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The mathematical model for drying process is a useful tool in process optimization and 
drying chamber design. The research purposes of this study were to investigate the 
influence of drying temperature on drying time and the modelling the drying kinetics of 
the natural rubber (NR) sheets. The NR sheets which produce from commercial formic 
acid, commercial acetic acids, and ammonia plus commercial formic acid were studied at 
drying temperature of 40, 50, and 60oC and air speed of 0.5 m/s. The results indicated 
that the drying time was substantially reduced with an increase in temperature. The 
moisture content ratio of rubber sheets produce from commercial formic acid coagulation 
was similar to the sheets produce from commercial acetic acids coagulation. However, 
the drying time of them were longer than the drying time of the sheets produce from 
ammonia plus commercial formic acid coagulation. Finally, the logarithmic model was the 
best model which suitable to predict the moisture content ratio of the sheets drying with 
all experimental condition. 
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1. Introduction 
 

Thailand is well-known as among the biggest natural rubber (NR) production and exportation 
country in the world. In 2020, Thailand Rubber Research Institute (TRRI) has recorded the total 
amount of NR production of Thailand is about 4.2 million metric tons [1]. The mono-graph of TRRI 
shows NR in Thailand is produced in four types, namely, ribbed smoked sheets (RSS), block rubber 
(various grades of Standard Thai Rubber, STR grades), rubber concentrated latex, and other forms 
(rubber blend composite and other). NR is the raw material used in the production of gloves, medical 
devices, automotive tire, couplings and conveyor belts, etc. [2-5]. In the world’s rubber market, the 
largest consumers are USA, China, Japan and India, while China and Japan are Thailand’s largest 
exporting markets. As is known, the ribbed smoked sheets (RSS) and air-dried sheet (ADS) rubber is 
one of the major forms of NR products [6]. The ADS rubber process has the same procedure as RSS 
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production except for the fuel used to dry the NR sheets. In RSS process, hot gas is carried from the 
combustion of firewood species such as para rubber, eucalyptus, acacia, etc. [5,7]. While the ADS 
rubber process, hot gas is carried from the heater. Currently, the worldwide consumption of RSS and 
ADS rubber increased due to increasing demands of the tire industry. In the ADS rubber process, 
rubber sheets are washed in a pool and hung on the bamboo bars to dry with ambient air about 6-
12 hours before transferring to the drying chamber. Hot gas from heaters flowed to the rubber sheets 
for dehydration their moisture content by the blower [5,8]. The ADS product of Thailand comes from 
the small-level community-based on the cooperatives [5,9,10]. So, the quality of them is not 
constants. This problem has negative effects for their prices. The drying process of ADS consumes 
most of the energy in moistures obliteration process and the drying quality will surely be affected by 
the efficiency of the chamber [11]. The moisture must be reduced to the grade passable for storage 
and marketing of ADS. Thus, it is essential to control the drying conditions precisely in order to 
improve the product quality and reduce energy consumption in the drying process [11-13]. In the 
chamber, the sheet samples are hung on bamboo bars until they are evenly dried. In order to reduce 
this problem, study and improvement of the mathematical models for drying process should been 
required. 

Many researchers studied the mathematical model for the drying kinetics of food products [14-
21]. However, there are very few reports on the mathematical model changes of NR sheets drying 
and its composites [22,23]. As is known, the NR sheet color change in the non-enzymatic and 
enzymatic browning reactions are related to the drying time and temperature. The color value 
increased with increasing the drying temperature and drying time. Kalasee and Dangwilailux [24] 
have been the only ones studying the effects of the chemical and physical properties when 
coagulating with different acetic acid. Their paper predicts the color changes of the drying and color 
kinetics of NR sheets during the drying process. Thus, the purpose of this research was to study the 
mathematical model changes for the drying kinetics of natural rubber sheets which were related to 
the coagulating acid type, commercial formic acid, commercial acetic acids, and ammonia plus 
commercial formic acid during drying process. The models on the experimental data of moisture ratio 
values using non-linear regression method were estimated at temperatures 40, 50, and 60oC and air 
speed of 0.5 m/s. 
 
2. Methodology 
2.1 Materials 
 

For preparing rubber sheets, the standard of Rubber Authority of Thailand (RAOT), fresh natural 
rubber latex to be tested is tapped and collected from RRIM 600, type of Para-rubber tree. It was 
obtained from the Agriculture, Food and Energy Center of King Mongkut’s Institute of Technology 
Ladkrabang from the Prince of Chumphon Campus, Pathio District, Chumphon Province, Thailand. 
Latex was diluted with water and coagulated by addition of the acids; commercial formic acid, 
commercial acetic acids, and ammonia plus commercial formic acid; in the coagulating tank. After 
storage about two hours, the slabs were compressed between two rollers and then washed with 
clean water and hung on bamboo bars before drying at the chamber. In drying process, NR sheets 
were carried on the chamber which set-up inlet air velocity and the temperature until the final 
moisture content decreased to 3.0±1.0% dry basis [8,13,24]. In this study, the 0.6 × 0.8 × 1.0 m in size 
(width × length × height) hot air oven chamber with containing 100 kg of NR sheets was investigated, 
as shown in Figure 1. This chamber was constructed of steel. A 1.5-kW heater (Maxthermo, model 
MC-2438, Taiwan) and a centrifugal blower (Nitco, model RB60-520, Hessdorf, Germany) driven by a 
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2.2-kW motor were also used as the temperature and airspeed controllers, respectively. Moreover, 
the sample size of NR sheet was 0.3 × 0.1 m and thickness 3 mm. 
 

 
Fig. 1. The experimental drying of 
natural rubber sheets 

 
2.2 Experimental Procedure 
 

In the experimental, the NR sheets were carried on the chamber which set-up the drying 
temperature of 40, 50, and 60oC and air speed of 0.5 m/s. These values are estimated and considered 
from simulation data with an air velocity inlet into the NR sheets drying chamber by computational 
fluid dynamics (CFD) modified from Dejchanchaiwong et al., [3], and Promtong and Tekasakul [25]. 
The initial moisture content of NR sheets was 80.0±2.0% dry basis and the final moisture content was 
less than 3.0% dry basis, respectively. The ambient air temperature, inlet and outlet drying air 
temperature, and the grain temperature was measured by K-type thermocouples. The moisture 
contents of the sample natural rubber sheets were calculated by standard method of the Association 
of Official Analytical Chemists (AOAC) [26]. 
 
2.3 Data Analysis 
 

The drying models improved from experimental data at different drying temperatures were 
shown in Table 1. The best empirical model of NR sheets was chosen as the one with the lowest mean 
relative deviation (MRD) value and the highest coefficient of determination (r2) value. For each 
experiment point, MRD was determined by Eq. (1). 
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where iRM ,  is the measured valve data, iRM ,
  is the estimated valve through fitting of the drying 

model, and n  is the number of experimental points. 
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According to the drying models, the dimensionless moisture ratio (
RM ) was given by Eq. (2). 
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where M , eqM , intM  are the moisture content at any time, the equilibrium moisture content, and 

the initial moisture content in dry basis percentage, respectively. 
 

Table 1 
The mathematical models for drying process 
Model  Equation* Reference 

Page )exp( tkaMR −=  Babalis et al., [15], 
Mazutti et al., [17], 
Janjai et al., [18] 

Logarithmic btkaMR +−= )exp(  Akpinar et al., [14], 
Babalis et al., [15], 
Mazutti et al., [17], 
Janjai et al., [18] 

Two-term 
exponential 

)exp()1()exp( takatkaMR −−+−=  Wang et al., [16], 
Janjai et al., [18] 

*MR is the moisture ratio (dimensionless) and a, b, and k are the equation constants of the 
mathematical models for drying kinetics of the NR sheets produce 

 
3. Results 
3.1 Influence of Drying Temperature on Drying Time 
 

For all the experiments, the NR sheets having an initial moisture content of dry basis were dried 
to reach a final moisture content of dry basis. The influence of the drying temperature on the sheet 
samples at each of three coagulating acid types, namely commercial formic acid, commercial acetic 
acids, and ammonia plus commercial formic acid, was shown in Figure 2, Figure 3 and Figure 4, 
representing the drying time versus the moisture ratio. It is clearly evident that the drying time 
increased, the moisture ratio decreased continuously. At NR sheet samples which used coagulating 
by commercial formic acid in the ADS rubber production, the increase in temperature decreased the 
drying time which needed to reach moisture content of about dry basis as same as commercial acetic 
acids, and ammonia plus commercial formic acid, respectively. This result was due to the increased 
energy of water and the space between the rubber molecules being decreased after water molecule 
evaporation when the temperature was increased. This agreed with the results reported in 
Rattanamechaiskul et al., [4], Kalasee and Dangwilailux [24], and Tarigan et al., [27]. For the effect of 
the type of coagulating material on the drying time; when the drying process started, the samples 
moisture which used coagulating by commercial formic acid and acetic acids rapidly decreased 
through convection heat transfer over the first 12 hour. This result was different from the sheets 
which used coagulating by ammonia plus commercial formic acid, when these samples moisture very 
rapidly decreased over the first 8 hour. Afterward, the reduce in moisture of the NR sheets was at a 
constant rate due to heat diffusion until drying finished at a final moisture of dry basis [24,25]. For 
this reason, as the drying temperature was increased, the drying time reduced. 
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Fig. 2. Comparison of experimental data and predicted 
moisture content ratios of the natural rubber sheets produce 
from commercial formic acid coagulation by fitting of 
Logarithmic model 

 

 
Fig. 3. Comparison of experimental data and predicted 
moisture content ratios of the natural rubber sheets produce 
from commercial acetic acid coagulation by fitting of 
Logarithmic model 
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Fig. 4. Comparison of experimental data and predicted 
moisture content ratios of the natural rubber sheets produce 
from ammonia plus commercial formic acid coagulation by 
fitting of Logarithmic model 

 
3.2 Modelling the Drying Kinetics of the Samples 
 

The average moisture ratio of NR sheets dried was test verified with three different drying models 
to find out their suitability to describe the drying process. Table 2 presents the mathematical model 
parameters related to the NR sheets drying kinetics which used coagulating by commercial formic 
acid in the ADS rubber production. The results showed that the logarithmic model was suitable to 
predict the moisture content ratio of the natural rubber sheets drying, confirming by the mean of the 
coefficient of determination (r2) and the mean of relative deviation (MRD). It showed the r2 value was 
greater than 0.99 and the MRD value was less than 0.03, which is satisfactory. This result was similar 
to the results of the sheets produce from commercial acetic acids coagulation and ammonia plus 
commercial formic acid coagulation. Therefore, the logarithmic model was suitable to predict the 
moisture content ratio of the NR sheets drying for all samples. Although, the sheet samples which 
used coagulating by ammonia plus commercial formic acid had the shortest drying time about 32 
hours for the drying temperature of 60oC and air speed of 0.5 m/s, an increase in drying temperature 
and drying time had the influence on chemical and physical properties of the NR sheets [24]. 
Furthermore, not only the type of coagulating material and drying temperature but also other 
variables that should be considered, such as the NR latex concentration, the acid concentration 
values, airspeed, atmosphere relative humidity, pressure, and others. 
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Table 2 
Parameters of the mathematical models for drying kinetics of the natural rubber sheets produce 
Model Parameters  

and good- 
ness of fit 

Commercial formic  
acid 

Commercial acetic  
acid 

Ammonia plus commercial 
formic acid 

Drying temperature Drying temperature Drying temperature  

40oC 50oC 60oC 40oC 50oC 60oC 40oC 50oC 60oC 

Page a 1.165 1.033 1.146 1.124 1.084 1.027 1.083 1.058 1.031 
k 0.026 0.050 0.048 0.033 0.047 0.078 0.045 0.058 0.089 
r2 0.990 0.992 0.990 0.991 0.994 0.985 0.983 0.986 0.987 
MRD 0.021 0.027 0.033 0.019 0.025 0.042 0.042 0.039 0.044 

Logarithmic a 1.085 1.041 1.130 1.068 1.059 1.093 1.121 1.082 1.067 
b -0.064 -0.072 -0.146 -0.068 -0.077 -0.253 -0.234 -0.117 -0.097 
k 0.040 0.045 0.054 0.042 0.049 0.043 0.033 0.052 0.076 
r2 0.998 0.997 0.998 0.999 0.998 0.995 0.995 0.994 0.991 
MRD 0.016 0.018 0.016 0.012 0.016 0.026 0.025 0.027 0.026 

Two-term  
exponential  

a 0.013 0.142 0.023 0.047 0.026 0.026 0.066 1.491 0.026 

k 4.005 3.858 3.239 14.291 12.961 2.284 11.776 0.081 3.569 

r2 0.981 0.992 0.986 0.991 0.988 0.985 0.978 0.987 0.982 

MRD 0.030 0.028 0.041 0.026 0.037 0.042 0.048 0.038 0.048 

r2 is correlation coefficient and MRD is mean relative deviation. 

 
4. Conclusions 
 

The results of this research presented that an increase in drying temperature had the influence 
of decreasing the drying time. The moisture content ratio of the NR sheets rapidly decreased when 
the drying temperature was increasing. The results of the three different types of drying models 
showed that logarithmic model was suitable to predict the moisture content ratio of the NR sheets 
drying with all experimental condition. The moisture content ratio of the sheets produce from 
commercial formic acid coagulation was similar to the sheets produce from commercial acetic acid 
coagulation. However, the drying time of them are longer than the drying time of the sheets produce 
from ammonia plus commercial formic acid coagulation. Recommendations, in the future work, the 
results of this paper will be used to analyse factors and components of the rubber sheets for 
development the product quality and reduce energy consumption in the drying process. 
 
Acknowledgement 
This research was funded by a grant from King Mongkut’s Institute of Technology Ladkrabang. 
 
References 
[1] Thailand Rubber Research Institute. "Rubber Thai." Ministry of Agriculture and Cooperatives. (2021). 
[2] Kalasee, Wachara. "Improvement soot particles separation equipments for rubber smoking chamber." Aerosol and 

Air Quality Research 9, no. 3 (2009): 333-341. https://doi.org/10.4209/aaqr.2009.01.0005  
[3] Dejchanchaiwong, Racha, Yutthana Tirawanichakul, Supawan Tirawanichakul, and Perapong Tekasakul. "Single-

phase and multiphase models for temperature and relative humidity calculations during forced convection in a 
rubber-sheet drying chamber." Maejo International Journal of Science & Technology 8, no. 2 (2014). 

[4] Rattanamechaiskul, Chaiwat, Nittaya Junka, Jakkrit Potichalung, Thawatchai Wingwon, Wattana Boontum, and 
Naruebodee Srisang. "Whiteness index prediction of para rubber sheet during hot air drying." Engineering and 
Applied Science Research 43 (2016): 331-333. 

[5] Kalasee, Wachara, and Chakree Teekapakvisit. "A review of air pollution and solutions way management related to 
Ribbed smoked sheets (RSS) production of community-level rubber cooperatives in Thailand: Smoke, soot and PAHs 
particles." Pollution 6, no. 2 (2020): 267-284. 

[6] Hussadin, Monthol, and Anan Pongtornkulpanich. "Solar-biomass drying system for para rubber sheet." Journal of 
Renewable Energy and Smart Grid Technology 10, no. 1 (2015): 37-46. 

https://doi.org/10.4209/aaqr.2009.01.0005


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 117, Issue 2 (2024) 37-45 

44 
 

[7] Ruttanachot, Chayasak, Yutthana Tirawanichakul, and Perapong Tekasakul. "Application of electrostatic 
precipitator in collection of smoke aerosol particles from wood combustion." Aerosol and Air Quality Research 11, 
no. 1 (2011): 90-98. https://doi.org/10.4209/aaqr.2010.08.0068  

[8] Junka, Nittaya, Chaiwat Rattanamechaiskul, Somkiat Prachayawarakorn, and Somchart Soponronnarit. "Drying 
guideline to control colour quality of para rubber sheet by computation method." Biosystems Engineering 176 
(2018): 151-161. https://doi.org/10.1016/j.biosystemseng.2018.10.009  

[9] Tekasakul, Perapong, and Surajit Tekasakul. "Environmental problems related to natural rubber production in 
Thailand." Journal of Aerosol Research 21, no. 2 (2006): 122-129. 

[10] Promtong, Machimontorn. "Two-stage forced convection furnace for ribbed Rubber Smoked Sheet (RSS) 
production: performance evaluation." GEOMATE Journal 18, no. 68 (2020): 120-128. 
https://doi.org/10.21660/2020.68.9186  

[11] Dejchanchaiwong, Racha, Anil Kumar, and Perapong Tekasakul. "Performance and economic analysis of natural 
convection based rubber smoking room for rubber cooperatives in Thailand." Renewable Energy 132 (2019): 233-
242. https://doi.org/10.1016/j.renene.2018.07.145  

[12] Tirawanichakul, Supawan, Sutian Sanai, Chayanuch Sangwichien, and Yuthana Tirawanicahkul. "Parameters for the 
analysis of natural rubber drying." Songklanakarin Journal of Science and Technology 29 (2007): 335-346. 

[13] Tekasakul, Perapong, and Machimontorn Promtong. "Energy efficiency enhancement of natural rubber smoking 
process by flow improvement using a CFD technique." Applied Energy 85, no. 9 (2008): 878-895. 
https://doi.org/10.1016/j.apenergy.2008.02.004  

[14] Akpinar, E. Kavak, Y. Bicer, and F. Cetinkaya. "Modelling of thin layer drying of parsley leaves in a convective dryer 
and under open sun." Journal of Food Engineering 75, no. 3 (2006): 308-315. 
https://doi.org/10.1016/j.jfoodeng.2005.04.018  

[15] Babalis, Stamatios J., Elias Papanicolaou, Nikolas Kyriakis, and Vassilios G. Belessiotis. "Evaluation of thin-layer 
drying models for describing drying kinetics of figs (Ficus carica)." Journal of Food Engineering 75, no. 2 (2006): 205-
214. https://doi.org/10.1016/j.jfoodeng.2005.04.008  

[16] Wang, Zhengfu, Junhong Sun, Xiaojun Liao, Fang Chen, Guanghua Zhao, Jihong Wu, and Xiaosong Hu. 
"Mathematical modeling on hot air drying of thin layer apple pomace." Food Research International 40, no. 1 
(2007): 39-46. https://doi.org/10.1016/j.foodres.2006.07.017  

[17] Mazutti, Marcio A., Giovani Zabot, Gabriela Boni, Aline Skovronski, Debora De Oliveira, Marco Di Luccio, J. Vladimir 
Oliveira, Maria Isabel Rodrigues, Helen Treichel, and Francisco Maugeri. "Mathematical modeling of thin-layer 
drying of fermented and non-fermented sugarcane bagasse." Biomass and Bioenergy 34, no. 5 (2010): 780-786. 
https://doi.org/10.1016/j.biombioe.2010.01.021  

[18] Janjai, S., M. Precoppe, N. Lamlert, B. Mahayothee, B. K. Bala, M. Nagle, and J. Müller. "Thin-layer drying of litchi 
(Litchi chinensis Sonn.)." Food and Bioproducts Processing 89, no. 3 (2011): 194-201. 
https://doi.org/10.1016/j.fbp.2010.05.002  

[19] Onwude, Daniel I., Norhashila Hashim, Khalina Abdan, Rimfiel Janius, and Guangnan Chen. "Experimental studies 
and mathematical simulation of intermittent infrared and convective drying of sweet potato (Ipomoea batatas L.)." 
Food and Bioproducts Processing 114 (2019): 163-174. https://doi.org/10.1016/j.fbp.2018.12.006  

[20] Park, Hyeon Woo, and Won Byong Yoon. "Prediction of the intermittent drying behavior of soybeans [Glycine max 
(L.)] using novel multilayered mass transfer simulation with an image analysis." Drying Technology 37, no. 10 (2019): 
1228-1238. https://doi.org/10.1080/07373937.2018.1493691  

[21] Eakvanich, Visit, Wachara Kalasee, Panya Dangwilailux, Wassachol Wattana, and Juntakan Taweekun. "A Review of 
the Parameters Related to the Rubber Sheets Production: Major Constituents of Rubber Latex, Rubber Particles, 
Particle Interaction of Rubber Latex, Rubber Porous Structure, Rubber Drying Kinetics and Energy Consumption." 
Journal of Advanced Research in Applied Sciences and Engineering Technology 29, no. 2 (2023): 159-184. 
https://doi.org/10.37934/araset.29.2.159184  

[22] Cousin, B., J. C. Benet, and R. Auria. "Experimental study of the drying of a thick layer of natural crumb rubber." 
Drying Technology 11, no. 6 (1993): 1401-1413. https://doi.org/10.1080/07373939308916906  

[23] Tirawanichakul, Yutthana, and Supawan Tirawanichakul. "Mathematical model of fixed-bed drying and strategies 
for crumb rubber producing STR20." Drying Technology 26, no. 11 (2008): 1388-1395. 
https://doi.org/10.1080/07373930802333569  

[24] Kalasee, Wachara, and Panya Dangwilailux. "Effect of wood vinegar substitutes on acetic acid for coagulating 
natural para rubber sheets during the drying process." Applied Sciences 11, no. 17 (2021): 7891. 
https://doi.org/10.3390/app11177891  

[25] Promtong, M., and P. Tekasakul. "CFD study of flow in natural rubber smoking-room: I. Validation with the present 
smoking-room." Applied Thermal Engineering 27, no. 11-12 (2007): 2113-2121. 
https://doi.org/10.1016/j.applthermaleng.2006.11.009  

https://doi.org/10.4209/aaqr.2010.08.0068
https://doi.org/10.1016/j.biosystemseng.2018.10.009
https://doi.org/10.21660/2020.68.9186
https://doi.org/10.1016/j.renene.2018.07.145
https://doi.org/10.1016/j.apenergy.2008.02.004
https://doi.org/10.1016/j.jfoodeng.2005.04.018
https://doi.org/10.1016/j.jfoodeng.2005.04.008
https://doi.org/10.1016/j.foodres.2006.07.017
https://doi.org/10.1016/j.biombioe.2010.01.021
https://doi.org/10.1016/j.fbp.2010.05.002
https://doi.org/10.1016/j.fbp.2018.12.006
https://doi.org/10.1080/07373937.2018.1493691
https://doi.org/10.37934/araset.29.2.159184
https://doi.org/10.1080/07373939308916906
https://doi.org/10.1080/07373930802333569
https://doi.org/10.3390/app11177891
https://doi.org/10.1016/j.applthermaleng.2006.11.009


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 117, Issue 2 (2024) 37-45 

45 
 

[26] AOAC. Official methods of analysis. Association of Official Analytical Chemists. Washington DC, USA, 1995. 
[27] Tarigan, Elieser, Gumpon Prateepchaikul, Ram Yamsaengsung, Anchalee Sirichote, and Perapong Tekasakul. 

"Drying characteristics of unshelled kernels of candle nuts." Journal of Food Engineering 79, no. 3 (2007): 828-833. 
https://doi.org/10.1016/j.jfoodeng.2006.02.048  

 
 
 

https://doi.org/10.1016/j.jfoodeng.2006.02.048

