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ABSTRACT 

A similarity-hypothesis approach to modeling sorption hysteresis in porous media has been applied 
to wood. The method, which uses the adsorption and desorption relative humidities directly as simi- 
larity statement parameters, is simpler than previously reported techniques based on the independent- 
domains theory since only the boundary curves of the main hysteresis loop are required in order to 
generate the scanning curves at a given temperature. A comparison of the predicted scanning curves 
with actual experimental data for yellow-poplar (Liriodendron tulipifera) indicates that the approach 
is highly reliable, with predicted values within 0.01 to 1.05 of the actual equilibrium moisture content 
of the samples at different relative humidity levels. 
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INTRODUCTION then further to 45%, the material will be in a 

Existing data on the sorption behavior of 
wood provide desorption and adsorption 
curves from the green and fully dry initial 
conditions, respectively. Wood in actual use, 
however, is exposed only to a very narrow 
range of relative humidities and, therefore, 
should exhibit isotherms different from the 
full cycle isotherms. To illustrate this point, 
consider a yellow-poplar sample initially at 
the oven-dry condition when placed in a con- 
ditioning chamber set at 30°C. If the sample 
is subjected to increasing relative humidities, 
it will be gaining moisture, with its equilibri- 
um moisture content (EMC) at each relative 
humidity (H) increment being given by the 
dashed curve in Fig. 1 (Peralta 1995a). At 
55% H, for instance, the piece of wood will 
have an EMC of about 8.3%. If at this point 
the relative humidity is decreased to 50% and 

desorption process. To obtain the moisture 
content of the wood at this point, it is tempting 
to use the desorption curve in Fig. 1, which at 
45% H gives an EMC of 8.6%. This is obvi- 
ously a wrong approach, since the sample 
should now have a moisture content lower 
than 8.3%, its EMC just before desorption. 

The above phenomenon can be attributed to 
the fact that the desorption and adsorption iso- 
therms over the full range of relative humidity 
(called boundary isotherms) simply define the 
delimiting loop that encloses the hysteresis re- 
gion (Urquhart 1960). If the direction of sorp- 
tion is reversed at any point along a boundary 
isotherm, an intermediate curve (called scan- 
ning isotherm) will be traced (Peralta 1995a). 
Just like the boundary curves, the scanning 
isotherms also exhibit hysteresis. Since exper- 
imental sorption data are often very limited 
and time-consuming to generate, a reliable 
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means of predicting hysteresis trends com- 
mencing at any reversal point along the sorp- 
tion boundary loop would be a valuable tool 
for anyone involved in practical wood-mois- 
ture relations. 

In two previous papers (Peralta 1995b, 
1996), the feasibility of mathematically mod- 
eling wood moisture sorption hysteresis based 
on the Neel-Everett theory of independent do- 
mains was explored using the sorption data for 
yellow-poplar (Liriodendron tulipifera). The 
method, similar to that employed by Poulo- 
vassilis (1962), requires experimental bound- 
ary isotherms and a family of primary scan- 
ning curves to predict the EMC-H relation- 
ship. Mualem (1973, 1974) presented two 
models based on similarity hypothesis that re- 
quire only the boundary isotherms at a given 
temperature in order to predict any scanning 
curve of interest at that temperature. This pa- 
per (Part l )  looks at the applicability to wood 
of Mualem's first model, which uses the ad- 
sorption and desorption relative humidities 
(HI, and H,,) directly as parameters in the sim- 
ilarity statement. An accompanying paper 
(Part 2) evaluates the second model, which 
employs the capillary system's geometry to re- 
flect both the reversible and irreversible com- 
ponents of the sorption process. The papers 
were written to parallel each other so that 
readers could easily compare the two models. 
If found suitable, the models could provide 
simple tools for predicting EMC-H relations 
for wood. 

THEORETICAL CONSIDERATION 

Based on the concept of independent do- 
mains, the amount of water M present in a 
piece of wood is given by the equation (Per- 
alta 1995b, 1996): 

where HI, and H,, are independent variables 
representing the relative humidities for adsorp- 
tion and desorption, respectively; and w(H,,, 
H2,) dHZI dH1, represents the amount of water 

Relative humidity, % 

FIG. 1. Adsorption (- - -) and desorption (-) iso- 
therms for yellow-poplar at 30°C. 

in domains having transition points in the rect- 
angle dH,, dH2, near (H,,, H,,). According to 
Mualem (1973), the moisture distribution 
function w(H,,, H,,) is a bivariate distribution 
that may be represented as the product of two 
independent distribution functions h(H12) and 
l(H,,) so that 

Equation (2) embodies the mathematical ex- 
pression of Mualem's version of the similarity 
hypothesis, which resembles that of Philip's 
(1964) but is much simpler to implement 
mathematically. The physical meaning of the 
above equation can be visualized by examin- 
ing Figs. 2b and 2d. As reflected in the plane 
(H,,, H,,) of Figs. 2b and 2d, the contributions 
of domains lying on the vertical line AB are 
distributed in proportion to the distribution 
function Z(H,,), while the contributions of do- 
mains lying along the horizontal line DE are 
distributed in proportion to the function 
h(H,,). According to the similarity hypothesis, 
the distribution along a given vertical line is 
identical to that along other vertical lines ex- 
cept for the constant factor h(H,,). In the same 
manner, the distributions along different hori- 
zontal lines are identical, except for the con- 
stant factor l(H2,). 

Mualem (1973) then defined two integral 
functions 7 ( H )  and A(H) based on h(H12) and 
l(H,,), respectively, as follows: 



FIG. 2. Adsorption (a) and desorption (c) boundary isotherms with their corresponding states of domains (b and d, 
respectively). 

r curve Ma and relative humidity H (Fig. 2a) is 
q ( H )  = h ( H )  dH ( 3 )  obtained by integrating the moisture distribu- 

tion function over the filled domains depicted 

I" by the triangle ABC in Fig. 2b: 
h(H) = 1(H) dH. (4) 

Ma(H) = 

It is apparent from Eq. ( 3 )  that 

and 

q(100)  = h ( H )  dH = constant. (5b)  L* 
Since ~ ( 1 0 0 )  is constant, its value may be cho- 
sen arbitrarily. To normalize the function h(H), 
Mualem (1973) took ~ ( 1 0 0 )  = 1. 

The functional relationship between the 
moisture content for the adsorption boundary 

Incorporating the integral function X(H) re- 
sults in 

Ma(H) = h(H,,)X(H,2) dH\2 (7) 

and 

r 
dMa(H) = h(H) X(H) dH. (8) 

The same approach can be used to obtain 
the relationship between the moisture content 
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for the desorption boundary curve Md and rel- 
ative humidity H (Fig. 2c), that is, by inte- 
grating over the filled domains depicted by the 
trapezoid DEFG in Fig. 2d: 

M J H )  = 

= M.(H) + /:h(H12) d H 1 2 ~ l ( H 2 1 )  dH21. 

( 9 )  

Substituting the integral functions q(H)  and 
A(H) from Eqs. (3 )  and (4) in Eq. (9) ,  gives 

= Mu(H) + [1 - q(H)IX(H) (10)  

METHODOLOGY AND RESULTS 

The suitability of Mualem's model based on 
direct-similarity hypothesis to wood sorption 
hysteresis was tested by comparing the pre- 
dicted moisture content values with actual ex- 
perimental data for yellow-poplar. The equa- 
tions for different scanning curves were ex- 
pressed in terms of the functions q(H) and 
A(H). Using a notation suggested by Enderby 
(1955) ,  the primary desorption scanning 
curves were generated using the relation 

and 

= [1 - q(H)Il(H)dH. (11)  = Ma(H,,) + I":' iHyl: w .HI, dHZl  

Equation (10)  can be written as 
which simplifies to the form 

A(H) = 
Md(H) - Ma(H) 

1 - q ( H )  
(12)  

so that substituting the above expression in 
~ ( 0  H " 1 H 2 1 )  = 

Eq. (8) results in the relation = Ma(Hia)  + A ( H ~ I , ) [ T ( H I Z I )  - ~(H12, ) l~  

Integration of Eq. (13)  leads to 

By defining the function 

Eq. (15)  can be simplified to the form 

(18)  
(13)  

where M is the moisture content of interest; 
the notation in parentheses on the left side of 
the equation describes the dynamics of the 
sorption process, that is, H first increases from 

( I 4 )  0 to HI,, and then decreases from HI,, to H2,x 
(Figs. 3a and 3b); Hi,, the relative humidity 
corresponding to the reversal point of the giv- 
en primary desorption scanning isotherm; H I ,  

(15)  (=Hz,,) the relative humidity corresponding to 
M during adsorption; H,,, (=HI,) the relative 
humidity corresponding to M during desorp- 
tion; and Ma(Hl,) the moisture content on the 
adsorption boundary curve corresponding to 

( I 6 )  HI,,. The results of the computations using Eq. 
(18)  were compared with actual experimental 
sorption data for yellow-poplar and are pre- 

(17)  
sented in Table 1. 

Using the same relations, the primary ad- 
and, once the above equation is solved, the sorption scanning curves (although not deter- 
function A(H) can be determined by using Eq. mined experimentally in this study) can be es- 
(12).  tablished using the equation 
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HI* 
FIG. 3. Primary desorption (a), primary adsorption (c), secondary desorption (e), and secondary adsorption (g) 

winning isotherms with their corresponding states of domains (b, d, f, and h, respectively). 

where the notation in parentheses following M 
indicates that H decreases from 100 to H,, ,  
and then increases from H,,, to HI, (Figs. 3c 
and 3d); Hz, ,  is the relative humidity corre- 
sponding to the reversal point of the given pri- 
mary adsorption scanning isotherm; and the 
rest of the terms are as previously defined. The 
secondary desorption (Figs. 3e and 3f) and 
secondary adsorption (Figs. 3g and 3h) scan- 
ning curves can likewise be established using 
the following relations, respectively: 

where HI,, and H,,, are the relative humidity 
corresponding to the reversal point of the sec- 
ondary desorption and secondary adsorption 
scanning isotherms, respectively; and the rest 
of the terms are as previously defined. 

In all the above cases, the relationship be- 
tween moisture content and relative humidity 
is expressed in terms of M,(H), q(H), and 
X(H). The values of M,(H), q(H), and A(H) for 
yellow-poplar, together with intermediate pa- 
rameters M,(H) and F(H), were calculated at 
2% relative humidity intervals from 0 to 
100%. The desorption and adsorption bound- 
ary isotherms were calculated using the Hail- 
wood-Horrobin equation whose parameters 
(M,, K l ,  and K,) are listed in Table 2 of Peralta 
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T A B L ~  1. Comparison of model-based and experimentally determined moisture contents of yellow-poplar for the 
different primary desnrption scanning isotherms. 

Moisture content (70) 

Relattve Scanning 92" Scannlng 75* Scannlng 53a Scanning 32a 
hurnid~ty 

( % I  Model Expt. Error Model Expt Error Model Expt. Error Model Expt. Error 

I I 3.34 3.16 0.18 3.34 3.11 0.23 3.33 3.06 0.27 3.31 2.98 0.33 
22 5.24 5.14 0.10 5.23 5.00 0.23 5.17 4.83 0.34 4.87 4.62 0.25 
32 6.67 6.62 0.05 6.64 6.50 0.14 6.43 6.17 0.26 
43 8.25 8.41 -0.16 8.17 8.19 -0.02 7.53 7.54 -0.01 
53 9.88 10.11 -0.23 9.67 9.73 -0.06 
63 11.87 11.84 0.03 11.28 11.00 0.28 
75 15.06 14.46 0.60 
84 18.30 17.25 1.05 

"canning 92, Scanning 75, Scannlng 53, and Scanning 32 refer to the primary desorpt~on scanning curve whose reversal point corresponds to relative 
hurn~dlty of 92, 75. 53, and 32%. respectively. 

(1995a). (Note: M, for the adsorption bound- 
ary isotherm should be 352.677 instead of 
362.677.) These isotherms were extended to 
100% relative humidity by extrapolating the 
equations and taking the average (30.13% 
moisture content) of the extrapolated values as 
the upper closure point of the hysteresis loop. 
The integral function F(H)  was calculated us- 
ing the trapezoidal rule of numerical integra- 
tion. 

DISCUSSION AND CONCLUSIONS 

From Eqs. (12)  and (16),  it becomes appar- 
ent that problematic points lie at the two ends 
of the main hysteresis loop, where singulari- 
ties occur. As M, approaches 0 (or H ap- 
proaches O),  the graph of l l (M,  - Ma) vs. Ma 
tends towards infinity such that F is infinite at 
all values of Ma. But for Mualem's approach 
to be valid, F must be finite so that the func- 
tions q(H)  and A(H) will also be finite. To re- 
solve this conflict, a finite value of l l (M,  - 
M,) at Mu = 0 was obtained by performing a 
second-order polynomial regression on the (11 
(M, - M,) vs. Mu data for H = 2,  4, 6 ,  and 
8%. The y-intercept (=14.82) was then used 
as the value of l l (M ,  - M,) at Ma = 0.  At the 
other end of the relative humidity range, a 
similar problem was encountered. As H ap- 
proaches loo%, F should approach infinity so 
that the condition ~ ( 1 0 0 )  = 1 will be met. As 
it turned out in the calculations of the scanning 

curves for yellow-poplar, this requirement is 
not particularly restrictive since even at low 
relative humidities ( H  as low as 5%),  F > 10 
such that rl = 1 - e-lo = 0.999955. For the 
yellow-poplar data, F increased monotonically 
from 0 at 0 %  relative humidity to 27.88 at 
98% relative humidity. Fitting a quadratic 
equation to the last five data points ( H  = 90, 
92, 94, 96, 98)  yielded an R2 of 0.996. Ex- 
trapolation of the curve to 100% relative hu- 
midity resulted in an F value of 29.41. Thus, 

= 1 - e-29.41 = 1. 
Mualem's model based on direct-similarity 

hypothesis must be evaluated in terms of its 
compatibility with the requirement of the in- 
dependent-domain theory that the moisture 
distribution function w(H,,, H2 , )  be always 
positive. This implies then that the functions 
h(H) and I(H) be both positive or both nega- 
tive. Combining Eqs. ( 3 )  and (17)  results in 

Since F(H) is monotonically increasing (Fig. 
4 )  and since the range of the natural exponen- 
tial function is a set of nonnegative real num- 
bers, then h(H)  is positive in the range 0 r H 
5 100. Positive values of h over the full range 
of relative humidity require that the graph re- 
lating q with H be monotonically increasing. 
This was confirmed in the study wherein q 



54 WOOD AND FIBER SCIENCE, JANUARY 1998, V. 30(1) 

0 20 40 60 80 100 

Relative humidity, % 

FIG. 4. The integral function F and the logarithm of 
the integral function A for yellow-poplar at different rel- 
ative humidity levels. The integral function q = 1 - 
exp(-F). 

was found to increase from 0 to 1 as H in- 
creased from 0 to 100%. 

Also, from Eq. (1 l), it follows that 

dMd'H' (23) 1 )  = 1 ( H ) ]  I T .  

Since 0 5 q 5 1 and dM,(H)ldH 2 0, then it 
is clear that 1 is also positive in the range 0 5 
H 5 100. Figure 4 reveals that the graph re- 
lating X with H is monotonically increasing, 
again confirming that its derivative 1 is posi- 
tive over the full range of relative humidity. 
Hence, it appears that the model, as applied to 
wood moisture sorption, is compatible with 
the general theory of independent domains. 

Table 1 shows that predictions based on the 
model are relatively close to the experimental 
data points for yellow-poplar, with percent 
moisture content prediction errors ranging 
from 0.01 to 1.05. The goodness of fit of the 
predicted desorption scanning curves relative 
to the experimentally generated points is ex- 
hibited in Fig. 5. Since the weights of the sam- 
ples were measured to the nearest 0.05 mg and 
the oven-dry weights of the samples were ap- 
proximately 0.560 g, the discrepancies noted 
are certainly greater than the moisture content 
determination error of 0.01% MC. Some of 
the observed discrepancies may have resulted 

0 20 40 60 80 1W 

Relative humidity, 56 

FIG. 5 .  Primary desorption scanning isotherms pre- 
dicted by the model based on direct-similarity hypothesis 
(dashed curves) and the experimentally-determined data 
points (symbols) for yellow-poplar. Scanning 92, Scan- 
ning 75, Scanning 53, and Scanning 32 refer to the pri- 
mary desorption scanning curve whose reversal point cor- 
responds to relative humidity of 92, 75, 53, and 32%, 
respectively. 

from other measurement errors like those for 
relative humidity determinations. 

Figure 5 shows that the slopes of the pre- 
dicted primary desorption scanning curves im- 
mediately after each reversal are equal to zero. 
This is a consequence of the fact that the con- 
tribution of capillaries that behave reversibly 
during sorption is not incorporated in the mod- 
el. Although the independent-domain theory 
recognizes the existence of such capillaries, 
Mualem's direct-similarity formulation of the 
theory does not include a term describing the 
behavior of those capillaries. The experimen- 
tal primary desorption scanning curve with re- 
versal point of 92% H exhibits the character- 
istic sigmoid shape of sorption isotherms (Per- 
alta 1995a) and thereforedoes not have a zero 
slope immediately after sorption reversal. The 
other experimental scanning isotherms when 
fitted with quadratic type equations (Peralta 
1995a) also reveal non-zero slopes at reversal. 

In conclusion, Mualem's model based on di- 
rect-similarity hypothesis is compatible with 
the theory of independent domains. Although 
only the irreversible component of sorption is 
accounted for by the model, the predicted 
curves showed good agreement with experi- 
mentally measured data, indicating that Mu- 
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alem's method is adequate and simple enough 
to be considered as a practical tool for wood 
moisture sorption analysis. Overall, the model 
possesses the following useful properties: (I) 
it requires only the two boundary isotherms to 
predict any desired scanning curve for a par- 
ticular wood species at a given temperature; 
and (2) it enables the scanning curves to be 
defined in analytical form and to consistently 
fall within the boundary hysteresis loop. 
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