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2D Cellular Heat Transfer Model
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Background

2D Cellular Heat Transfer Model

Material Properties in the cellular model

Thermal conductivity Density Specific Heat
Symbol (W/m.K) (Kg/m") (J/Kg'K)
Cell wall substance (0% MC) 1 U i 0.410 1540 1260
Air in the lumen (0%MC) > k.. 0.026 1.161 1007
Bound water in cell wall ° % s 0.680 1115 4658
Saturated cell wall (FSP) ! ks 7 0.489 1415 2256
Water vapor in cell lumen : ky, 0.018 0.734 2278
Free water in cell lumen ° % e 0.610 1003 4176

Note:

1. Property values for cell wall substance at 0% MC was obtained from Siau's book (1995).

2. Air property values for air were obtained from Incropare (1981).

3. Density of bound water was obtained from Siau (1995). Thermal conductivity and specific heat of bound water was obtained based
on water properties and assumption of the linear relationship with density.

4. Property of saturated cell wall was obtained by rule of mixture

5. Property values of water vapor was obtained from lerardi (1999).

6. Property values of free water was obtained from Incropera (1981).
7. kf'is constant when MC is over FSP, but changes with MC below FSP.
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FE Model vs Siau’s Model
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Effective thermal conductivity (W/m.K)

Background

FE Model vs MacLean’s Model
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Theoretical Equation Development
Problem — Interpolation & Use
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Theoretical Equation Development
Development of the Equations
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Resistive Electrical Equations
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Theoretical Equation Development
Resistive Electrical Equations
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Theoretical Equation Development
Resistive Electrical Equations
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Theoretical Equation Development
FE vs Parallel vs Series
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Theoretical Equation Development
Development of the Equations

The ODD or pop, of the cell is described by density of the cell wall, p.,, density of the air,
Pair, and the oven-dry porosity, Py, in Equ. 21.

——— 1.0 ——
pOszcw(l_Pcl)+pairPci W T — A (21)
1
P, 1s determined by rearranging Equ. 21, Equ. 22. L 10 H l
~
pcw B Iood J L l : l
p =L Fod (22)
‘ pcw _Ioair L_é_.|

I’ (23)



Theoretical Equation Development
Development of the Equations

With the addition of moisture into the cell, the volume percent of bound water, V%, . in the
cell wall needs to be described. By definition, fiber moisture content MCy is calculated by
dividing bound water weight by the oven-dry cell weight, which is the cellulose material
weight, when assuming UNIT volume for the wood cell. The MC in the fiber cell wall (MCy)

can be calculated using Equ. 24.

V% wIch
MC, = bl
pcw(l_VA)bw)

(24)

By rearranging Equ. 24, V%, can be determined for MC < 0.3. For MC > 0.3 V"%, 1s a
constant at 0.293. For MC from 0 to 0.3 then MCr = MC. For MC > 0.3 MCr = 0.3

MCfpcw

V%, =
MCfpcw +pbw

(25)



Theoretical Equation Development
Development of the Equations

With the addition of moisture into the cell, wet porosity, P,, is introduced and can be

described using Equ. 26.

_(A=V%,,)F,
1 _ V%bw})d

w

Wet porosity can also be described in geometrical terms, Equ. 27.

The outer dimension, L, and area of the wet cell, L’

the FSP and can be described using Equ. 28.

LZ — pbw+MCflocw
IObw+MCwaIOCW

b

(20)
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(28)

, changes with increasing moisture up to



Theoretical Equation Development
Development of the Equations

The specific equation for MC at all moisture conditions is described in Equ. 29.

2 2
(Pl Yo )1~ PY+ 27 P p -7 )1,
MC = a a (29)
(pcw (1 - V%bw))(l - Pw)
The location and description of the free water 1s around the inner lumen that extents into the
middle of the lumen having a dimension 5. For MC < 0.3 there is assumed no free water then
b =0, Fig. 4. For MC > 0.3 1t 1s assumed the cell wall is saturated and the remaining water
goes into the lumen as free water which can be determined by rearranging Equ. 28 and

solving for b, Equ. 30.

o |@HA= PV %bwp,, —(1=V %, )MCp,, 1+ PP} (30)
Pw(pfw _pv)




Theoretical Equation Development
Development of the Equations

Thermal conductivity for the fiber cell wall material, K needs to also be determined before
calculating the effective thermal conductivity. Using rules of mixtures for MC < 0.3 then, K
can be determine by Equ. 31.

Kf = KCW(I_V%bW)+KbWV%bW (31)
For MC > 0.3 the fiber cell wall is fully saturated with water and is assumed does not change.

Using the rule of mixtures for MCr = 0.3 then the fiber cell wall thermal conductivity is a
constant at Kr= 0.4891, Table 1.
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Development of the Equations

The effective thermal conductivity, K.z, for the entire range of moisture contents and densities
can be determined by only knowing the ODD and MC conditions for the sample by
substituting Equ.s 15-20 are into Equ. 14 and simplifying the equation as Equ. 32.

- (L-a)K, (32)
efff (a_L)((a—l)C4+Kf( (a—b)CS n bC6 ))
L (a-L)K,—-aK, (a-L)K,+(b-a)K, —bK

By solving for and substituting the appropriate values for variables a, b, L, Krand substituting
the appropriate C4, C5, and C6 parameters in Table 2, the entire range of thermal
conductivities can be determined.

Similarly, the equation can be used to determine estimated thermal conductivity values where
FSP is other than 30%. By changing the volume percent of bound water, V%, (Equ. 25) and
recalculating the values.
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Equation with Constants
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Application
Study of Heat Flux
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Study of Temperature
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Application
Study of Ring
Orientation & Density
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