

At the end of the initial period, the evaporative front withdraws into the wood leaving the
thin dry layer and, once this occurs, the internal resistance to vapour flow through the wood
becomes dominant. Since the wood at the leading edge dries faster and the evaporative front
starts to leave the thin dry layer earlier than at other positions, the moisture content at the
leading edge drops more quickly (27% m.c. lower than other positions after 4 hours of
drying). In subsequent drying, this difference persists until the evaporative front at the
leading edge has reached the mid-layer of the board after 12 hours of drying. Thereafter, the
moisture content difference is reduced as drying in the driest zone is retarded with only wood
cell diffusion taking place. After 16 hours of drying, the difference in local average moisture
content is 4% m.c. between the leading edge and the trailing edge. This difference may be
further reduced to less than 0.5% m.c. with another 4 hours of drying. A period of 24 hours
of drying was recommended by Williams & Kininmonth (1984) for New Zealand P. radiata
boards of 100 X 50 mm with the schedule considered. However, more recently, shorter
drying times have been used commercially by employing air velocities than higher 5 m/s in
the kiln.

The greatest difference in surface temperature across the board also occurs between the
leading edge and the trailing edge, with a value of 25°C after 6 hours of drying. This
difference falls to 16°C after 8 hours and to 7°C after 16 hours of drying.
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The inner temperatures everywhere are similar to each other, with a difference of 5°C
before the evaporative front at the leading edge has reached the centre-line of the board.
Thenceforth, the centre temperature at the leading edge starts to rise while the centre
temperatures at other positions remain at around boiling point (100°C). The largest
difference of 20°C in inner temperature occurs after 16 hours of drying when the evaporative
front near the trailing edge has just reached the centre-line of the board. The differences for
both surface and inner temperatures are reduced to less than 3°C after 20 hours of drying.

Heartwood

The above features of sapwood drying with unidirectional airflow also apply to heartwood,
except that for heartwood drying the evaporative front withdraws continuously into the
material virtually from the start of drying (Pang et al. in press). During this period of drying,
at positions near the leading edge the temperatures rise more swiftly, the evaporative front
recedes more deeply, and the average moisture contents decrease more quickly than at other
positions across the board in the airflow direction. After 4 hours of drying, the temperature
near the leading edge begins to rise slowly due to loss of moisture at the surface and the mass-
transfer rate falls. After 12 hours, the evaporative front everywhere reaches the board’s
centre-line. At this time, the moisture content at the surface is virtually at equilibrium value
and the surface temperature approaches the dry-bulb temperature of the air. In subsequent
drying, the heat- and mass-transfer rates at any point become much lower than those in the
initial period of drying, and the differences in temperatures and average moisture contents
across the board finally become insignificant.

For heartwood drying, the largest temperature difference occurs on the surfaces between
the leading edge and the trailing edge with a value of about 10°C after 2 hours’ drying, while
after 12 hours the surface temperature at the trailing edge is only 5°C lower than that at the
leading edge. This temperature difference decreases to only 0.1°C after 20 hours of drying.

The moisture content at the leading edge of a heartwood board is lower than that close to
the trailing edge of the board. The moisture-content difference across the board is much
smaller than that for sapwood, remaining about 3% m.c. in first 12 hours of drying, and is
due mainly to the variation in depth of the evaporative plane at various positions across the
board. The moisture content in the dry zone is lower than that in the wet zone. During the final
period of drying after 12 hours, this moisture-content variation is reduced, becoming
insignificant after 20 hours of drying.

Airflow Reversals

From the simulation results it can be seen that, when the airflow is reversed, the previous
leading edge becomes the trailing edge and vice versa. Correspondingly, the heat- and mass-
transfer coefficient profiles are reversed. The temperature and moisture-content profiles will
now track these changes. However, before the first change in the flow direction, the
temperature and moisture content profiles are the same as those with unidirectional airflow,
as discussed in the previous section.

For sapwood, the most non-uniform profiles of temperature and average moisture content

occur between 4 and 12 hours of drying with unidirectional airflow. However, when the fan
direction is changed every 4 hours in a kiln, the differences in temperature and moisture
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content can be reduced greatly some time after the first flow reversal. Just before the airflow
is reversed (after 4 h), the surface temperature at the leading edge is 14°C higher and the
moisture content there is 27% lower than the corresponding values near the trailing edge.
After the airflow has beenreversed once, these differences fall to 8°C for the temperature and
13% for the average moisture content. With another 4 hours drying (after 8 hours from the
start), the temperatures at positions near both ends are quite similar, but higher than those in
the middle area of the board (Fig. 6¢). Likewise, the moisture-content profiles at both ends
are similar, but lower than those in the middle area. This feature persists, even with
continuing airflow reversals (Fig. 7c). The lower temperatures and the higher moisture
contents in the middle-area are due to the lower average external heat- and mass-transfer
rates even though the airflow has been reversed several times. The reason for this persistence
lies in the fact that the airflow reversals influence only the magnitude of the transfer
coefficients at the leading and trailing edges of each board. The drying conditions across the
central strip of the board are barely changed. The final differences in temperature and average
moisture content are 3°C and 1% m.c. respectively after 20 hours of drying.

In asapwood board that is being dried with airflow reversals every 8 hours, there are large
temperature gradients across the board and a wide variation in moisture content before the
airflow direction is changed (Fig. 6d). However, with a single fan reversal at 8 hours, the
variation in these profiles with distance across the board is reduced and similar profiles to
those for airflow reversals every 4 hours can be achieved after 16 hours (Fig. 7d).

With only one airflow reversal after 4 hours, similar profiles of local temperature and
moisture-content to those with reversals every 4 hours have been observed after 8 hours and
16 hours of drying. Hence, further reversals are of only marginal benefit (Fig. 6e and 7e).
However, this conclusion is valid only for the drying of a single board. In kiln-wide drying,
the single reversal may introduce some differences when the changes in external conditions
across the whole stack are taken into consideration.

An advantage of reversing the airflow every 3 hours is the reduction in the maximum
differences in moisture content and temperatures since the first reversal takes place before
the greatest differences are generated with unidirectional airflow. The largest difference in
moisture content becomes 20% between 3 and 10 hours of drying. The maximum differences
in surface and inner temperatures are 15°C after 8 hours and 16°C after 16 hours respectively.
The final result is similar to that with airflow reversals every 4 hours, after 16 hours of drying
(Fig. 7), but stress development is likely to be less severe as the maximum moisture-content
difference is reduced in the early stage of drying.

The maximum moisture-content difference across a single board during the early stage
of drying should be further reduced by reversing the airflow for the first time after 2 hours.
Under these conditions, the maximum difference in moisture content is 16% m.c. after
4 hours of drying. A second reversal after 6 hours from start of drying, produces similar
moisture-content profiles in the final period of drying (Fig. 6f and 7f).

For the drying of heartwood, airflow reversals also change the profiles of temperature and
local average moisture content within a board, but the benefit is not as significant as for
sapwood because of the much lower initial moisture content in heartwood. Details of
simulation results with airflow reversals for heartwood have been published elsewhere (Pang
etal. 1992).
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CONCLUSIONS

The mathematical model proposed is based on the physical features of wood and on
observed drying characteristics, distinguishing between sapwood and heartwood. Existence
of the receding evaporative front in both sapwood and heartwood boards, and formation of
the thin dry layer at the surface in sapwood boards are believed to describe the general
behaviour of softwood boards when dried at high temperatures.

From the proposed mathematical model, we can predict the variations of local temperature
and moisture content with depth of the board in drying of a P. radiata board by using the
mean mass-transfer coefficients measured by Kho ez al. (1989, 1990). The predictions
closely match the laboratory experimental data for drying a single board, giving some further
confidence in extending the model to drying when variations in mass-transfer coefficients
are taken into account.

When the air flows in only one direction, the temperatures are higher and the moisture
contents are lower at the leading edge than in other positions downstream owing to the
decrease in the external heat- and mass-transfer rates across the board. These differences can
be reduced by reversing the airflow. Airflow reversals every 4 or 8 hours can lessen the
maximum moisture-content difference, but the greatest value cannot be reduced. Reversing
the airflow twice, after 2 and 6 hours, is more effective in limiting the moisture-content
difference in the airflow direction. This should reduce the number of drying defects.
However, various strategies considered for the airflow reversals produce essentially similar
temperature and moisture-content profiles in the final period of drying (after 16 hours).

We believe that the proposed mathematical model offers an accurate description of
transfer processes within wood during high-temperature drying; thus, this model can be
applied to analyse the drying behaviour through a kiln-stack of boards. From such analysis,
the influence of airflow reversals on kiln-scale drying can be carried out (Pang et al. 1994).
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