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ABSTRACT 
 

Porang (Amorphophallus oncophyllus) is a strategic glucomannan source for food and 

industrial applications, whose chip and flour quality is strongly influenced by drying 

performance; however, the combined effects of harvest month and tuber size on convective 

drying kinetics remain poorly quantified. This study estimated the convective heat transfer 

coefficient (h) and effective drying rate constant (k) of 7-mm porang slices using a coupled 

heat–mass balance framework. Tubers were classified into three size categories and dried 

in a 50 °C cabinet dryer across five harvest months (June–October), with continuous 

monitoring of air and product temperatures. The Lewis thin-layer model was solved 

numerically using a fourth-order Runge–Kutta method, and parameters were estimated by 

minimizing the mean absolute percentage error. Product temperature profiles showed rapid 

initial heating, a quasi-steady plateau at 43–46 °C, and a final rise, indicating dominance 

of the falling-rate regime. Estimated h ranged from 42 to 72 W·m⁻²·°C⁻¹ and kₚ from 2.70 to 

3.99 h⁻¹. Two-way ANOVA showed no significant effects of harvest month, tuber size, or 

their interaction (p > 0.05), supporting the use of effective average parameters for robust 

drying-process standardization and scale-up. 

 

List of symbols used in this paper: 

Symbol Description Symbol Description Symbol Description 

𝐴 Effective surface area of the 

porang slice exposed to 

drying air (m²) 

𝑀𝐶𝑤𝑏 Moisture content on wet basis 

(kg water·kg⁻¹ wet material) 
𝑛𝑣 Evaporative mass flux 

(kg·m⁻²·s⁻¹) 

𝑎𝑐  Effective surface area ratio 

of the material (m²·m⁻²) 
𝑀𝐶𝑑𝑏 Moisture content on dry basis 

(kg water·kg⁻¹ dry matter) 
𝑄̇𝑖𝑛 Rate of heat input to the 

system (W) 

𝐶𝑝𝑝 Specific heat capacity of 

porang material (J·kg⁻¹·K⁻¹) 
𝑚𝑤 Mass of water in the sample 

(kg) 
𝑄̇𝑜𝑢𝑡 Rate of heat output from the 

system (W) 

𝐶𝑝𝑎 Specific heat capacity of 

drying air (J·kg⁻¹·K⁻¹) 
𝑚𝑠 Total mass of the wet sample 

(kg) 
𝑠 Time step size used in the 

numerical integration (h) 

ℎ Convective heat transfer 

coefficient (W·m⁻²·K⁻¹) 
𝑚𝑑 Dry mass of the sample 

(bone-dry basis) (kg) 
𝑇𝑎 Drying air temperature (°C 

or K) 

𝑘𝑝 Effective drying rate 

constant (h⁻¹) 
𝑚̇𝑖𝑛 Mass flow rate of inlet drying 

air (kg·s⁻¹) 
𝑇𝑝 Effective surface area of the 

porang slice exposed to 

drying air (m²) 

𝐿𝑣 Latent heat of vaporization 

of water (J·kg⁻¹) 
𝑚̇𝑜𝑢𝑡 Mass flow rate of outlet 

drying air (kg·s⁻¹) 

v and g Intermediate slope terms in 

RK4 
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1. INTRODUCTION 

Porang (Amorphophallus oncophyllus) is a tuber crop of high economic value due to its rich glucomannan content (Cruz 

et al., 2024; Soedarjo, 2021; Wahidah et al., 2021). Demand for porang and glucomannan originates largely from the 

food, pharmaceutical, and cosmetic sectors, both domestically and internationally (Bahlawan et al., 2021; Novitasari et 

al., 2024; Nurkhamidah et al., 2024; Wahidah et al., 2021). High annual demand is underpinned by the crop’s strong 

adaptability across diverse agroecosystems. In recent years, the Indonesian government has supported porang cultivation 

and postharvest processing through initiatives to increase production and strengthen the supply chain (Handayani et al., 

2024; Soemantri et al., 2021). Despite its substantial potential, porang still faces constraints at the postharvest stage, 

which critically determines the quality of the final products (Hawa et al., 2022; Nurmianto et al., 2020; Setiavani et al., 

2025). Robust postharvest processing is therefore required to ensure the quality of porang-derived products. 

Fresh porang tubers contain high moisture and calcium oxalate which make them highly perishable and can cause 

an itching sensation (Impaprasert et al., 2014; Nurlela et al., 2021). These properties hinder direct marketing of fresh 

tubers due to limited storability. To address this issue, drying is a pivotal step in porang postharvest processing (Setiavani 

et al., 2025). Drying serves to reduce moisture content, extend shelf life, and facilitate distribution and downstream 

processing (Dar et al., 2022; Veena et al., 2023). The dried products (chips or flour) are expected to meet quality 

standards, notably low moisture and preserved glucomannan content. Product quality is strongly influenced by drying 

conditions and raw-material characteristics so that understanding the drying rate is crucial. 

The drying rate is defined as the rate of water removal from a material during drying, measured by changes in 

moisture content over time (Rahmia et al., 2023; Setiavani et al., 2025). This parameter plays a key role in determining 

product quality, shelf life, and the stability of bioactive compounds (Dar et al., 2022; Gusmalawati, 2021; Veena et al., 

2023). Each material exhibits distinct drying-rate characteristics depending on slice thickness, porosity, and chemical 

composition (Ononogbo et al., 2022; Rahmia et al., 2023; Schlünder, 2004). Prior research has addressed drying-process 

modelling using the Midlii, Henderson, and Chung–Pfost models (Fadila et al., 2023; Hawa et al., 2022). Comparative 

studies of drying methods such as oven drying, conventional drying, solar dryers, and greenhouse drying indicate that 

solar dryers can yield the highest drying rates and glucomannan contents (Setiavani et al., 2025). In addition, 

investigations into pretreatments and product quality have included soaking in 5% ascorbic acid for 120 minutes to 

enhance chip whiteness; steeping slices in acid/salt solutions to reduce calcium oxalate and alter flour viscosity; and 

vacuum–microwave drying, which improved colour and KGM viscosity (Impaprasert et al., 2014; Kumoro et al., 2019; 

Ratnawati et al., 2024).  

Recent studies show that porang tuber drying typically follows a two-stage falling-rate pattern without a constant-

rate period, in contrast to other tubers such as sweet potatoes and potatoes that still exhibit such a phase (Diamante & 

Munro, 1991; Susanto et al., 2025). This difference is primarily attributed to porang’s high glucomannan content which 

slows surface evaporation and makes internal diffusion the dominant mechanism of moisture migration (Kapoor et al., 

2024; Yang et al., 2017). Beyond chemical composition, physical aspects including tuber size, slice thickness, and 

harvest period have significant effects on drying efficiency, retained glucomannan content, and the quality of dried 

products (Amanto et al., 2023; Korese & Achaglinkame, 2024; Sholichah et al., 2023). Although many studies have 

examined drying methods, hybrid technologies, and pretreatments for tuber crops, research on raw-material variability 

linked to tuber drying behaviour remains limited. Moreover, existing studies on porang drying predominantly focus on 

empirical drying curves or thin-layer models, without explicitly quantifying the convective heat transfer coefficient (h) 

and the effective drying rate constant (kₚ) through numerical solutions of coupled heat–mass balance equations. 

To overcome these limitations, a mechanistic yet simple modelling framework is needed to estimate parameters that 

are directly relevant to the process. The Lewis drying model offers a first-order representation that can be interpreted 

physically for convective drying, where the effective drying rate coefficient can be associated with the combined effects 

of heat and mass transfer. By numerically solving the main differential form of the Lewis model using a fourth-order 

Runge–Kutta (RK4) approach, the convective heat transfer coefficient (h) and effective drying rate constant (kp) can be 

measured. Therefore, this study aims to evaluate the effect of harvest period and tuber size on the drying rate of porang 

chips using an integrated heat-mass balance model solved using the fourth-order Runge-Kutta (RK4)-Lewis numerical 

method, which produces the effective drying rate constant (kp) and the convective heat transfer coefficient of the drying 

air (h). This study proposes a Runge-Kutta-Lewis-based numerical approach to estimate the drying parameters of porang 
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slices, including the convective heat transfer coefficient and the effective drying rate constant. The results provide 

quantitative parameters that can be used to estimate the drying time and support the selection of appropriate drying 

conditions for porang processing. 

2. MATERIALS AND METHODS 

2.1. Materials and Experimental Design 

The primary material in this study was three-year-old porang tubers (Amorphophallus oncophyllus) obtained from 

agricultural fields in Nglanggeran Village, Patuk, Gunungkidul, Special Region of Yogyakarta. Procurement was carried 

out by monthly harvesting with a yield of 50–60 kg per month. The tubers used in the experiments were harvested in 

2020 across five periods (June, July, August, September, and October) and classified into three size categories (small, 

medium, and large). Size classes were defined using lower and upper diameter thresholds of 10 and 20 cm, respectively, 

yielding small (d < 10 cm), medium (10 cm ≤ d ≤ 20 cm), and large (d > 20 cm). Examples of fresh porang tuber show 

in Figure 1 until Figure 3, whereas the slice porang shows in Figure 4. A completely randomized design (CRD) was 

employed with two factors: harvest time (five levels) and tuber size (three levels). Accordingly, there were 15 treatment 

combinations. For each harvest time and tuber size combination, drying was conducted in a single run. Product mass 

was monitored using five small trays (Figure 4) placed within the dryer as subsampling units. The statistical model for 

this two-factor CRD can be written as Equation (1). 

𝑌𝑖𝑗𝑘 = 𝜇 + 𝐴𝑖 + 𝐵𝑗 + (𝐴𝐵)𝑖𝑗 + 𝜖𝑖𝑗𝑘      (1) 

 

Figure 1. Small-June Fresh porang 

 

Figure 2. Medium-June Fresh porang 

 

Figure 3. Large-June Fresh porang 

 

Figure 4. Porang slice on Ohaus pan resembled aluminum wire-mesh screen 
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where 𝑌𝑖𝑗𝑘 is the response of the k-th observation at the i-th harvest period and j-th size category (k = 1, 2, ..., 5); 𝜇 is the 

overall mean; 𝐴𝑖 and 𝐵𝑗 are the fixed main effects of harvest time and tuber size, respectively; (𝐴𝐵)𝑖𝑗 is their interaction 

effect; and 𝜖𝑖𝑗𝑘 is the random error term. Data was analyzed using analysis of variance (ANOVA) at the 5% significance 

level. When significant effects were detected (p < 0.05), post hoc mean separation was performed using Duncan’s Multiple 

Range Test (DMRT) to identify differences among treatments. 

2.2. Research Methods 

Healthy, pest-free, and defect-free porang tubers were used. Tubers were washed and sliced to a uniform thickness of 7 

mm; the resulting slices served as the test material for drying. For each treatment, five replicate samples were prepared 

for mass observation and three replicate samples for material-temperature observation. Both sets used an initial sample 

mass of approximately 100–120 g, placed on an aluminum wire-mesh screen for drying. Drying was conducted in a 

cabinet dryer (Shimizu Scientific Instrument PSN-150, Japan) at a constant temperature of 50 °C. Each mass-observation 

sample was weighed using a bench balance (Ohaus Scout SPX2202, China) initially (t = 0) and subsequently at 1-h 

intervals for up to 24 h, or until a constant mass was reached, indicating moisture equilibrium. Final mass of the porang 

slices was determined using an analytical balance (Shimadzu AW220, Japan). The recorded mass at each interval was 

then used to calculate moisture content and drying rate. Product temperature was monitored on three trays at 1-h intervals 

using a thermocouple thermometer (Xintest HT-9815, China). 

2.3. Research Parameters 

In this study, observations of the drying process focused on five key parameters representing the dynamics of heat and 

mass transfer. These five parameters included product temperature (Tp), drying chamber temperature (Ta), initial sample 

mass (ms), and dry sample mass (md), which were measured hourly to calculate the instantaneous moisture content. 

Product temperature (Tₚ) and air drying temperature (Tₐ) were recorded at 5-min intervals during the first 2 h and 

subsequently at 1-h intervals up to 24 h, whereas sample mass (m) was measured at 1-h intervals throughout the drying 

process. Temperature data recorded at 5-min intervals during the first 2 h were averaged within each hour to represent 

early-stage variation for RK4 fitting. For numerical modeling using the fourth-order Runge–Kutta (RK4) method, all 

datasets were aligned to a common hourly base corresponding to the mass measurement interval. 

2.3.1. Moisture Content 

The moisture content is expressed in two bases, namely wet basis (𝑀𝐶𝑤𝑏) and dry basis (𝑀𝐶𝑑𝑏) (Widhiantari et al., 

2025). 𝑀𝐶𝑤𝑏 is the ratio of water mass to wet material mass, while 𝑀𝐶𝑑𝑏 is the ratio of water mass to dry material mass. 

In determining moisture content, the mass of the sample is categorised into three types, including water mass (𝑚𝑤), 

sample mass (𝑚𝑠), and dry mass (𝑚𝑑). The determination of water mass based on the sample mass and the dry sample 

mass is given in Equations (2) and (3). The equations used to determine moisture content and to convert between wet- 

and dry-basis moisture contents are shown in Equations (4) and (5). 

𝑚𝑤 = 𝑚𝑠 − 𝑚𝑑        (2) 

𝑀𝐶𝑤𝑏  =  
𝑚𝑤

𝑚𝑠
×  100        (3) 

𝑀𝐶𝑑𝑏  =  
𝑚𝑑

𝑚𝑠
×  100        (4) 

𝑀𝐶𝑑𝑏  =  
𝑀𝐶𝑤𝑏

1 + 𝑀𝐶𝑤𝑏
        (5) 

where mw, ms, and md in gram, while 𝑀𝐶𝑤𝑏 and 𝑀𝐶𝑑𝑏 in %.  

2.3.2. Drying Rate and Drying Constant 

The convective heat transfer coefficient (h) and drying rate kp are two factors that interpret the drying process: h is an 

indicator that shows the heat transfer value from the drying air to the outer layer of the porang sheet, kP is an indicator 

that states how fast the drying process takes place. The determination of h and kp is based on the concepts of heat balance 
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(Equation 6) and mass balance (Equation 7). The definition of the concept of mass balance needs to be developed. This 

development adapts the semi-industrial convective drying simulation of mangoes described in equation 8 (Desmorieux 

et al., 2008). To facilitate the determination of h and kp values, the drying rate model in this study follows the Lewis 

model (Janjai & Bala, 2012). The Lewis drying model is shown in equation (9). To support the determination of h and 

kP, the specific heat of water, the heat of porang tubers, and the latent heat of water are required. The specific heat of 

water (Cpa) is assumed to be 4180 J kg⁻¹ K⁻¹, the specific heat of porang tubers (Cpp) is assumed to follow equation 11, 

and the latent heat is assumed to be 2260 kJ/kg. 

𝑄̇𝑖𝑛 = 𝑄̇𝑜𝑢𝑡        (6) 

𝑚̇𝑖𝑛 = 𝑚̇𝑜𝑢𝑡        (7) 

𝑑(𝑀𝐶𝑑𝑏)

𝑑𝑡
 =  −𝑘𝑑|(𝑀𝐶𝑑𝑏) − (𝑀𝐶𝑑𝑏)|     (8) 

𝑚𝑑 ⋅ (
𝑑(𝑀𝐶𝑑𝑏)

𝑑𝑡
)  =  −𝑛𝑣 ⋅ 𝑎𝑐      (9) 

−𝑛𝑣 =
𝑚𝑑⋅(

𝑑(𝑀𝐶𝑑𝑏)

𝑑𝑡
) 

𝑎𝑐
       (10) 

𝐶𝑝𝑝  =  0.837 +  3.349 ⋅ 𝑀𝐶𝑤𝑏      (11) 

The determination of the convective heat transfer coefficient (h) and the drying rate constant (kp) was performed 

using the fourth-order Runge-Kutta (RK4) approach. The determination was performed in Rstudio software by setting 

the lowest error value based on the Mean Absolute Percentage Error (MAPE) equation. The final derived forms of 

Equations (6)–(9), describing the temporal changes in material temperature and moisture content, obtained using the 

RK4 method are presented below.  

𝑑𝑇𝑝

𝑑𝑡
=

(−𝑘 × |𝑀𝐶𝑑𝑏 − 𝑀𝐶𝑒| × 𝐿𝑣)

(𝐶𝑝𝑝 + 𝐶𝑝𝑎 × 𝑀𝐶𝑑𝑏)
+

(ℎ × 𝐴 × (𝑇𝑎 − 𝑇𝑝))

𝑚𝑑 × (𝐶𝑝𝑝 + 𝐶𝑝𝑎 × 𝑀𝐶𝑑𝑏)
 

(12) 

𝑇𝑝;𝑖+1 = 𝑇𝑝;𝑖 +
1

6
× ((𝑔1 + 2𝑔2 + 2𝑔3 + 𝑔4)) 

(13) 

𝑔1 = [
(−𝑘 × |𝑀𝐶𝑑𝑏 − 𝑀𝐶𝑒| × 𝐿𝑣)

(𝐶𝑝𝑝 + 𝐶𝑝𝑎 × 𝑀𝐶𝑑𝑏)
+

(ℎ × 𝐴 × (𝑇𝑎 − 𝑇𝑝))

𝑚𝑑 × (𝐶𝑝𝑝 + 𝐶𝑝𝑎 × 𝑀𝐶𝑑𝑏)
] × 𝑠 

(14) 

𝑔2 =

[
 
 
 
 
(−𝑘 × (𝑀𝐶𝑑𝑏 +

𝑣1

2 − 𝑀𝐶𝑒) × 𝐿𝑣)

(𝐶𝑝𝑝 + 𝐶𝑝𝑎 × 𝑀𝐶𝑑𝑏)
+

(ℎ × 𝐴 × (𝑇𝑎 − (𝑇𝑝 +
𝑔1

2 )))

𝑚𝑑 × (𝐶𝑝𝑝 + 𝐶𝑝𝑎 × (𝑀𝐶𝑑𝑏 +
𝑣1

2 ))
]
 
 
 
 

× 𝑠 

(15) 

𝑔3 =

[
 
 
 
 
(−𝑘 × (𝑀𝐶𝑑𝑏 +

𝑣2

2 − 𝑀𝐶𝑒) × 𝐿𝑣)

(𝐶𝑝𝑝 + 𝐶𝑝𝑎 × 𝑀𝐶𝑑𝑏)
+

(ℎ × 𝐴 × (𝑇𝑎 − (𝑇𝑝 +
𝑔2

2 )))

𝑚𝑑 × (𝐶𝑝𝑝 + 𝐶𝑝𝑎 × (𝑀𝐶𝑑𝑏 +
𝑣2

2 ))
]
 
 
 
 

× 𝑠 

(16) 

𝑔4 = [
(−𝑘 × (𝑀𝐶𝑑𝑏 + 𝑣3 − 𝑀𝐶𝑒) × 𝐿𝑣)

(𝐶𝑝𝑝 + 𝐶𝑝𝑎 × 𝑀𝐶𝑑𝑏)
+

(ℎ × 𝐴 × (𝑇𝑎 − (𝑇𝑝 + 𝑔3)))

𝑚𝑑 (𝐶𝑝𝑝 + 𝐶𝑝𝑎 × (𝑀𝐶𝑑𝑏 + 𝑣3))
] × 𝑠 

(17) 

 

𝑑(𝑀𝐶𝑑𝑏)

𝑑𝑡
= −𝑘|(𝑀𝐶𝑑𝑏) − (𝑀𝐶𝑒)| 

(18) 

𝑀𝐶𝑑𝑏;𝑖+1 = 𝑀𝐶𝑑𝑏;𝑖 +
1

6
× ((𝑣1 + 2𝑣2 + 2𝑣3 + 𝑣4)) 

(19) 
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𝑣1 = [−𝑘|(𝑀𝐶𝑑𝑏) − (𝑀𝐶𝑒)|] × 𝑠 (20) 

𝑣2 = [−𝑘 |(𝑀𝐶𝑑𝑏 −
𝑣1

2
) − (𝑀𝐶)𝑒|] × 𝑠 

(21) 

𝑣3 = [−𝑘 |(𝑀𝐶𝑑𝑏 −
𝑣2

2
) − (𝑀𝐶)𝑒|] × 𝑠 

(22) 

𝑣4 = [−𝑘|(𝑀𝐶𝑑𝑏 − 𝑣3) − (𝑀𝐶)𝑒|] × 𝑠 (23) 

In this derivation, the surface area of the porang slice is required. The surface area of the porang slice is determined 

by comparing the area of the aluminum strip to the area of the porang using Corel Draw X7 (Alludo, Canada). The 

surface area of the porang slice was determined from 10 sample images. Shrinkage of the porang slices during drying 

was assumed to be negligible; therefore, the surface area was treated as constant and represented by the average value 

of 127.64 cm² obtained from image analysis. The numerical solution of the coupled heat–mass balance equations based 

on the Lewis thin-layer model was implemented using a fourth-order Runge–Kutta (RK4) method. All numerical 

computations and model simulations were performed using Rstudio (Posit Software, USA). 

2.4. Model Performance Evaluation 

2.4.1. MAPE 

MAPE (mean absolute percentage error) is a method of evaluating the accuracy of predicted values against observed 

values of an event. MAPE is expressed as an average of the absolute value of all percentage differences between 

predicted and observed values against observed values (Nabillah & Ranggadara, 2020). It is defined as Equation 24. 

MAPE=
1

𝑛
∑ |

𝑎̂𝑖−𝑎𝑖

𝑎𝑖
|𝑛

𝑖 × 100      (24) 

In this study, MAPE values were used to determine the parameters of h and kP. The resulting MAPE serves as an 

indicator of how well the candidate model equation approximates the phenomenon under study; lower MAPE values 

indicate better predictive performance (Meade, 1983). The interpretive categories for MAPE adopted in this work are 

presented in Table 1. 

Table 1. MAPE interpretation for model accuracy 

MAPE Interval Interpretation 

< 10% Very high accuracy 

10–20% High accuracy 

20–50% Acceptable accuracy 

> 50% Poor accuracy 

2.4.2. Two-way ANOVA 

Analysis of variance (ANOVA) is a statistical analysis method used to determine the diversity of a data group (Einax, 

2010). Determination of diversity is based on the calculation of the deviation value of a data set. The deviation value is 

determined between groups, within groups, and in total. The three types of deviation are squared and then averaged. The 

average of these three types of deviations is used as a standard deviation that has been generally stated to determine the 

significance of data diversity. Two-way analysis of variance (ANOVA) was conducted using the Data Analysis Tool-

Pack in Microsoft Excel (Microsoft Corporation, USA). 

3. RESULTS AND DISCUSSION 

3.1. Temperature of Porang Slice  

The product temperature profile (Tₚ) during porang drying in different harvest months and slice sizes is shown in Figure 

5 until Figure 9. Based on these five graphs, the changes in product temperature (Tₚ) during porang drying follow the 

typical drying stages which are the initial period, the constant rate period, and the falling rate period (James, 2020; 

Zheng et al., 2015). During the initial period, the heat supplied to the material is mainly used to increase the product 
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Figure 9. Product temperature (Tₚ) profiles of porang slices of different sizes during convective drying at 50 °C: (a) June, (b) July, (c) 

August, (d) September, and (e) October 

temperature and cause the evaporation of free water (Hii et al., 2023; Masuda et al., 2006; Tajudin et al., 2019) resulting 

in a rapid increase in Tₚ from an initial range of approximately 27–30 °C to 38–42 °C in all graphs. Later, in the constant 

rate period, the product surface remains saturated with moisture and the transferred heat energy is mostly consumed by 

evaporation (Gonçalves et al., 2012; Tatemoto & Koda, 2023) causing the increase in Tₚ to proceed very slowly or 

remain relatively stable in the range of 39–43 °C. As the process enters the decreasing rate period, the reduction of free 

water on the surface and the increase in resistance to internal mass transfer cause a decrease in evaporative heat 

consumption allowing some of the supplied heat energy to accumulate in the material. This condition is consistently 

reflected in all graphs through a gradual increase in Tₚ towards a final temperature of approximately 44–50 °C depending 

on the month of harvest. 
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3.2. Convective Heat Transfer Rate (𝒉) 

Table 2 summarizes the convective heat transfer coefficient (h) of porang slices as affected by harvest month and tuber 

diameter, showing clear quantitative variation across the 15 treatment combinations. The lowest h values occurred in 

June, ranging narrowly between 40.11 and 44.63 W⸳m⁻²⸳°C⁻¹ across all size classes. In contrast, October produced 

consistently high h values across sizes (63.54-83.84 W⸳m⁻²⸳°C⁻¹), with small tubers exhibiting the highest cell values 

(83.84 W⸳m⁻²⸳°C⁻¹) in that month. September showed the most pronounced within-month variation: medium tubers 

reached 102.13 W⸳m⁻²⸳°C⁻¹, far above small (44.18 W⸳m⁻²⸳°C⁻¹) and large (59.82 W⸳m⁻²⸳°C⁻¹) tubers in the same month, 

while in July and August the size effect was modest and monotonic. The directional reversal of the size effect across 

months, with September showing an inverted pattern relative to July and October, indicates that harvest month and tuber 

diameter interact jointly rather than independently on h.  

Table 2. Convective heat transfer coefficient of porang slices (W·m⁻²·°C⁻¹) for variation of harvest month and tuber diameter 

Note: means followed by the same superscript letter are not significantly different at α = 0.05 according to Duncan's multiple range test 

Table 3. Summary of two-way ANOVA on drying rate coefficient of porang slices for variation of harvest month and tuber size 

Table 3 presents the results of the two-way ANOVA assessing the effects of the harvest period, tuber size, and their 

interaction on the convective heat transfer coefficient (h) of porang slices. All three sources of variation were statistically 

significant at the 95% confidence level. Harvest period exerted a strong main effect on h (Fmeasure = 55.93 > Fcrit = 2.53; 

pvalue < 0.001) confirming that h values differed systematically across the five harvest months. Tuber size also produces 

a significant main effect (Fmeasure = 25.98 > Fcrit = 3.15; pvalue < 0.001) indicating that small, medium, and large slices 

were not interchangeable in terms of convective heat transfer behaviour. The harvest period × tuber size interaction was 

likewise highly significant (Fmeasure = 24.11 > Fcrit = 2.10l; pvalue < 0.001) demonstrating that the influence of one factor 

on h depended on the level of the other. Because the interaction was significant, the cell-level comparison in Table 2 

(rather than the marginal main effects) provide the appropriate basis for interpretation. 

The significant effects of harvest period, tuber size, and their interaction on h reflect the combination contribution 

of process dynamics and material properties of porang slices. Drying-process conditions shape h through the air-product 

temperature gradient, airflow distribution, and progressive modification of product surface characteristics as moisture 

is removed (Kalantari et al., 2023; Zhu, 2018; Zhu et al., 2020). These conditions remain sensitive to the initial physical 

and chemical state of the slice. Material properties of porang tissue, in particular the effective thermal conductivity and 

internal moisture distribution, govern the local heat and mass transfer response (Božiková et al., 2017; Mehrali et al., 

2015; Wang et al., 2020). The significant tuber size main effect is consistent with the geometric scaling of surface-area-

to-volume ratio that modulates convective exchange between the slice and the surrounding air (Mehrali et al., 2015). 

The significant harvest period main effect aligns with seasonal variation in tuber composition. Glucomannan content 

and water-binding capacity in Amorphophallus corms shifts across vegetative growth stages (Chua et al., 2013). The 

significant interaction further indicates that the size-dependent geometric response is modulated by the harvest-stage 

composition of the tuber, plausibly through differences in initial moisture content and glucomannan-mediated diffusion 

Porang Variation Small Medium Large 

June 40.11a 44.63ab 41.27a 

July 57.66cd 56.53cd 52.66bc 

August 50.48bc 53.91c 44.65ab 

September 44.18ab 102.13g 59.82cde 

October 83.84f 68.27e 63.54de 

Source of Variation SS df MS F P-value F crit Interpretation 

Harvest Period 9557.38 4 2389.35 55.93 < 0.001 2.53 Significant 

Tuber Size 2219.52 2 1109.76 25.98 < 0.001 3.15 Significant 

Harvest Period × Tuber Size 8240.23 8 1030.03 24.11 < 0.001 2.10 Significant 

Error 2563.27 60 42.72 
   

 

Total 22580.4 74          
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resistance during the early drying phase (Huang et al., 2002; Yang et al., 2017). The anomalously high h value observed 

for medium-size tubers in September (102.13 W⸳m⁻²⸳°C⁻¹) likely reflects a transitional physiological state at the onset 

of dormancy and warrants cautious interpretation. Consequently, treatment-specific h values rather than a single global 

average should be adopted when accurate drying-process design is required. 

3.3. Effective Drying Rate Constant (𝒌𝒑) 

Table 4 presents the drying rate coefficient (kp) of porang slices as influenced by harvest month and tuber diameter 

showing substantial cell-to-cell variation across the 15 treatment combinations. The highest kp was observed in July 

small slices (4.34 h⁻¹), while the lowest kp was observed in October large slice (2.32 h⁻¹). The size-dependent pattern in 

within each month is not uniform across months. In June, kp increased monotonically with tuber size reaching 3.10 h⁻¹ 

in small slices, 3.48 h⁻¹ in medium slices, and 4.06 h⁻¹ in large slices. In October, the opposite trend was observed with 

kp decreasing to 3.02 h⁻¹ in small slices, 2.76 h⁻¹ in medium slices, and 2.32 h⁻¹ in large slices. In contrast, August and 

September departed from both monotonic patterns. August showed the lowest kp in medium slices (2.54 h⁻¹), producing 

a U-shaped pattern across tuber size. September showed a sharp jump only at the large size class with kp reached 3.74 

h⁻¹ while small and medium slices clustered near 2.48 to 2.58 h⁻¹. The collective pattern across all five harvest months, 

with distinct trends in both direction and magnitude, indicates that the size effect on kp cannot be summarized by a single 

averaged trend. This finding confirms that harvest month and tuber size interact jointly on the drying-rate response. 

Table 4. Drying rate coefficient (h⁻¹) of porang slices for variation of harvest month and tuber diameter 

Harvest Period Small Medium Large 

June 3.1de 3.48efg 4.06hi 

July 4.34i 3.64fgh 3.98hi 

August 2.86bcd 2.54abc 3.2def 

September 2.48ab 2.58abc 3.74ghi 

October 3.02cde 2.76abcd 2.32a 

Note: means followed by the same superscript letter are not significantly different at α = 0.05 according to Duncan's multiple range test 

Table 5. Summary of two-way ANOVA on drying rate coefficient of porang slices for variation of harvest month and tuber size 

Source of Variation SS df MS F P-value F crit Interpretation 

Harvest Period 17.57 4 4.39 35.84 < 0.001 2.53 Significant 

Tuber Size 2.73 2 1.36 11.13 < 0.001 3.15 Significant 

Harvest Period × Tuber Size 8.08 8 1.01 8.25 < 0.001 2.10 Significant 

Error 7.35 60 0.12 
   

 

Total 35.73 74 
 

    

Table 5 reports the two-way ANOVA evaluating the effects of harvest period, tuber size, and their interaction on the 

drying rate coefficient (kp) of porang slices. Each of the three variation sources reached statistical significance at 95% 

confidence level. Harvest period yielded a strong main effect on kp (Fmeasure = 35.84 > Fcrit = 2.53; pvalue < 0.001), 

indicating systematic differences in kp across the five harvest months. A significant main effect of tuber size was also 

detected (Fmeasure = 11.13 > Fcrit = 3.15; pvalue < 0.001), showing that kp depended on the slice size class. The interaction 

term between harvest period and tuber size was likewise significant (Fmeasure = 8.25 > Fcrit = 2.10; pvalue < 0.001), 

demonstrating that the effect of one factor on kp varied with the level of the other. This significant interaction provides 

the statistical foundation for the contrasting size-dependent patterns observed across June, October, August, and 

September in Table 4, rather than the per-factor averages constitute the appropriate unit of inference. 

The significant main effects and interaction observed for kp can be linked to specific mechanistic factors via existing 

literature on tuber drying and Amorphophallus physiology. For the harvest period main effect, compositional shifts in 

the corm during vegetative growth and post-harvest storage are presumed to alter the drying-rate response. Previous 

physiological and metabolomic studies indicate that the carbohydrate composition and glucomannan-derived properties 

of Amorphophallus tubers vary across growth stages and processing-related modifications (Aanisah et al., 2022; Chua 

et al., 2013; Gusmalawati, 2021). For the tuber size main effect, the surface-area-to-volume ratio is presumed to drive 
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geometric scaling of the diffusion path within each slice. The drying rate is sensitive to slice thickness and porosity, as 

documented for tubers and root crops such as sweet potato and taro (Gasa et al., 2022; Molla et al., 2023). For the 

interaction, the compositional shifts at each harvest stage are presumed to modulate the diffusion behaviour of the 

glucomannan-rich tissue, plausibly through differences in initial moisture content and gel network development. 

Glucomannan readily forms a gel network that enhances water retention. The progressive formation of this network 

shifts the control of drying toward internal diffusion (Huang et al., 2002; Ji et al., 2017; Yang et al., 2017). The range of 

h obtained across months and sizes falls within the literature envelope of 10 to 80 W·m⁻²·°C⁻¹ reported for food slices 

(Ratti & Crapiste, 1995) confirming that the inferred kp values are physically reasonable. Accordingly, while effective 

average values of kp may suffice for first-pass drying-process design, accurate scale-up should rely on treatment-specific 

kp values. Controlled operating conditions of temperature and airflow remain critical to preserve product quality. 

Model performance was evaluated by comparing the observed experimental drying data with the predicted values 

generated by the RK4-Lewis model. In this context, the observed values refer to the experimentally measured moisture-

content dan temperature data at each observation time, whereas the predicted values refer to the corresponding values 

calculated by the RK4-Lewis model using the optimized h and kp parameters. The MAPE values obtained across the 

treatment combinations ranged from 22.37% to 38.05% with an average value of 30.72%. Based on the accuracy 

classification used in this study, these values fall within acceptable accuracy category. Therefore, the RK4-Lewis model 

can be considered adequate for estimating effective drying parameters in this study.  

4. CONCLUSION 

This study successfully modelled the drying behaviour of porang slices (7 mm) in a 50 °C cabinet dryer using a coupled 

heat–mass balance integrated with the Lewis thin-layer model, numerically solved by a fourth-order Runge–Kutta 

method, yielding key process parameters in the form of the convective heat transfer coefficient (h) and the drying rate 

constant (kp) based on MAPE goodness-of-fit criteria. The product temperature profiles exhibited rapid heating to 

approximately 43–46 °C, followed by a more gradual increase, which is consistent with the progressive weakening of 

evaporative cooling at low moisture contents and confirms the predominance of the falling-rate drying regime over most 

of the drying duration. The estimated h values ranged from approximately 42 W·m⁻²·°C⁻¹ in June to 72 W·m⁻²·°C⁻¹ in 

October. The estimated kp values varied between 2.70 and 4.77 h⁻¹, with higher values generally observed during June 

and July and lower values during August to October. Harvest period, tuber size, and their interaction all exerted 

statistically significant effects on both h and kp at the 95% confidence level. Practically, effective average values of h 

and kp may suffice for first-pass drying-process design, while accurate scale-up should rely on treatment-specific 

parameter values to preserve the functional and visual quality of porang chips. From a product quality perspective, the 

dominance of the falling-rate drying regime and the moderate product temperature range observed in this study suggest 

that moisture removal is primarily governed by internal diffusion, which is critical for preserving the functional 

properties of porang, particularly its glucomannan-rich matrix. 

Future work should prioritize physicochemical characterization of porang tubers and their derived flour across 

harvest periods and tuber-size categories to determine whether variations in moisture content, glucomannan content, 

water-binding capacity, porosity, color, and rehydration behavior are associated with the treatment-specific h and kp 

values obtained in this study.  
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