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Abstract: This article is a review of our work on the modglof lumber drying that we have started in 2003.d6Mesider
a lumber drying process in a kiln chamber wherenfroathematical point of views, this is an initimidaboundary value
problem. The Moisture Content (MC) is measuredataenter of the lumber by applying a nail thaugands times of the
pore size of the wood. This leads to apply macrdeting for the diffusion process of the water irside lumber. MC acts as
the state variabla of the thicknesg and timet. The state variable satisfies a diffusion equatidre Equilibrium Moisture
Content (EMC) of the air acts as the boundary dadi\We report the progress on mathematical modelnd compared the
results with data from industry.
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11, 12, 13] are among others. In this paper we idens
modeling, simulation and comparison with real data
obtained in an industry.

1. Introduction

This article is a review of our previous work rejgarrin [1,
2, 3, 4, 5] by elaborating recent understandingiofleling.
From industrial point of view, a good drying prosésvery 2 |ndustrial Process and Data
much of the interest, especially of lumber and t&mb
industries. Good process prevents the lumber from Drying process decreases the cross-sectional diorens
developing surface cracks and several other defBcging  of the lumber up to ten percent. Fig. 1 show arsithative
may reduce lumber weight by a factor two or morammeg  results of lumber drying process. Lumber whichrieditoo
lower cost on transportation. Drying increases Ithmber  quickly, leaving the surface much drier than th&de, may
strength; nails, screws and glue hold better, paimi develop cracks on the surface. If one surfacagisificantly
finishes adhere well. Dry lumber is a better thdrimsulator ~ drier than the other, the lumber may bend. A gondnd
than the wet one (see [14] for details). process should not develop these mal-forms, except

The moisture content (MC) of lumber is an importanteducing dimension. Therefore a good process showid
aspect on lumber drying. MC of lumber is definedtlaes the lumber evenly. Understanding this mechanism is
ratio of the mass of water contained in the lumisethe extremely important to find an optimal drying time.
mass of the lumber without water. MC of some frieghcut The moisture content (MC) of lumber is an important
from a tree may be above 100%. Industries dry lusb@ aspect on lumber drying. MC of lumber is definedttaes
have MC around 6% to 20%, which is hard to achieveatio of the mass of water contained in the lumioethe
naturally. To have good control on lumber dryingddle  mass of the lumber without water. MC of some frésih
and large sizes timber industries dry lumber ilnjkbvens.  cut from a tree may be above 100%. Some industiigs

This paper focuses on understanding the dryingléngie  lumbers for MC around 10% to 15%. To have good robnt
lumber based on the process in a kiln oven of dastry, a on lumber drying, middle and large sizes timbemustdes
review of our research focus started in 2003. Ustdeding dry lumber in ovens. The moisture content of theder
the process better will be a starting point foredficient  before entering the oven varies around 50% to 70B&.
process. Most previous and current researches adeying process in the oven is done by controllitg t
experimental tests or purely modeling and simuhgtj@0, Equilibrium Moisture Content (EMC), i.e. the airrhidity
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in the oven. To make the process faster, the EM@IdHbe
lower, and vice versa. While drying process of sheface
of lumber is directly controlled by setting the EM@ying
the inside part very much depends on the surfadeatso
the type of lumber, hence is not easily controlled.
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Figure 1. Illustration of good drying and bad drying process of lumber in
industry.

Fig. 2 show illustrative plot of a kiln chamber ém),
devices used to measure MC and EMC, and contrdiling
process of drying by setting the EMC. The kiln chamis
equipped with heating and fans, where EMC can bese
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density (of water) at the pointinside the wood and tinte
is denoted byu = u(X,t). The flux of masy at pointx to
the surrounding points is assumed linearly depamlthe
gradient of U at x; the larger the gradient, the larger the

flux. Hence, we have
v=KI[Ou 1)

whereK is a factor that may be constant or a functiar
u.

Let QO O" be bounded, and the boundary is denoted
by Q. Assuming the mass conserved, the total mass

leaving Q is given by

aj;zv-ndA

()

where Ve n denotes the componewtin the direction of
normal vectom. Applying Gauss divergence theorem, we
have

ajov- ndAz—iD-(K [Du) dv

®)

where Dzu is a Laplace operator applieduo
On the other hand, the total mass@ is the integral of

by blowing up the humid air out of the chamber and/ the mass density ovef)

increasing the temperature in it. Some fans are uded to

create uniform EMC in the oven. EMC is automaticall

control by using computer software for drying.

The data recorded from the drying process in the ki
chamber are EMC and MC as time series. We consider

lumber durian woodOjurio zbethinus) of the dimension of

5 cm x 40 cm x 250 cm. The process is recordedchén t

interval of 6 days.

Figure 2. Drying process, measuring MC and setting EMC in industry.

3. Mathematical M ode€l

We consider spatial variablx D O" | and temporal

m=|udVv
4
J @
The rate of change of the mass
dm ou
o e (5)

Positive sign ofinvdt refers to the increase of massan,
on the contrary the negative sign refers to theesse of
mass. Assuming the mass conserved, the total magsd
Q is equal to the decrease of mass insfele Hence, we
have

—i%dvz—iﬂ-(Kmu)dv 6)
which is equivalent to
adu _
i[H—D-(K D]u)jdv =0 @)

Since Q is any subset ofd" and restricting on a
continuous integrand, we have

du

O« (K m
ot ( u)'

8
Such derivation can be found in many standard teib
including, the one well-known for engineering [8].
Notes:
The relation of the water density and the moistanatent

variable tJU . A state variable representing the masss given by
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U(X,t) = Upooqu(X,t) initial MC. Note that EMC acts as boundary conditaf the
simulation. Observe that the model givesiamatch of the
where U (x,t) is water content at point and timet, and real data andnumerical solution in the beginning of drying
process. This mismatch is removed by applying catedr
interpolation of MC in the center and EMC at theotw
boundary points as the initial condition as preseéin Fig. 5.

U,..; IS the wood density. The wood density is assured

be constant, it does not depend onOn substituting (9)
into (8), we have

ou _ — 60 :
E‘D‘(K DDU)- N EMC
S Num. sol.
i i s0r —— Real data |]

Dropping the bar,u(x,t) stands for the moisture content
at (x, t). Hence, either moisture content or mass (of Wyater e
density is governed by (8). sl
4. Method 20}

We will compare the solution of our model with realta w T "».\ ]
of MC of the lumber during the drying process. Nibtat the | e
measurement of MC at center of the lumber, however, 05 1 2 3 4 5 6
includes its surrounding area, but small, aboutdneals or Time (dav)

thousands of the pore size of wood. Hence, the S ot Figure 4. EMC, MC and numerical result of the state variable at the center
refer only at a single point. Rather, it refersatp average for the case of constant initial condition.
quantity in its neighborhood. This technique is knoas

Representative Elementary Volume (REV), (see [7]). 60 : v . ; .
The numerical solution of the model (8) is computed x| EMC
numerically using a finite difference method. Thigthod sop e ]
has been widely discussed in standard books suéh. &or
the numerical computation we ua& = 0.1, and the time 40r A
stepAt = 0.01. The boundary condition is taken from the 30l
linear interpolation of the industrial data of EMChe Yy
information of initial condition is limited in theepoints, two >0t
onthe boundary and one in the center of the lunWemay =~ e
interpret the initial condition in two ways. Thadf, it is 10} "»\
assumed to be constant equals to the initial dd#¢Cinthe | T
center. Second, it is assumed to be quadraticiumtaken 0o 1 2 3 4 3 6
from the initial data of MC at the center and thdEat the Time (day)
two boundary points. This illustrated in Fig. 3. Figure5. EMC, MC and numerical result of the state variable at the center
for the case of quadratic initial condition.
Constant initial condition
/ We have presented mathematical model development of
b e —— o — = = — drying process of wood. We have also compared veigth
,--" U~ data from an industry. Our discussion, howevegn direct
- Y [Tuedsticinmalcondiion hroblem of initial and boundary value problem meani
/--’ N given the diffusion equation accompanied with thiidl
v e and boundary conditions. The problem faced by the
operators and technicians in an industry is hodetermine
EMC (boundary condition) such that they get thespribed
MC (state variable). This means that given
a dllg d Ju
—= X(K(u)mxu),0<x<dandt>0.
Figure 3. Quadratic initial condition and constant initial condition. 0

. . The initial condition is given b
5. Results and Discussion gven By

Fig. 4 shows the real (industrial data) of EMC, Mfd
numerical result of the state variable at the gefue the u((y t): g(t)
case that the initial condition is constant andaégjto the 2’ '

u=f(x),in0<x<d
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Find the boundary condition u(0,t) = u(d,t) = h(t).

On the other hand, the functiéfor specific wood is still
unknown. This also yields another inverse problesio.
Given
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The initial and boundary conditions are given by

u=f(x),in0<x<d
u(0,t) = u(d, t) = h(t).

(1]

An additional signal is also known, say

u(dg.t)=9tt).

Find the diffusion rate K. For the case K constamd a
function of x, it is already discussed in [6, 1B).1For the 3]
case of wood drying in general, K = K(x, u) a fuantthat
depends on the spatial and state variables x and u.

(2]

6. Conclusion [4]

We have discussed a development of mathematica¢imod
of wood drying for a lumber. The model based on an
assumption where the width and the length are fsigmnitly [5]
larger than the thickness. Hence, the drying pdss
governed by a 1-D diffusion equation. The statdatde
represents the moisture content (MC) of the lunalbepatial
variable and temporal variable and t, respectively. 6]
Industrial data indicate that the diffusion ratpeleds on the
type of wood, and also MC itself. Therefore, thedelois
governed by a nonlinear diffusion equation accorigzhhy
initial and boundary conditions.

The mathematical expression of the diffusion rateaa
function of the state variable is still unknown. €Th [8]
development of the model partly is the approxinratibthe
diffusion rate, starting from a step function teraooth one.
On the other hand, initial condition from indusmmerely
give data at the center and outside of the lumidée.
considered two cases of initial conditions; ass@gritnis
constant and equals to the MC at the center, aadrgtic
function connecting the MC at boundary points ahd t
center.

We solved the diffusion equation numerically usiag [11]
finite difference method. The boundary conditiomiknear
interpolation of the industrial data of Equilibriukhoisture
Content (EMC). The solution at the center of theowbas
been compared to the industrial data of MC. We stiat
the solution is a good approximation for the indasdata
of MC. Moreover, the numerical solution is smootttn
the industrial data which is more preferable initithistries.
For the case of constant initial condition, thendste
significant mismatch at the beginning of the precékhis
mismatch is not observed when we applied the qtiadra
initial condition.

(7]

(9]

(10]

(12]

(13]
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