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Predicting the humidity control capacity of material based on a linear 
excitation–response relationship

Abstract The Cb value is a useful parameter for estimating 
the humidity control capacity of materials. It is defi ned as 
the ratio of the range of variation of relative humidity in 
a steel box lined with the material of interest to that in an 
empty steel box, when sinusoidal temperature variation is 
applied. However, because it takes a long time to obtain 
the Cb values for materials at each temperature variation 
period, we developed an easier method based on a 
linear excitation–response theory to obtain the Cb values 
without measuring at each period. Japanese cedar was the 
material used in this study. The temperature excitation, a 
jump from a constant temperature to another constant 
temperature, was used to obtain the absolute humidity 
response. Under the assumption that the temperature ex-
citation–humidity response relationship is linear, we were 
able to predict humidity variation to sinusoidal tempera-
ture variation at any period, and we obtained the Cb value 
for each temperature variation period. Predicted values 
agreed well with the experimental values. From this, it was 
found that the Cb value could be predicted without mea-
suring the Cb value at each period over a long time. In 
addition, the peak time difference, which is closely related 
to the Cb value, could also be predicted in a similar 
manner.
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Introduction

In a previous article,1 we estimated the humidity control 
capability of materials in an airtight room using the Cb 
value. The Cb value is defi ned as the ratio of the range of 
variation of relative humidity in a steel box lined with mate-
rial of interest to that in an empty steel box, when sinusoidal 
temperature variation is applied. The Cb value has a linear 
relationship with the B value by which we have so far esti-
mated the humidity control capacity of materials.2–5 It was 
effective to draw a Cb value contour map of the tempera-
ture variation period with the lined area for materials to 
establish an overall view of the humidity control capacity. 
However, it took at least 1 month to obtain Cb values be-
cause we had to measure each Cb value at each period and 
at each ratio of lined area A to the volume of steel box V 
(A/V value).

The aim of this study was to provide a method to predict 
the Cb value at each period by measuring the humidity 
change in a short period due to a jump in temperature from 
a constant temperature to another temperature, instead of 
measuring humidity variation at each period over a long 
time. In undertaking this task, the “peak time difference,”1 
which is closely related to the Cb value, is also predicted. 
The material used was Japanese cedar (sugi, Cryptomeria 
japonica D.Don.).

Materials and methods

Specimens

The material used in this study was 1-cm-thick fl at-grain 
Japanese cedar conditioned at 25°C and 60% relative hu-
midity for at least 1 week before testing commenced.

Measuring device

A steel box (a base of 20 × 20 cm and a height of 25 cm) 
lined with material was used for measurements. The box 
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was sealed carefully to prevent air leakage before measure-
ments. The A/V value was used to express the extent of the 
lined area. A/V values of 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, and 
3.0 m−1 were adopted in our experiment.

Cb values

Temperature and relative humidity inside a steel box were 
measured over time in the climatic chamber in which tem-
peratures varied sinusoidally around 25°C at four ampli-
tudes of 2.5°, 5°, 7.5°, and 10°C, each of which had four 
wave periods of 6, 12, 24, and 48 h. The Cb value is defi ned 
as the ratio of humidity amplitude in the steel box lined with 
material to that in the empty steel box. To predict the Cb 
value, we also measured the variation of relative and abso-
lute humidity caused by a jump in temperature of 5°–20°C, 
centering around 25°C.

Results and discussion

As stated in our previous article,1 we found that changing 
the rate of sinusoidal temperature variation over one period 
strongly affected the Cb value, although the amplitude did 
not. In addition to the Cb value, the difference between the 
time when peak temperature was reached and the time 
when peak absolute humidity was reached (peak time dif-
ference, G ) was affected by the length of each period. The 
difference between the phase when peak temperature was 
reached and the phase when peak absolute humidity was 
reached (phase angle difference) was also affected by the 
length of each period. However, none of the variables was 
affected by the amplitude. The characteristics observed be-
tween sinusoidal temperature variation and the correspond-
ing humidity seem similar to the relationship between 
sinusoidal strain and the corresponding stress variations in 
dynamic viscoelasticity, which is subjected to the linear ex-
citation–response theory.6 By this analogy, we could esti-
mate the variation of humidity due to any temperature 
change from a simple temperature excitation–humidity re-
sponse relationship.

We adopted, as an excitation, a temperature jump and 
observed a resulting humidity response. Figure 1 shows 
typical variation of both relative humidity and absolute hu-
midity in a steel box lined with material in which A/V = 1.0, 
when the temperature jumped from 17.5°C to 32.5°C at 
around a time of 1400 min. Corresponding to the jump in 
temperature, the relative humidity fell abruptly at 1400 min, 
followed by a gradual increase toward the same level as it 
was initially. On the other hand, absolute humidity started 
to increase at 1400 min and then stayed constant at around 
1600 min. Humidity curves similar in shape to these were 
observed when A/V values or the jump in temperature, 
centering on 25°C, were changed. In each case, the increase 
in both absolute humidity and relative humidity seemed 
proportional to the jump in temperature.

This article describes a method to obtain the relationship 
between sinusoidal temperature variation with any period 

and the corresponding humidity variation, on the basis of 
the relationship between the jump in temperature and the 
corresponding humidity change mentioned above. We fo-
cus on the absolute humidity instead of relative humidity, 
and denote it as Y(t) when temperature jumps from q = 0°C 
to q = 1°C with a time t = 0. From the shape of the absolute 
humidity curve in Fig. 1, we assume that Y(t) is expressed, 
using two parameters, a and a, as:

Ψ t a e a tt( ) = −( ) = − ( )−1 α φ  (1)

where f(t) = ae−at. We further assume that absolute humidity 
h(t) at time t is proportional to temperature jump q0:

h t t( ) = ( )θ0Ψ  (2)

where Y(t) is a proportional coeffi cient at time t.
If the temperature inside the steel box is changed by 

Dq1(t1), Dq2(t2),  .  .  .  at the time of t1, t2,  .  .  .  , previous to time 
t, respectively, then absolute humidity h(t) in the steel box 
at the time t is equivalent to the sum of absolute humidity 

Fig. 1. Variation of relative humidity, absolute humidity, and tempera-
ture in a steel box lined with material, when the ratio of the lined area 
A to the volume of the steel box V is unity (A/V = 1.0, jump in tem-
perature = 15°C)



 201

at the same time t obtained when each of Dq1(t1), Dq2(t2),  .  .  .  is 
applied to the steel box independently:

h t t t ti i i( ) = −( ) ( )∑Ψ ∆θ

When temperature changes continuously, this can be ex-
pressed as:

h t t u
d u

du
du

d u
du

t u du
t t

( ) = −( ) ( ) = ( ) −( )∫ ∫Ψ θ φ θ
0 0

From this, when temperature changes as:

θ θt( ) = ( )a cos ωt  (3)

where qa is temperature amplitude, we obtain h(t) as:

h t k t( ) = −( )θ ωa cos Γ  (4)

where k A B= +2 2  is the amplitude of absolute humi-

dity variation when qa = 1°C, Γ = −1 1
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where T is the period.
On the basis of these calculations, we can obtain absolute 

humidity variation around the average absolute humidity 
h0 as:

h t h k t( ) = + −( )0 θ ωa cos Γ

when temperature q(t) is changed around q1

θ θ θ ωt t( ) = + ( )1 a cos

where h0 = 12.7 g/m3 (corresponding to 25°C and 60% rela-
tive humidity) and q1 = 25°C were adopted based on condi-
tioning of specimens mentioned in the experimental section. 
In addition, qa value of 1.0 was used. Using the obtained 
h(t), the Cb value is calculated in the following manner. At 
temperatures between 0° and 40°C, the relationship be-
tween saturated absolute humidity hs(t) and temperature 
q(t) is

h t t
s ( ) = × ( )5 16 100 0255. . θ

Thus, the relative humidity of the steel box lined with mate-
rial, Hwood, is

H t
h t
h twood

s

( ) = ( )
( )

× 100

On the other hand, relative humidity of the empty steel box, 
Hstn, is

H t
h

h tstn
s

( ) =
( )

×0 100

From this, using the change of Hwood in a day, DHwood, and 
the change of Hstn in a day, DHstn, Cb is expressed as:

Cb
H
H

= ∆
∆

wood

stn

To apply the above method in our study, we fi rst had to 
fi nd whether the measured value of absolute humidity vari-
ation due to the jump in temperature could be expressed 
by Eq. 1. We compared the measured values that were ob-
tained by subtracting h(t) values, after a jump in tempera-
ture, from the fi nal value of h(t) and q0f(t) = q0ae−at with an 
adequate value for a and a. This result is illustrated in Fig. 
2. As shown, q0f(t) corresponds with the measured values, 
indicating that f(t) is suitable for expressing change in ab-
solute humidity after a jump in temperature.

The coeffi cient a is the fi nal value of h(t) in a steel box 
per 1°C change in temperature, and should be the same, 
only if Eq. 2 is valid, when q0 is changed. Figure 3 compares 
a when q0 is changed from 5° to 20°C at different A/V values 
from 0.2 to 3. As expected, at each A/V value, the a value 
seems similar in value even when q0 is changed. Further-
more, the a value remained almost constant as the A/V 
value increased with the exception of A/V = 0.25. From this, 
we see that the Japanese cedar used is capable of releasing 
suffi cient moisture to control humidity in a box, even if the 

Fig. 2. Comparison of the measured values obtained by subtracting 
h(t) values from the fi nal value of h(t) and q0f(t) = q0ae−at (q0 = 20°C, 
A/V = 2.0 m−1)

Fig. 3. Variation of a value with q0 and A/V (q0 = 5°–20°C, A/V = 
0.2–3 m−1)
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Fig. 4. Variation of a with A/V

Fig. 5. Variation of measured and calculated Cb values with period for 
Japanese cedar for each A/V (temperature amplitude = 2.5°–10°C)

Fig. 6. Variation of measured and calculated G (peak time difference) 
with period for Japanese cedar for each A/V (temperature amplitude 
= 2.5°–10°C)

The a value is the other important factor in Eq. 1, and 
is a measure of how fast the maximum absolute humidity in 
a steel box is attained after the temperature change. Figure 
4 shows the variation of a with A/V. The value of a in-
creased linearly with A/V, indicating that cases with high 
A/V can reach the maximum humidity in a short time. We 
used the value on the line for our calculation below.

Figure 5 shows the measured values using sinusoidal 
temperature variation. In addition, the relationship between 
the calculated Cb values and each period for Japanese cedar 
for each A/V is plotted in Fig. 5. These calculated values 
when compared at a period of 6 h have a trend of being 
higher than the measured values except when A/V = 0.25. 
The calculated values are somewhat lower than the mea-
sured values for periods of 24 and 48 h when A/V = 0.25. 
Despite this, calculated Cb values appeared close to the 
measured values, decreasing with increasing period at each 
A/V. In addition to the Cb value, G is also a measure of hu-
midity control capacity of materials. Figure 6 shows the re-
lationship between calculated G (peak time difference) and 

A/V value is as low as 0.5 m−1, and as long as suffi cient time 
has elapsed after the jump in temperature. In our calcula-
tion below, we use an a value of 0.62 g m−3 °C−1 for A/V = 
0.5–3.0 m−1, and 0.28 g m−3 °C−1 for A/V = 0.25 m−1.
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period for Japanese cedar for each A/V. Measured values 
are also plotted in Fig. 6. Once again, the calculated values 
are close to the measured values, increasing with increasing 
period at each A/V. From these results, we can conclude 
that both the calculated values of Cb and the peak time 
difference agree well with most of the measured values. To 
deal with the values that do not agree well with the mea-
sured values, the equation used in Fig. 2 needs to be im-
proved so that it matches more closely with the measured 
values. Furthermore, the jump in temperature in a steel 
box has to occur within a shorter time so that any errors 
involved in the corresponding absolute humidity can be 
reduced.
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