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The effect of drying temperature on the drying characteristics of tobacco 
was investigated with different water content. The isothermal drying 
characteristics and kinetics of three kinds of tobacco on the production line 
of a tobacco factory in Hubei were studied by halogen water analyzer. The 
drying characteristics of tobacco with different water content under 
isothermal conditions were evaluated by water loss characteristics, water 
diffusion coefficient, and activation energy. The results showed that the 
drying time of cut tobacco was reduced by increasing the drying 
temperature within a certain range. The water diffusion coefficient of cut 
tobacco decreased with the increase of temperature from 70 to 100 °C, 
and increased with the increase of initial water content. The activation 
energy of cut tobacco was related to the production process. The 
activation energy in the experiment was as follows: CT-2 > CT-3 > CT-1. 
Five drying models were used for non-linear fitting of the drying behavior 
of tobacco. The fitting degree of the Midilli model was the highest, reaching 
0.9944. This data will be useful in the design of tobacco drying equipment. 
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INTRODUCTION 
 

Tobacco drying is a complex process of heat and mass transfer (Bialik et al. 2020). 

The water content affects the aroma components, taste, and quality of finished tobacco 

(Xin et al. 2018). Drying (<100 °C) is the first stage of the heating process of tobacco. As 

the evaporation of water increases the resistance of heat and mass transfer in tobacco, this 

stage influences the temperature field distribution, total flue gas emission, and consistency 

in tobacco. Therefore, research on this process involves analysis of heat and mass transfer 

in cut tobacco, with emphasis on improving the quality of cigarette products. 

The existing research mainly has focused on the impact of specific drying methods 

on the parameters of cigarette products, and there has been little research on the water 

content of tobacco directly. Zhu et al. (2015) studied the effects of radiation heat transfer 

conditions and vacuum on drying kinetics and temperature of tobacco leaves. Fu et al. 

(2019) used low-temperature vacuum drying technology to explore its effect on tobacco 

water, the results showed that the aromatic components of cut tobacco with low-

temperature vacuum drying were higher than those with conventional drum drying. Ling 
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et al. (2015) used solar energy to dry tobacco, showing that the drying rate was related to 

the drying temperature and wind speed, and the change of water content had little effect on 

the drying rate. Xu et al. (2015) investigated the change of pore size during tobacco drying 

using a small dryer. The results showed that the inner pore volume, leaf volume, pore size 

distribution, and pore morphology of tobacco were related to the drying method. However, 

the cited studies mainly have focused on the quality of cut tobacco before and after drying. 

The moisture migration law of cut tobacco during drying still is not clear, and this imposes 

limitations on understanding the drying process of cut tobacco. 

The drying kinetics and the water migration mechanism have been evaluated by 

studying the change of water content and the relationship between water and other factors 

(Gomez-de la Cruz et al. 2015; Sadaka and Atungulu 2018). Zhao et al. (2016) studied the 

drying kinetics of coal under different drying methods; they found that the Midilli-Kucuk 

model can best simulate the dehydration process of lignite in all drying methods. Pin et al. 

(2009) researched the effects of drying temperature on the quality and drying kinetics of 

areca leaves and selected five thin-layer models. Some studies on biomass materials such 

as cellulose (Al Zaitone and Al-Zahrani 2021) and vegetables and fruits (Dubkova et al. 

2002) also have dealt with drying kinetics. But studies carried out so far usually have used 

thermogravimetric analyzers to conduct isothermal kinetics experiments on different 

materials (Hu et al. 2020). Due to the particularity of tobacco drying, it will cause greater 

error and affect the accuracy of the experimental results. Tobacco drying requires special 

equipment and strict temperature control, such that the established drying mechanisms may 

not be fully applicable to tobacco drying. Therefore, the research on the drying mechanism 

of tobacco has important guiding value in the process of tobacco production. 

Research completed up to this point has not included in-depth analysis of the drying 

mechanism and drying model of tobacco. The use of a model with large error may bring 

losses to the production of tobacco. To solve this problem, some improved experimental 

methods and drying models have been explored in this article. In order to avoid the 

experimental error caused by the heating and cooling stage of thermogravimetric analysis, 

in this paper, the drying characteristics of cut tobacco were studied with a halogen water 

analyzer. On this basis, the effective diffusion coefficient and activation energy in the 

drying process of cut tobacco were calculated according to drying kinetics. Through the 

comparison of 5 drying models, the model with the highest fitting degree was selected, 

which was beneficial to evaluate the drying level of cut tobacco and had high guiding value 

for the production of cut tobacco.  

 

 
EXPERIMENTAL 
 

Materials  
The cut tobacco was chosen from three kinds of cut tobacco with different grades 

(denoted as CT-1, CT-2, and CT-3) on the production line of a cigarette factory. For each 

grade, 200 g was dried in hot air at 55 °C until the mass change in 2 h was less than 1% to 

exclude the influence of initial water content. The tobacco samples used in the experiment 

were flakes with a thickness of about 0.3 mm, thus ensuring that they have sufficient 

contact and absorption of moisture. The water content was tested by HC103 halogen water 

meter (Metler-Toledo Instrument Co., Ltd., Shanghai, China) with 96 mm diameters of 

aluminum foil plate. 
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Methods  
During the pretreatment process, the moisture of tobacco was completely excluded, 

and 16%, 21%, 26%, and 31% moisture was added dropwise to the completely dry samples. 

Then the samples were maintained for 96 h in a closed environment at 22 °C, so that the 

moisture diffused evenly in the tobacco. The HC103 halogen water meter was adjusted to 

the target temperature (70 to 120 °C), and the cut tobacco samples with different water 

contents were dried at the target temperature. Each time, 3 g of cut tobacco raw materials 

were added and then placed into the aluminum foil plate of the halogen water meter for 

drying. The thickness of the cut tobacco layer was approximately 5 mm, and the drying 

stopped after the water content was constant within 50 s. Each sample was tested in 

triplicate to reduce errors. 

 

 

RESULTS AND DISCUSSION 
 

Effect of Temperature on Drying of Tobacco 
 The dehydration rate and drying rate of three kinds of tobacco at different 

temperatures are shown in Fig. 1. The drying process of tobacco in a halogen water meter 

can be divided into three periods: a rising rate period, a first falling rate period, and a second 

falling rate period. In the rising rate period, with the increase of temperature, the drying 

curve was steeper, so the time required for the sample to reach the same water content was 

shorter. The reason is that a high drying temperature not only can increase the heat transfer 

rate and increase the evaporation rate of water on the surface of the tobacco, but also it can 

reduce the relative humidity of the drying indoor air and increase the diffusion power of 

the surface water of the sample to the air, which is similar to the drying process of coal or 

biomass. In the first falling rate period, the drying rate decreased rapidly in a short time, 

which was mainly caused by the loss of non-binding water inside the tobacco (Sahoo et al. 

2022). In the rising rate period and the first falling rate period, the change of drying rate 

with temperature was more obvious. In the early stage of drying, there is more non-binding 

water in the tobacco, and the rate of internal water to the surface of the tobacco is close to 

the evaporation rate of water from the surface of the tobacco. At this time, the diffusion 

process of water is greatly affected by heating temperature. After entering the second 

falling rate period, the content of non-bound water decreases, and the rate of water diffusion 

to the surface of tobacco is less than the evaporation rate of water on the surface of tobacco, 

so the drying time is less affected by temperature. 

Figure 2 shows the variation of water loss rate, total drying time, and maximum 

drying rate of the three kinds of cut tobacco with temperature. Figure 2(a) shows that the 

drying rate of cut tobacco continued to increase with the increase of temperature. In the 

range of 80 to 100 °C, with the increase of drying temperature, the time for water content 

of cut tobacco to reach 8% was gradually shortened, and the total drying time of three cut 

tobacco gradually decreased with the increase of temperature, and it suddenly increased 

after 100 °C (Fig. 2b, c). The evaporation pressure difference of free water inside cut 

tobacco increased with increasing drying temperature, thereby reducing drying time. 

However, the temperature higher than 100 °C can affect free water and bound water in cut 

tobacco at the same time, and some bound water is converted to free water. Therefore, a 

longer drying time is needed (Velaga et al. 2018). In addition, the content of alcohol 
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compounds is often more than 10% (e.g., ethyl alcohol, glycerol, etc.). When the 

temperature is above 100 °C, such substances also have a tendency to volatilize, so the 

drying time will be prolonged for the obvious. Therefore, the drying temperature of cut 

tobacco is an important factor affecting the drying time of cut tobacco. According to 

different production processes of cut tobacco, the drying temperature at 90 to 100 °C 

improved the drying efficiency. When the drying temperature continues to increase, it not 

only prolongs the drying time of tobacco, but it also leads to the loss of potential 

components in tobacco and reduces the quality of tobacco. 
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Fig. 1. Changes of water loss rate and drying rate with time of three kinds of cut tobacco at 
different temperatures. (a) CT-1, water loss rate; (b) CT-1, drying rate; (c) CT-2, water loss rate; 
(d) CT-2, drying rate; (e) CT-3, water loss rate; (f) CT-3, drying rate 

 



 

PEER-REVIEWED ARTICLE  bioresources.com  
 

 

Liu et al. (2023). “Isothermal drying of tobacco,” BioResources 18(2), 2611-2625.            2615 

 

70 80 90 100 110 120
40
50
60
70
80
90

100
110
120
130
140

70 80 90 100 110 120

0.18

0.21

0.24

0.27

0.30

0.33

0.36

0.39

70 80 90 100 110 120
350

400

450

500

550

600

650

700

750
8

%
 w

a
te

r 
lo

s
s
 t

im
e

 (
s
)

Temperature (°C)

 CT-1

 CT-2

 CT-3

(a)

M
a

x
im

u
m

 d
ry

in
g
 r

a
te

 (
%

/s
)

Temperature (°C)

 CT-1

 CT-2

 CT-3

(b)

T
o

ta
l 
d

ry
in

g
 t

im
e

 (
s
)

Temperature (°C)

 CT-1

 CT-2

 CT-3

(c)

 
 

Fig. 2. Changes of dehydration rate, total drying time and maximum drying rate of three kinds of 
tobacco with temperature. (a) Maximum drying rate; (b) The water loss rate reached 8%; (c) Total 
drying time 
 

Effect of Initial Water Content on Drying of Tobacco 
The hot air-drying method was used to dry the cut tobacco with different initial 

water contents (5% gradients). The water loss rates in different time periods are shown in 

Fig. 3. Within 50 s of drying, the cut tobacco with different water contents had similar 

water loss trends. With increasing time, the water loss rate of cut tobacco gradually slowed 

down, and it tended to be stable after 400 s. This was because in the early stage of drying, 

the internal water diffusion rate of cut tobacco was much larger than the surface water 

evaporation rate, and the internal water diffusion rate gradually decreased so that it could 

not meet the surface evaporation, leading to the decrease of drying rate and the smooth 

drying curve (Sojak and Glowacki 2010). The increasing of the initial moisture content of 

tobacco will increase its maximum water loss rate. In addition, compared with CT-2, the 

difference of several curves of CT-1 was not uniform in the stable stage, which means that 

no matter the length of drying time, some water cannot be lost at this temperature. This 

phenomenon is related to the production process of cut tobacco. The drying rate was 

positively correlated with the initial water content. The drying rate reached the peak in the 

initial 50 s, and then it decreased. Under different initial water content, there was little 

difference in the slope between the rising stage and the first deceleration stage, and the 

slope of the second deceleration stage changed more obviously. These results indicated 

that the initial water content of tobacco had a great influence on the second deceleration 

stage, but it had no obvious impact on the rising and the first deceleration period. 

 
Determination of Effective Diffusion Coefficient of Water 

The diffusion coefficient reflects the dehydration ability of the material under 

certain drying conditions. Convection drying of tobacco contains complex heat and mass 

transfer process, in which the heat and mass coupling, the spatial distribution, and the 

internal microstructure of tobacco make the diffusion of internal water present a complex 

state. In the dynamic study, the drying process of cut tobacco was simplified as a separate 

study of the drying characteristics of cut tobacco, and assumptions were made (Pathare and 

Sharma 2006): (1) The internal isotropic and uniform structure distribution of cut tobacco, 

the internal temperature difference was negligible; (2) The thermal and mass coupling 

effects in the drying process were ignored; (3) The size of cut tobacco was calculated with 

average size, and the deformation during drying was ignored; and (4) Water migration 

during drying conforms to Fick’s diffusion law. 
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Fig. 3. Changes of dehydration rate and drying rate with time under different initial water content 
at 100 °C. (a) CT-1, Water loss rate; (b) CT-1, Drying rate; (c) CT-2, Water loss rate; (d) CT-2, 
Drying rate 
 

Equation 1 is the expression of Fick's second law, and Eq. 2 is the expression when 

higher-order terms are ignored. The solution of the water diffusion coefficient is based on 

the following assumptions: The change of volume and size of materials during drying can 

be ignored; in the initial state, the moisture and temperature inside the material are evenly 

distributed, and the temperature is consistent with the ambient temperature; and the 

moisture inside the material diffuses in one dimension on an infinite plate. The evaporation 

of water only occurs on the surface of the material. The material is heat conduction inside 

and convective heat transfer outside. The effective moisture diffusion coefficient is taken 

to be a constant (Zafer and Filiz 2010; Vega-Galvez et al. 2010; Deng et al. 2017). 

Equation 3 shows that the natural logarithm of water ratio lnMR during drying is 

linear with drying time t. The quantity lnMR gradually decreases with time. The slope k is 

obtained by linear fitting of the curve, and the water diffusion coefficient Deff is calculated 

by Eq. 3, as follows, 
 

𝜕𝑀𝑅

𝜕𝑡
= ∇𝐷𝑒𝑓𝑓(∇MR)                                            (1) 

𝑀𝑅 =
8

𝜋2
∑

1

(2𝑛+1)2
exp (−

(2𝑛+1)2𝜋2𝐷𝑒𝑓𝑓𝑡

4𝐿2
)∞

𝑛=0                 (2) 

𝑙𝑛𝑀𝑅 = 𝑙𝑛
8

𝜋2
−

𝜋2𝐷𝑒𝑓𝑓

4𝛿2
𝑡                                                 (3)  

where MR is the water ratio, Deff is the water diffusion coefficient (m2 s-1), t is time (s), and 

δ is the dry thickness (mm). 
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The water diffusion coefficients of three tobacco samples at various drying 

temperatures are shown in Fig. 4 (a). When the heating temperature was 70 to 100 °C, the 

water diffusion coefficient of CT-1 was 0.8703×10-7 to 1.3121×10-7 m2 s-1. The water 

diffusion coefficient of CT-2 was 0.7852×10-7 to 1.4154×10-7 m2 s-1, and the water 

diffusion coefficient of CT-3 was 0.8896×10-7 to 1.2999×10-7 m2 s-1. In the temperature 

range of 70 to 100 °C, the water diffusion coefficient values of first, second, and third 

tobacco increased with the increased temperature. With increased drying temperature, the 

energy of water molecules in tobacco increased, and the increased transition frequency led 

to the increase of transition distance of water molecules, which led to the increase of 

diffusion coefficient of tobacco with the increase of temperature. When the temperature 

was higher than 100 °C, the evaporation of water was easier, and the aggregation of water 

vapor on the surface of tobacco would affect the continued diffusion of internal water. At 

this temperature, the conversion of bound water to free water also reduced the water 

diffusion coefficient. In addition, high temperature can lead to the loss of chemical 

components such as glycerol in tobacco, which also can affect the water diffusion 

coefficient. 

Figure 4(b-c) shows the change of water diffusion coefficient of tobacco under 

different initial water content. The water diffusion coefficient of tobacco increased with 

the increase of temperature from 70 °C to 100 °C under different initial water, which is 

consistent with the law of the original sample. When the first and second cut tobaccos were 

at 70 to 100 °C, the water diffusion coefficient of cut tobaccos generally decreased with 

the increase of initial water content. The higher initial water content of tobacco resulted in 

a higher non-binding water content of tobacco, resulting in the water diffusion coefficient 

decreasing with initial water content in a certain temperature range (Torki-Harchegani et 

al. 2016). Under drying conditions of 110 °C and 120 °C, the water diffusion coefficient 

of tobacco changed with initial water content. When the drying temperature exceeds 100 °C, 

water is evaporated directly from inside of tobacco in the form of gas. The rapid collision 

of water vapor molecules with tobacco leads to a spatial residence, which leads to the 

emergence of spatial water vapor (Torki-Harchegani et al. 2016). At the same time, the 

bound water in tobacco is gradually released at this temperature, resulting in a higher 

temperature and lower water diffusion coefficient. 
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Fig. 4. The variation of water diffusion coefficient of three kinds of raw tobacco and tobacco with 
different initial water content. (a) Different tobacco; (b) CT-1, different initial water content; (c) CT-
2, different initial water content 
 



 

PEER-REVIEWED ARTICLE  bioresources.com  
 

 

Liu et al. (2023). “Isothermal drying of tobacco,” BioResources 18(2), 2611-2625.            2618 

 

Activation Energy 
Drying activation energy refers to energy required by the target material to remove 

water per unit mass. A larger calculated activation energy indicates greater drying 

difficulty. The relationship between activation energy and water diffusion coefficient is 

obtained by the evolution of Arrhenius formula, as shown in Eq. 4. 

𝑙𝑛𝐷𝑒𝑓𝑓 = 𝑙𝑛𝐷0 −
𝐸𝑎

𝑅

1

𝑇+273.15
                                                   (4) 

According to Eq. 4, if the natural logarithm of effective diffusion coefficient lnDeff 

and Calvin reciprocal 1/(T+273.15) are linearly related, then the activation energy of 

tobacco can be calculated by the slope. Figure 5 (b) is the change of activation energy of 

CT-1 and CT-2 with initial moisture content under different moisture content. The 

activation energies of cut tobacco increase with the increase of the initial moisture content. 

It is because the increase of initial water content leads to more water needed to dry, so that 

caused more energy. In addition, with the increase of moisture content, the increment of 

activation energy decreases, which means that the drying of tobacco has a higher economic 

value under higher moisture content. Taking CT-1 as an example, when the moisture 

content increases from 26% to 31%, the activation energy required for drying increases 

only by 1.2%. The activation energy of tobacco itself was also tested. The results showed 

that the activation energies of the three kinds of tobacco were 13.85, 22.12, and 14.92 

kJ/mol, respectively, indicating that the activation energy of tobacco was determined by 

the quality of tobacco and the production process. On this basis, an appropriate production 

process will be conducive to reducing the drying cost of tobacco. 
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Fig. 5. The activation energy of tobacco and its influence by initial water content. (a) different 
tobacco; (b) different initial water content 

 

Model Fitting 

The five common drying models in Table 1 were used to nonlinearly fit the water 

ratios of three original tobacco samples with time. The determination coefficient R2 was 

used to evaluate the fitting results (Sahoo et al. 2022). This value is used for quantitative 

comparison and shows the consistency level between the experimental data and the 

calculated data (Erbay and Icier 2010). The parameter x2 is the deviation between the 

experimental value and the predicted value of the model. A lower value indicates a better 

fit. The optimal model is selected by combining the two parameters. 
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Table 1. Mathematical Model for Drying Thin Layer of Tobacco 

No. Model Expression Coefficient Reference 

1 Newton (Lewis) 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡) k (El-Beltagy et al. 2007) 

2 Page 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡𝑛) k, n (Jamaluddin et al. 2022) 

3 Midilli 𝑀𝑅 = 𝑎𝑒𝑥𝑝[(−𝑘𝑡)𝑛]+bt a, b, k, t (Hu et al. 2009) 

4 Logarithmic 𝑀𝑅 = 𝑎 × exp(−𝑘𝑡) + 𝑐 a, b, k0, k1 (Zheng et al. 2014) 

5 
Henderson and 

Pabis 
𝑀𝑅 = 𝑎exp(−𝑘𝑡) a, k (Gornicki and Kaleta 2007) 

 

The fitting parameters for each model are shown in Table 2. At 70 to 100 °C, the 

R2 values of the tobacco-Newtom, Page, Middili, Logarithmic, and Henderson models 

were greater than 0.9777, 0.9928, 0.9944, 0.9862, and 0.9681, respectively. Comparing the 

X value of the Middili and Page models, the x2 value of tobacco-Page was lower than 

3.72×10-4, and the Middili value was lower than 2.95×10-4 at 70 to 100 °C. Therefore, the 

fitting value of Middili model was closer to the experimental value. Similarly, CT-2 and 

CT-3 achieved the best fit with the Middili model. At temperatures above 100 °C, the k 

value fluctuated to varying degrees, because 100 °C was the critical point for the 

transformation of water from liquid to gas. The gasification process is an endothermic 

reaction, which will lead to a sudden decrease in the local temperature of tobacco, and then 

lead to the fluctuation of the k value. 

 

 

CONCLUSIONS 
 
1. The drying temperature is an important factor affecting the drying of cut tobacco. 

Increasing the drying temperature within a certain range could reduce the drying time 

of cut tobacco and reduce the drying cost of tobacco. But when the temperature exceeds 

100 °C, the precipitation of bound water and other chemical components will be 

released. At this point, high drying temperature will lead to higher cost, and it will 

affect the tobacco fragrance effect. Therefore, the actual drying temperature should not 

exceed 100 °C in industrial drying. 

2. Through the nonlinear fitting of the natural logarithm and time of the water ratio of 

tobacco, the water diffusion coefficient was calculated and its synergistic relationship 

with temperature was studied. The water diffusion coefficient was negatively correlated 

with temperature and positively correlated with initial water content at 70 to 100 °C. In 

addition, this research found that the drying of cut tobacco with high initial moisture 

content had higher economic benefits, and the activation energy of tobacco was related 

to the production process. These results shown that the initial moisture content of 

tobacco can be adjusted by optimizing the production process to reduce the drying cost.  

3. By comparing the five different drying models, it was found that the tobacco produced 

by different processes could achieve better fitting when using the Midilli model, and a 

higher R2 (> 0.9944) was obtained, indicating that the Midilli model could well describe 

the diffusion process of water in tobacco. In actual production, the drying situation of 

tobacco could be predicted based on the Midilli model, which is expected to be 

conducive to improving the yield of tobacco. 
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Table 2. Fitting Results of Drying Model of Cut Tobacco 

Model 
Temp. 

(°C) 

CT-1  CT-2  CT-3 

Model 

Parameter 
R2 𝟐 

 Model 

Parameter 
R2 𝟐  

Model 

Parameter 
R2 𝟐 

Newton 

70 k=0.0092 0.978 11×10-4  k=0.0092 0.977 12×10-4  k=0.0080 0.983 9.3×10-4 

80 k=0.0111 0.983 8.67×10-4  k=0.0111 0.985 7.31×10-4  k=0.0106 0.986 8.00×10-4 

90 k=0.0124 0.981 9.96×10-4  k=0.0124 0.978 9.50×10-4  k=0.0137 0.988 6.74×10-4 

100 k=0.0142 0.992 4.55×10-4  k=0.0142 0.992 4.75×10-4  k=0.0144 0.992 4.40×10-4 

110 k=0.0169 0.988 7.04×10-4  k=0.0169 0.988 7.58×10-4  k=0.0159 0.988 5.74×10-4 

120 k=0.0172 0.968 12×10-4  k=0.0172 0.968 12×10-4  k=0.0166 0.965 14×10-4 

Page 

70 
k=0.0236 

n=0.810 
0.998 2.67×10-4  

k=0.0237 

n=0.809 
0.995 2.69×10-4  

k=0.0176 

n=0.846 
0.994 3.23×10-4 

80 
k=0.0242 

n=0.836 
0.995 2.82×10-4  

k=0.0242 

n=0.836 
0.995 2.35×10-4  

k=0.0215 

n=0.853 
0.995 2.83×10-4 

90 
k=0.0272 

n=0.830 
0.993 3.72×10-4  

k=0.0272 

n=0.830 
0.992 3.55×10-4  

k=0.0239 

n=0.878 
0.994 3.64×10-4 

100 
k=0.0218 

n=0.904 
0.995 2.90×10-4  

k=0.0219 

n=0.903 
0.995 3.02×10-4  

k=0.0224 

n=0.901 
0.995 2.70×10-4 

110 
k=0.0150 

n=1.029 
0.988 7.07×10-4  

k=0.0155 

n=1.021 
0.988 7.61×10-4  

k=0.0257 

n=0.889 
0.992 4.05×10-4 

120 
k=0.0334 

n=0.840 
0.975 9.57×10-4  

k=0.0342 

n=0.835 
0.974 9.86×10-4  

k=0.0347 

n=0.825 
0.973 11×10-4 

Midilli 

70 

a=1.049 

k=0.0361 

n=0.726 b=-

4.356×10-5 

0.997 1.81×10-4  

a=1.0493 

k=0.0363 

n=0.725 b=-

4.487×10-5 

0.997 1.85×10-4  

a=1.0191 

k=0.0272 

n=0.751 b=-

7.895×10-5 

0.997 1.50×10-4 

80 

a=1.052 

k=0.0354 

n=0.761 b=-

3.457×10-5 

0.996 2.17×10-4  

a=1.0466 

k=0.0329 

n=0.728 b=-

1.706×10-5 

0.996 1.97×10-4  

a=1.0488 

k=0.0324 

n=0.770 b=-

4.977×10-5 

0.996 2.08×10-4 

90 

a=1.066 

k=0.0401 

n=0.755 b=-

2.676×10-5 

0.994 2.95×10-4  

a=1.272 

k=0.0860 

n=0.619 b=-

5.173×10-5 

0.997 1.37×10-4  

a=1.0624 

k=0.0338 

n=0.811 b=-

1.820×10-5 

0.995 2.93×10-4 
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100 

a=1.058 

k=0.0300 

n=0.844 b=-

8.376×10-6 

0.996 2.33×10-4  

a=1.0580 

k=0.0300 

n=0.8450 b=-

7.56×10-6 

0.996 2.43×10-4  

a=1.0564 

k=0.0299 

n=0.848 b=-

3.728×10-6 

0.994 2.15×10-4 

110 

a=1.078 

k=0.0212 

n=0.968 b=-

3.064×10-5 

0.992 5.14×10-4  

a=1.0760 

k=0.0205 

n=0.977 b=-

4.20×10-5 

0.992 5.37×10-4  

a=1.0709 

k=0.0328 

n=0.850 b=-

2.322×10-5 

0.995 2.74×10-4 

120 

a=1.106 

k=0.0442 

n=0.802 b=-

3.399×10-5 

0.983 6.54×10-4  

a=1.102 

k=0.0424 

n=0.811 b=-

3.867×10-5 

0.983 6.57×10-4  

a=1.1096 

k=0.0427 

n=0.806 b=-

4.683×10-5 

0.983 7.18×10-4 

Logarithmic 

70 

a=0.902 

k=0.0087 c=-

0.0133 

0.988 6.34×10-4  

a=0.902 

k=0.0088 c=-

0.0147 

0.988 6.42×10-4  

a=0.909 

k=0.0072 

c=-0.0015 

0.992 4.57×10-4 

80 

a=0.927 

k=0.0108 c=-

0.0122 

0.989 5.89×10-4  

a=0.927 

k=0.0107 c=-

0.0093 

0.990 4.99×10-4  

a=0.934 

k=0.0104 

c=-0.0126 

0.990 5.49×10-4 

90 

a=0.936 

k=0.0124 c=-

0.0175 

0.986 7.21×10-4  

a=0.921 

k=0.0120 c=-

0.0137 

0.985 6.68×10-4  

a=0.967 

k=0.0142 

c=- 0.0164 

0.991 5.46×10-4 

100 

a=0.980 

k=0.0146 c=-

0.0116 

0.993 3.94×10-4  

a=0.980 

k=0.0147 c=-

0.0130 

0.993 4.04×10-4  

a=0.980 

k=0.0149 

c=-0.0130 

0.993 3.64×10-4 

110 

a=1.058 

k=0.0190 c=-

0.0150 

0.992 4.75×10-4  

a=1.0571 

k=0.0192 c=-

0.0175 

0.992 4.90×10-4  

a=0.994 

k=0.0172 

c=-0.0206 

0.993 3.62×10-4 

120 

a=1.015 

k=0.0200 c=-

0.0300 

0.984 6.08×10-4  

a=1.0154 

k=0.0201 c=-

0.0314 

0.985 5.97×10-4  

a=1.016k=0

.0198 c=-

0.0357 

0.984 6.65×10-4 

Henderson 

70 
a=0.902 

k=0.0082 
0.987 6.77×10-4  

a=0.902 

k=0.0082 
0.987 6.93×10-4  

a=0.909 

k=0.0073 
0.992 4.53×10-4 

80 
a=0.927 

k=0.0102 
0.988 6.31×10-4  

a=0.927 

k=0.0102 
0.989 5.30×10-4  

a=0.9345 

k=0.0099 
0.990 5.83×10-4 

90 
a=0.934 

k=0.0115 
0.984 8.18×10-4  

a=0.916 

k=0.0112 
0.984 7.27×10-4  

a=0.967 

k=0.0133 
0.989 6.30×10-4 
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100 
a=0.981 

k=0.0139 
0.992 4.44×10-4  

a=0.981 

k=0.0139 
0.992 4.64×10-4  

a=0.980 

k=0.0141 
0.992 4.28×10-4 

110 
a=1.0583 

k=0.0180 
0.990 5.80×10-4  

a=1.0583 

k=0.0180 
0.990 6.25×10-4  

a=0.992 

k=0.0157 
0.988 5.77×10-4 

120 
a=1.0075 

k=0.0173 
0.968 12×10-4  

a=1.0075 

k=0.0173 
0.968 12×10-4  

a=1.0062k=

0.0167 
0.965 15×10-4 
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