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This study investigated the drying kinetics, energy consumption, and 
mathematical modelling of African (Nigerian) walnut (Tetracarpidium 
conophorum) using cabinet and oven drying systems at temperatures of 50, 
65, and 80 °C, with and without shells. Drying experiments were carried out to 
determine the removal of moisture, effective diffusivity of moisture, and specific 
energy consumption. The curves of moisture ratio were analyzed by means of six 
thin-layer drying equations, and the performance of the equations was tested by 
means of the coefficient of determination (R2), root mean square error (RMSE), 
and sum of squared errors (SSE). Analysis of the results indicates that the drying 
time decreased significantly with an increase in the drying temperature, with the 
shortest drying time being obtained using the oven drying method at 80 °C. The 
value of the effective diffusivity coefficient increased with an increase in the 
temperature from 6.23 × 10−8 m2 s-1 to 4.72 × 10−7 m2 s-1, which indicates that the 
rate of diffusion of the moisture inside the material increases with an increase in 
the thermal gradient. The activation energy required for moisture diffusion ranged 
from 4.79 kJ/mol to 24.61 kJ/mol depending on the method of drying and 
condition of the sample material. The Midilli & Kucuk model was found to be 
the best fit among the models used to describe the experimentally obtained 
results for the different drying conditions. The energy analysis indicated an 
improvement in the energy efficiency of the drying process with an increase in 
the drying temperature, owing to the reduced drying time and SEC, with the 
highest energy efficiency for oven drying at 80 °C, where the SEC was found to be 
0.11 kWh/kg of water removed. In a nutshell, the results show that oven drying at 
80 °C is the best compromise between drying rate and energy efficiency. This 
study is significant because it can help optimize the drying process and enhance 
the industrial utilization of the underutilized oil-rich nut.
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1 Introduction

The Nigerian walnut (Tetracarpidium conophorum), commonly 
referred to as the African walnut, is an underutilized but 
nutritionally important crop grown and consumed in several 
regions of West and Central Africa (Nkwonta et al., 2023). The 
nut is very rich in nutrients with high contents of polyunsaturated 
fatty acids (PUFAs), essential amino acids, minerals, and valuable 
bioactive antioxidant compounds that have high nutritional, 
medicinal, and socioeconomic potential (Ni et al., 2021). Yet 
despite its potential benefits, the nut remains unexploited in its 
use and commercialization, mainly due to the postharvest challenges 
associated with its high initial moisture content, typically reported in 
the range of 35%–50% (wet basis) that makes the nut very 
susceptible to microbial and physiological decay (Gama et al., 
2018; Man et al., 2024a). For nuts and oilseeds, safe moisture 
content for storage is generally below 8%–10% (wet basis) to 
minimize spoilage and extend shelf life (Obeng-Akrofi et al., 
2023); therefore, proper drying is essential to improve the 
stability and safety of African walnut during storage.

One of the most commonly used preservation methods for oil- 
rich nuts and oilseeds is drying. It is a method that decreases the 
moisture content to levels that prevent microbial development and 
enzymatic action. Of the commonly used drying processes, cabinet 
drying (Yasmin et al., 2022), or hot air or conventional oven drying 
(López and Hincapié-Llanos, 2024), is widely practiced due to its 
ease of operation and simplicity. Nevertheless, it is a process that is 
highly dependent on process variables which include drying 
temperature, air velocity, relative humidity, product geometry, 
sample thickness, as well as the presence or absence of a shell. In 
the case of African walnut nuts, for instance, it is important to 
consider that the nuts have a shell that acts as a material that hinders 
the flow of moisture. It is therefore important to have a good 
understanding of its effects on energy efficiency (Chen et al., 2020b).

For drying behavior description and prediction, various thin- 
layer drying models have been proposed and used extensively in 
drying studies related to agricultural crops. Empirical and semi- 
theoretical models such as Newton, Page, Henderson-Pabis, 
Logarithmic, Two-term, and Midilli & Kucuk models have been 
effectively used to describe the process of moisture loss and mass 
transfer in drying (Almeida et al., 2024; Aregbesola et al., 2015; Basso 
et al., 2025; Fufa et al., 2025; Man et al., 2024a). In drying studies 
related to other walnut varieties like Juglans regia, drying 
temperatures, initial moisture contents, and structural property 
effects on drying rates and diffusivity have been observed and 
documented in earlier studies. For example, Man et al. (2024a)
studied the mass transfer in hot-air drying of walnuts related to both 
external and internal mass transfer, while Almeida et al. (2024), 
Chen et al. (2020a), Nwakuba et al. (2025), and Srivastava and Sit 
(2025) studied drying kinetic and diffusivity effects in nuts and 
oilseeds related to drying conditions and structural variations.

However, despite such improvements, very little scientific data 
are available on drying properties, modeling kinetics, and energy 
efficiency of African walnut (T. conophorum), particularly on drying 
characteristics of both shelled and unshelled Nigerian walnuts using 
drying cabinet and oven drying methods. Owing to differences in 
structure of shelled and unshelled walnuts that may greatly affect 
diffusion rates of moisture along with energy use, it is important to 

develop species models for drying to facilitate optimal post-harvest 
handling of such underutilized plants. Accordingly, the goal of this 
work is to examine the drying rate, moisture diffusivity, as well as 
energy usage of African walnut when drying using both cabinet and 
oven drying methods, as well as when drying both shelled and 
unshelled African walnut. Six thin-layer drying models were 
considered to determine which of these models could be used as 
a drying model, with these models evaluated using statistical 
measures such as R2, RMSE, and SSE. This work combines 
kinetic modeling with energy usage to produce information that 
can be used to determine efficient drying methods that could 
improve postharvest handling of African walnut.

2 Materials and methods

2.1 Sample collection and preparation

Raw Nigerian walnuts (T. conophorum) were obtained from a 
local seed farm in Ile-Ife, Osun State, Nigeria. The nuts were sorted 
by hand to eliminate defective and infested samples, washed with 
clean water, and then boiled for 10 min to soften the shells. Boiling 
was included to reflect traditional pre-processing practices and to 
partially loosen the shell structure, which has been shown to 
influence internal moisture diffusion and shell permeability 
during drying (Wu et al., 2024). Boiled walnuts were then 
divided into two groups: unshelled samples and shelled samples 
(which were obtained by manual deshelling).

2.2 Determination of initial moisture content

The initial moisture content of shelled and unshelled walnut 
samples was determined by employing an oven-drying method 
following an AOAC standard procedure (AOAC International, 
2023). 5°g of sample (triplicate) was measured and placed into 
pre-dried and pre-weighed aluminum pans with moisture 
capacity. The samples were dried in a hot air oven at 105 °C ± 
2 °C for 24 h or until constant weight is achieved.

After drying, samples were placed into a desiccator with silica gel 
and cooled to room temperature (approximately 30 min). The samples 
were re-weighed, and drying and weighing were repeated at 1 h intervals 
until mass variation was less than 0.01g, indicating constant weight.

Moisture content (wet basis) was calculated using Equation 1: 

MCwb %( ) �
Mi − Md

Mi
× 100 (1)

where Mi is the initial mass of the sample (g), and Md is the dry mass 
of the sample after oven drying (g).

The moisture content (MC) on a dry basis at any time t was 
calculated using Equation 2: 

MCdb �
Mi − Md

Md
(2)

The value of the initial moisture content of the walnut samples 
calculated using this method, had an average value of 24.5% (wet 
basis). This value was used as the initial moisture for the drying 
kinetics analysis. The final moisture content of the dried samples 
ranged from 0.7% to 1.3% (dry basis).
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2.3 Drying experiments

Drying experiments were conducted using two drying systems: a 
cabinet dryer (Model SMO28-2, SHELLAB, USA) and a laboratory 
oven (Model UN55, Memmert GmbH + Co. KG, Germany). Each 
system was loaded with a total of 2 kg of walnut samples (1 kg shelled 
and 1 kg unshelled), and all trials were performed in triplicate to 
ensure repeatability. The walnuts were spread in a single layer on 
perforated trays to enhance air circulation and uniform drying.

The cabinet dryer operated at controlled air temperatures of 50, 65, 
and 80 °C, while the oven dryer was set to the same temperature levels 
under forced hot-air convection. Although air velocity was indirectly 
measured, the dryer was operated under constant-fan conditions, and 
the nominal air speed (1.5 m/s) was taken from manufacturer 
calibration curves, ensuring consistent and reproducible airflow.

Drying was continued until each sample attained a constant 
mass. Weights were recorded at 1-h intervals at the early stage of 
drying and at 30-min intervals as the moisture loss approached 
equilibrium. All measurements were obtained using a digital balance 
(±0.01 g precision). The ambient laboratory temperature (28 °C ± 
2 °C) and relative humidity (65% ± 5%) were monitored using a 
digital thermo-hygrometer, for documentation purposes only. As 
the dryers are closed systems, the ambient conditions did not have 
any direct effects on the drying process other than the minimal 
exposure during the periodic removal of the samples for weighing.

2.4 Drying kinetics and moisture ratio 
determination

The moisture content (MC) on a dry basis at any time t was 
calculated using Equation 3: 

MCt �
Wt − Wd

Wd
(3)

where Wt is the sample weight at time t (g), and Wd is the oven- 
dry weight (g).

The dimensionless moisture ratio (MR) was computed using 
Equation 4: 

MR �
MCt − MCe

MC0 − MCe
(4)

where MCt is the moisture content at time t (g water/g dry matter), 
MC0 is the initial moisture content, and MCe is the equilibrium 
moisture content, taken to be negligible (Macedo et al., 2020). 
Equilibrium moisture content (Me) was assumed negligible 
relative to initial moisture content, as validated by preliminary 
tests showing final moisture levels of 0.7%–1.3% dry basis.

All moisture contents were expressed on a dry basis (g water/g 
dry matter). Experimental data were processed using Python 3.12 
(SciPy library) for curve fitting and model evaluation.

2.5 Effective moisture diffusivity 
determination

The effective moisture diffusivity, Deff, describes the internal 
moisture migration rate and was estimated from Fick’s second law of 
diffusion, applicable to materials in which the falling-rate period 
governs moisture transfer (Popescu et al., 2023). The Nigerian 

walnut approximates a near-spherical geometry; therefore, the 
spherical model of Fick’s second law was applied.

Assuming uniform initial moisture distribution, negligible 
external resistance, and constant diffusivity, the analytical 
solution to Fick’s second law for spherical geometry is given by 
Macedo et al. (2020) as shown in Equation 5: 

MR �
6
π2
􏽘

∞

n�1

1
n2 exp −

n2π2Deff t
r2􏼠 􏼡 (5)

where Deff is the effective moisture diffusivity (m2/s), r is the radius 
of the walnut (m), t is the drying time (s).

2.6 Activation energy determination

The activation energy for moisture diffusion was determined based 
on the Arrhenius relationship for the dependence of the effective 
moisture diffusivity on the drying temperature. The Arrhenius-type 
equation for the relationship is expressed as Equation 6 below 

Deff � D0 exp
Ea

RT
􏼒 􏼓 (6)

where Deff is the effective moisture diffusivity (m2/s), D0 is the pre- 
exponential factor (m2/s), Ea is the activation energy for moisture 
diffusion (J mol−1), R is the universal gas constant 
(8.314 J mol−1 K−1), and T is the absolute drying temperature (K).

The activation energy is determined from the linear form of the 
Arrhenius Equation 7 below 

ln Deff( ) � ln D0( )−
Ea

R
1
T
􏼒 􏼓 (7)

The activation energy was determined from the slope of the 
linear regression of ln(Deff ) against (1

T), with the slope of the linear 
regression curve related to Ea

R from which the activation energy was 
calculated.

The activation energy for moisture diffusion, using this 
approach, has been determined for various agricultural materials 
based on the temperature dependence of moisture diffusivity during 
drying processes (Chen et al., 2020b; Öztekin et al., 2022; Pinheiro 
and Castro, 2023)

2.7 Specific energy consumption analysis

The specific energy consumption (SEC) was calculated as the 
ratio of the total energy delivered during the whole process of drying 
to the total mass of water removed using Equation 8. 

SEC �
E

mw
(8)

where E is the total energy consumed (kWh), and mw is the mass of 
water evaporated (kg).

Energy consumption was estimated based on the rated power of 
each dryer and the total drying duration. The cabinet dryer had a 
rated power of 4.6 kW, while the Memmert oven was rated at 2 kW.

2.8 Mathematical modelling

Six different thin-layer drying models, namely, Newton, Page, 
Henderson-Pabis, Logarithmic, Two-term, and Midilli-Kucuk, were 
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used in describing the drying behavior of Nigerian walnuts. The 
model equations and references are summarized in Table 1. All 
nonlinear regression analyses were conducted using Python 3.12 
(SciPy optimize.curve_fit), and goodness-of-fit indicators (R2, 
RMSE, SSE) were computed using NumPy and custom Python 
scripts for reproducibility.

The models selected here represent the categories of thin-layer 
equations in common use: simple exponential (Newton), modified 
exponential (Page), empirical exponential with geometric parameter 
(Henderson and Pabis), logarithmic models for materials with 
shrinkage (Logarithmic), multiexponential moisture transport 
(Two-term), and semiempirical hybrid models that combine 
exponential and linear terms (Midilli–Kucuk). These models were 
selected to capture the wide range of possible moisture transport 
behavior expected in nuts with complex shell–kernel structures.

3 Results and discussion

3.1 Drying kinetics and thin-layer modelling

Drying properties of African walnut (T. conophorum) using 
cabinet drying and oven drying methods with temperatures of 50, 
65, and 80 °C were studied using thin-layer drying models. Drying 
data was transformed into dimensionless moisture ratio (MR), 
which was then applied to six thin-layer drying models: Newton, 
Page, Henderson-Pabis, Logarithmic, Two-term, and Midilli & 
Kucuk. Nonlinear regression analysis was carried out using 
Python software version 3.12.

The results of the fitting of all six models at different drying 
temperatures, as well as for shelled and unshelled samples, are 
presented in Table 2. Table 3 summarizes the results of the best 
models at different drying conditions. Among all six models employed 
in this work, it was found that the Midilli & Kucuk model was always 
the best at all temperatures, with high values of R2 of 0.998–0.999, as 
well as lowest values of RMSE and SSE. This revealed its high capacity 
to well describe the drying process of Nigerian walnuts. The Two-term 
and Page models gave fair results for certain conditions, mainly at 
intermediate and higher temperatures (50 °C–65 °C), whereas the 
Newton and Henderson-Pabis models gave poor results for all 
conditions, with R2 values lower than 0.80. The comparable 
superior performance of the Midilli and Kucuk model has also 
been shown for other biological materials such as green tea and 
coriander leaves (Jayasuriya et al., 2023; Midilli and Kucuk, 2023; 
Öztekin et al., 2022).

In the Midilli & Kucuk model, the constants a, b, k, and n 
stand for.

• k - drying rate constant (in min-1), which is a measure of the 
drying rate

• n - dimensionless exponent that represents the deviation from 
the exponential drying rate curve

• a, b - dimensionless constants that characterize the 
contribution of the exponential and linear drying rate 
curves, respectively.

The constants k and n, which are used in the Midilli & Kucuk 
model, increased with the drying temperature for both the 
cabinet and the oven dryers, indicating the increased 
diffusivity of moisture with the increased thermal energy 
input (Li et al., 2026). For instance, when whole walnuts were 
dried in the cabinet dryer, the value of k increased from 
0.0817 min-1 at a temperature of 50 °C to 0.2236 min-1 at a 
temperature of 80 °C, as shown in Table 2.

Figures 1–12 show a comparison between experimental and 
theoretical MR values. The Midilli & Kucuk model was very close 
to experimental results throughout the process of drying. The 
simpler models moved away from experimental results towards 
the end of the process. The importance of semi-empirical models 
that contain both exponential and linear components is 
thus evident.

Between these two systems, oven drying provided shorter total 
drying times, because of its forced convection and uniform air 
temperature distribution. Cabinet drying provides more stable 
thermal conditions and better energy utilization, making this a 
more sustainable method, despite the longer drying times. This 
phenomenon has also been reported for similar kinds of convective 
dryers when drying starchy foods (Anajekwu et al., 2020; Singh 
et al., 2020).

3.2 Effect of temperature and drying method 
on drying behavior

The drying time was reduced with an increase in temperature for 
both cabinet and oven drying methods. The total drying times varied 
between 7 and 8 h for 50 °C to about 4 h for 80 °C, with shelled 
samples attaining equilibrium moisture content 10%–20% faster 
than whole samples.

The moisture ratio continued to decrease steadily with time for 
all conditions (Figures 1 and 2), and this is because drying took place 

TABLE 1 Thin-layer drying models used to describe Nigerian walnut drying behavior.

Model Equation Reference

Newton MR � exp(−kt) Kusuma et al. (2023)

Page MR � exp (−ktn) Abano (2020)

Henderson and pabis model MR � aexp((−kt)) Kusuma et al. (2023)

Logarithmic model MR � a exp(−(kt)) + c)) Kusuma et al. (2023)

Two-term exponential MR � a exp(−k0t) + bexp(−k1t) Rashid et al. (2022)

Midilli-Kucuk MR = a exp(−ktn) + bt Midilli and Kucuk (2023)
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TABLE 2 Comparative performance of thin-layer drying models for Nigerian walnut under different temperatures and drying conditions.

Sample Temp (°C) Model R2 RMSE SSE Key parameters

OD50W 50 Newton 0.478 0.0171 0.00235 k = 0.0143

Page 0.983 0.00311 7.72 × 10−5 k = 0.0429; n = 0.3232

Henderson-pabis 0.750 0.01186 0.00113 k = 0.00954; a = 0.977

Logarithmic 0.996 0.00157 1.96 × 10−5 k = 0.650; c = 0.0734; a = 0.926

Two-term 0.996 0.00156 1.94 × 10−5 a = 0.928; k0 = 0.000378; b = 0.0711; k1 = 0.679

Midilli-kucuk 0.998 0.00101 8.14 × 10−6 k = 0.0614; n = 0.740; a = 0.9999; b = 0.0222

OD50S 50 Newton 0.678 0.0287 0.00660 k = 0.0298

Page 0.954 0.0109 0.000948 k = 0.0733; n = 0.4451

Henderson-pabis 0.808 0.0222 0.00394 k = 0.0225; a = 0.9653

Logarithmic 0.990 0.00498 0.000198 k = 0.5151; c = 0.1586; a = 0.8450

Two-term 0.993 0.00434 0.000150 a = 0.2342; k0 = 0.3507; b = 0.7683; k1 = −0.0116

Midilli-kucuk 0.990 0.00504 0.000203 k = 0.1200; n = 0.9376; a = 1.0016; b = 0.0542

OD65W 65 Newton 0.663 0.0245 0.00421 k = 0.0289

Page 0.994 0.00319 7.12 × 10−5 k = 0.0716; n = 0.3845

Henderson-pabis 0.823 0.0178 0.00221 k = 0.0212; a = 0.9685

Logarithmic 0.997 0.00223 3.47 × 10−5 k = 0.622; c = 0.1284; a = 0.870

Two-term 0.999 0.00128 1.15 × 10−5 a = 0.9009; k0 = 0.00579; b = 0.0989; k1 = 0.8805

Midilli-kucuk 0.9997 0.000758 4.02 × 10−6 k = 0.0931; n = 0.6905; a = 1.0000; b = 0.0243

OD65S 65 Newton 0.582 0.0274 0.00524 k = 0.0295

Page 0.996 0.00259 4.71 × 10−5 k = 0.0785; n = 0.3341

Henderson-pabis 0.785 0.0196 0.00269 k = 0.0209; a = 0.9644

Logarithmic 0.996 0.00283 5.62 × 10−5 k = 0.7312; c = 0.1267; a = 0.8720

Two-term 0.9998 0.000666 3.10 × 10−6 a = 0.9038; k0 = 0.00651; b = 0.0961; k1 = 1.125

Midilli-kucuk 0.9998 0.000647 2.93 × 10−6 k = 0.0923; n = 0.5720; a = 1.0000; b = 0.0162

OD80W 80 Newton 0.601 0.0274 0.00525 k = 0.0442

Page 0.997 0.00239 3.99 × 10−5 k = 0.1029; n = 0.2358

Henderson-Pabis 0.752 0.0216 0.00326 k = 0.0321; a = 0.9648

Logarithmic 0.995 0.00302 6.39 × 10−5 k = 1.285; c = 0.1286; a = 0.8710

Two-term 0.997 0.00229 3.67 × 10−5 a = 0.8927; k0 = 0.00690; b = 0.1072; k1 = 1.803

Midilli-kucuk 0.938 0.0108 0.000812 k = 0.0503; n = 2.49 × 10−7; a = 0.9831; b = −0.0194

OD80S 80 Newton 0.656 0.0366 0.00938 k = 0.0659

Page 0.997 0.00340 8.11 × 10−5 k = 0.1472; n = 0.2684

Henderson-pabis 0.781 0.0292 0.00597 k = 0.0495; a = 0.9533

Logarithmic 0.994 0.00501 0.000176 k = 1.188; c = 0.1860; a = 0.8132

Two-term 0.997 0.00359 9.04 × 10−5 a = 0.8544; k0 = 0.0137; b = 0.1455; k1 = 1.868

Midilli-kucuk 0.998 0.00296 6.14 × 10−5 k = 0.164; n = 0.4241; a = 0.99997; b = 0.0163

(Continued)
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mostly in the falling-rate period, as is usual for products that have 
high moisture content, as drying in such products is controlled by 
internal diffusion mechanisms (Jayasuriya et al., 2023; Zhang et al., 

2023). As the drying temperature increased, the vapor pressure 
difference between the material and the drying air also increased, 
hence facilitating the diffusion of moisture.

TABLE 2 Continued

Sample Temp (°C) Model R2 RMSE SSE Key parameters

CA50W 50 Newton 0.706 0.0257 0.00727 k = 0.0262

Page 0.997 0.00273 8.21 × 10−5 k = 0.0731; n = 0.4322

Henderson-pabis 0.873 0.0169 0.00315 k = 0.0192; a = 0.960

Logarithmic 0.992 0.00417 0.000192 k = 0.398; c = 0.160; a = 0.836

Two-term 0.997 0.00256 7.19 × 10−5 a = 0.901; k0 = 0.00923; b = 0.0981; k1 = 0.802

Midilli-kucuk 0.999 0.00149 2.44 × 10−5 k = 0.082; n = 0.633; a = 0.9999; b = 0.0127

CA50S 50 Newton 0.252 0.0401 0.0177 k = 0.0285

Page 0.996 0.00282 8.76 × 10−5 k = 0.1104; n = 0.2448

Henderson-pabis 0.694 0.0257 0.00726 k = 0.0171; a = 0.935

Logarithmic 0.988 0.00501 0.000276 k = 0.800; c = 0.157; a = 0.840

Two-term 0.999 0.00130 1.85 × 10−5 a = 0.874; k0 = 0.00589; b = 0.1263; k1 = 1.303

Midilli-kucuk 0.999 0.00108 1.28 × 10−5 k = 0.114; n = 0.399; a = 1.000; b = 0.00833

CA65W 65 Newton 0.722 0.0328 0.00969 k = 0.0384

Page 0.995 0.00448 0.000181 k = 0.0981; n = 0.436

Henderson-pabis 0.864 0.0229 0.00473 k = 0.0288; a = 0.953

Logarithmic 0.996 0.00404 0.000147 k = 0.466; c = 0.201; a = 0.796

Two-term 0.998 0.00297 7.96 × 10−5 a = 0.142; k0 = 0.727; b = 0.857; k1 = 0.0101

Midilli-kucuk 0.999 0.00160 2.30 × 10−5 k = 0.117; n = 0.709; a = 0.9998; b = 0.0247

CA65S 65 Newton 0.486 0.0454 0.0186 k = 0.0417

Page 0.993 0.00548 0.000270 k = 0.1303; n = 0.310

Henderson-pabis 0.756 0.0313 0.00881 k = 0.0280; a = 0.934

Logarithmic 0.996 0.00394 0.000139 k = 0.716; c = 0.201; a = 0.797

Two-term 0.9999 0.000501 2.26 × 10−6 a = 0.836; k0 = 0.00764; b = 0.1641; k1 = 1.011

Midilli-kucuk 0.999 0.00179 2.88 × 10−5 k = 0.146; n = 0.574; a = 1.0002; b = 0.0222

CA80W 80 Newton 0.0800 0.0578 0.0301 k = 0.0768

Page 0.986 0.00704 0.000446 k = 0.1733; n = 0.202

Henderson-pabis 0.595 0.0384 0.0132 k = 0.0436; a = 0.915

Logarithmic 0.997 0.00329 9.74 × 10−5 k = 1.993; c = 0.193; a = 0.806

Two-term 0.998 0.00248 5.51 × 10−5 a = 0.819; k0 = 0.00518; b = 0.180; k1 = 2.282

Midilli-kucuk 0.999 0.00179 2.89 × 10−5 k = 0.224; n = 0.473; a = 1.0001; b = 0.0390

CA80S 80 Newton −0.074 0.0684 0.0421 k = 0.0874

Page 0.997 0.00343 0.000106 k = 0.2056; n = 0.150

Henderson-pabis 0.541 0.0447 0.01799 k = 0.0467; a = 0.898

Logarithmic 0.991 0.00638 0.000366 k = 2.660; c = 0.211; a = 0.788

Two-term 0.998 0.00320 9.20 × 10−5 a = 0.812; k0 = 0.0105; b = 0.1883; k1 = 3.661

Midilli-kucuk 0.9998 0.00100 9.06 × 10−6 k = 0.226; n = 0.266; a = 0.99999; b = 0.0151
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For instance, in oven drying, it took around 4 h to completely 
dry at 80 °C compared to 7 h when drying at 50 °C (Table 2), while 
similar observations were recorded for cabinet drying. While it took 
less time to dry using oven drying due to increased air speed and 
forced convection, it was more even in cabinet drying due to better 
temperature stability and air circulation. Whole walnuts took longer 
to dry compared to shelled walnuts since drying was hindered by the 
shells. This was similar to observations recorded by Man et al. 
(2024a) and Fufa et al. (2025).

3.3 Model validation and selection

Validation of the model showed that the best model for the 
description of the kinetics of the drying of the Nigerian walnuts was 
the Midilli & Kucuk model. The predicted MR values from the 
model were almost overlapping with the experimental data, as 
shown in Tables 3 and Figures 1–12.

Although the Page and Two-term equations performed 
satisfactorily at medium temperatures, the Newton and 

TABLE 3 Best-fitting thin-layer drying models for Nigerian walnut under all drying conditions.

Sample Temp (°C) Best model R2 RMSE SSE Key parameters

OD50W 50 Midilli–kucuk 0.9982 0.00101 8.14 × 10−6 k = 0.06135; n = 0.74041; a = 0.99991; b = 0.02223

OD50S 50 Two-term 0.9927 0.00434 1.50 × 10−4 k0 = 0.23421; b = 0.35066; k1 = 0.76832

OD65W 65 Midilli–kucuk 0.9997 0.00076 4.02 × 10−6 k = 0.09306; n = 0.69049; a = 1.00000; b = 0.02433

OD65S 65 Two-term 0.9998 0.00067 3.10 × 10−6 a = 0.90383; k0 = 0.00651; b = 0.09609; k1 = 1.12541

OD80W 80 Two-term 0.9972 0.00229 3.67 × 10−5 a = 0.89272; k0 = 0.00690; b = 0.10722; k1 = 1.80309

OD80S 80 Midilli–kucuk 0.9978 0.00296 6.14 × 10−5 k = 0.16358; n = 0.42410; a = 0.99997; b = 0.01634

CA50W 50 Midilli–kucuk 0.9990 0.00149 2.44 × 10−5 k = 0.08172; n = 0.63291; a = 0.99986; b = 0.01271

CA50S 50 Midilli–kucuk 0.9995 0.00108 1.28 × 10−5 k = 0.11442; n = 0.39931; a = 1.00004; b = 0.00833

CA65W 65 Midilli–kucuk 0.9993 0.00160 2.30 × 10−5 k = 0.11705; n = 0.70904; a = 0.99980; b = 0.02472

CA65S 65 Two-term 0.9999 0.00050 2.26 × 10−6 a = 0.83581; k0 = 0.00764; b = 0.16410; k1 = 1.01125

CA80W 80 Midilli–kucuk 0.9991 0.00179 2.89 × 10−5 k = 0.22358; n = 0.47336; a = 1.00008; b = 0.03904

CA80S 80 Midilli–kucuk 0.9998 0.00100 9.06 × 10−6 k = 0.22612; n = 0.26612; a = 0.99999; b = 0.01513

FIGURE 1 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Oven drying of whole walnuts at 50 °C.
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Henderson-Pabis equations were consistently poor, with R2 

values below 0.80 at times. This suggests that basic 
exponential equations cannot model the complex diffusion of 
moisture in oil-rich nuts with uneven internal composition. This 

has also been observed for the seeds of fruits and other biological 
materials, where joint linear and exponential equations model 
the drying process at both stages (Benestante et al., 2024; 
Metwally et al., 2024).

FIGURE 2 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Oven drying of shelled walnuts at 50 °C.

FIGURE 3 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Oven drying of whole walnuts at 65 °C.
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3.4 Effective moisture diffusivity

The values of the effective diffusivity (Deff) were 
determined using Fick’s second law and are given in Table 4. 

The Deff increased with the increase in drying 
temperatures in both drying methods, indicating increased 
ease of diffusivity with higher temperatures (Abbaspour- 
Gilandeh et al., 2020).

FIGURE 4 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Oven drying of shelled walnuts at 65 °C.

FIGURE 5 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Oven drying of whole walnuts at 80 °C.
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The increase in temperature up to 80 °C, however, did not 
increase the effective diffusivity in all cases. This could be attributed 
to the hardening of the shell, the reduction in the moisture gradient, 
or the viscous resistance in the kernel, which limits the movement of 
the moisture (Ning et al., 2025).

The lowest Deff (6.23 × 10−8 m2 s-1) was found to be at 
the cabinet drying of shelled walnuts at 50 °C, and the highest 
(4.72 × 10−7 m2 s-1) was at 65 °C. The obtained results for the 
effective moisture diffusivity are within the usual range for 
agricultural materials and nuts, which normally ranges from 

FIGURE 6 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Oven drying of shelled walnuts at 80 °C.

FIGURE 7 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Cabinet drying of whole walnuts at 50 °C.
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10–12 to 10–7 m2 s-1, and increases with increasing drying 
temperature (Chen et al., 2020b; Man et al., 2024b; Öztekin 
et al., 2022; Pinheiro and Castro, 2023; Taskin et al., 2024). This 
confirms the accuracy of the experimental and 
theoretical procedure.

3.5 Activation energy for moisture diffusion

Further analysis of the effect of temperature on the diffusivity of 
moisture was carried out using the Arrhenius equation. The 
activation energy was calculated from the linear relationship 

FIGURE 8 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Cabinet drying of shelled walnuts at 50 °C.

FIGURE 9 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Cabinet drying of whole walnuts at 65 °C.
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between the natural logarithm of the effective diffusivity of the 
moisture ln(Deff ), and the reciprocal of absolute temperature (1

T).
Table 5 shows the calculated activation energy for the different 

drying processes. The calculated activation energy was influenced by 

the type of drying method used as well as the shell condition of 
the product.

For the oven drying method, the calculated activation 
energy was 24.61 kJ/mol for the whole walnuts, while for the 

FIGURE 10 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Cabinet drying of shelled walnuts at 65 °C.

FIGURE 11 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Cabinet drying of whole walnuts at 80 °C.
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shelled ones, the activation energy was 4.79 kJ/mol. For the 
cabinet drying method, the calculated activation energy was 
9.76 kJ/mol for the whole walnuts, while for the shelled ones, the 
calculated activation energy was 19.05 kJ/mol.

This shows that the energy required for the movement of the 
moisture from the product can be affected by the type of drying 
method used as well as the shell condition of the product. The higher 
energy required for the movement of the moisture from the whole 

walnuts as compared to the shelled ones shows that the shell acts as a 
resistance to the movement of the moisture from the product. The 
lower energy required for the movement of the moisture from the 
shelled walnuts as compared to the whole ones shows that the shell 
acts as a resistance to the movement of the moisture from 
the product.

The calculated activation energy lies within the range reported 
for agricultural and biological materials during convective drying 
process which is typically between the values of 12–110 kJ/mol, as 
reported by Chen et al. (2020b); Pinheiro and Castro (2023); and 
Taskin et al. (2024) for the drying of agricultural products. This 
confirms the effect of temperature on the moisture diffusion 
mechanism from the product.

3.6 Energy analysis

Specific energy consumption (SEC) values corresponding to all 
drying conditions are given in Table 6. Specific energy consumption 
was found to decrease with increasing drying temperature in both 
cabinet and oven dryers, which could be due to shorter drying times 
with higher temperatures.

Oven drying SEC values ranged from 2.93 kWh/kg at 50 °C for 
shelled to 0.11 kWh/kg at 80 °C for whole, while for cabinet drying, 
values ranged from 0.95 kWh/kg at 50 °C for shelled to 0.51 kWh/kg 
at 80 °C for whole. The energy performance was found to be a 
function of both the method of drying and temperature used in the 
process. Although the results of the cabinet dryer indicated 
promising SEC results in certain cases, the oven dryer at 80 °C 
was found to offer the best compromise in terms of time and energy 
efficiency (Sethi et al., 2021).

The shelled walnuts consistently showed lower SEC values than 
whole walnuts under similar conditions, and it is clear that shell 

FIGURE 12 
Experimental and predicted moisture ratio curves for six thin-layer models (Newton, Page, Henderson-Pabis, Logarithmic, Two-Term, and Midilli- 
Kucuk) under Cabinet drying of shelled walnuts at 80 °C.

TABLE 4 Effective moisture diffusivity (Deff) for walnut samples under 
different drying conditions.

Dryer & condition Temperature 
(°C)

Deff 
(m2/s)

R2

OD 50 W 50 1.34 × 10−7 0.814

OD 50 S 50 1.03 × 10−7 0.762

OD 65 W 65 3.12 × 10−7 0.913

OD 65 S 65 8.08 × 10−8 0.908

OD 80 W 80 2.88 × 10−7 0.873

OD 80 S 80 1.21 × 10−7 0.908

CA 50 W 50 3.31 × 10−7 0.945

CA 50 S 50 6.23 × 10−8 0.885

CA 65 W 65 4.72 × 10−7 0.932

CA 65 S 65 1.08 × 10−7 0.872

CA 80 W 80 4.48 × 10−7 0.716

CA 80 S 80 1.13 × 10−7 0.812
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removal enhances diffusion rates and improves energy efficiency. 
The same trends have been found in previous studies on nut and 
fruit seed drying processes (Darvishi et al., 2016; Taskin et al., 2024). 
Although it is difficult to predict exact SEC under similar conditions 
for dryers of different designs and operating modes, it can be 
concluded that further improvement in energy efficiency is 
possible based on optimal drying conditions.

4 Conclusion

This research assessed the drying characteristics, kinetic 
analysis, and energy efficiency of African (Nigerian) walnut (T. 
conophorum) at various temperature levels for cabinet and oven 
drying methods. The thin-layer drying models were employed on 
the experimental moisture ratio results, and the appropriateness of 
the models for the experimental results was determined based on 
statistical parameters (R2, RMSE, and SSE). Of the drying models 
employed, the Midilli and Kucuk model performed best.

The drying temperature was a major factor affecting the removal 
of moisture. As the temperature increased, the drying time was 
significantly lowered. The effective moisture diffusivity, Deff, was 
found to increase with an increase in temperature, though in some 
instances it was found to remain constant at the highest 
temperature, possibly because of the hardening of the material 

on the surface, which reduced the moisture gradient. The 
activation energy analysis revealed that temperature plays a key 
role in the moisture diffusivity during drying. The presence of shells 
and type of dryer were observed to affect the moisture 
transportation. The results of the energy analysis revealed that 
the specific energy consumption was lower at higher 
temperatures because of the reduced drying time. The oven 
drying at 80 °C was found to be the most efficient 
drying process, possibly because of the combined effect of the 
forced convection, uniform air distribution and the reduced 
drying time.

Generally, it can be deduced that oven drying at a temperature of 
80 °C provides a best possible combination of drying rate and energy 
efficiency for Nigerian walnut processing. The results have 
important implications for small to medium-scale processors to 
enhance drying efficiency for this non-commercial oil-rich nut.

The limitations of this research include the lack of air velocity 
measurement and the possibility of varying sample size and shape 
that could affect heat and mass transfer. Future research should 
include the characterization of airflow, further enhancement of the 
experimental work, and innovative drying techniques to further 
develop the model for drying Nigerian walnuts.
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TABLE 5 Activation energy for moisture diffusion of Nigerian walnut under different drying conditions.

Drying method Sample condition Activation energy (kJ/mol)

Oven drying Whole walnut 24.61

Oven drying Shelled walnut 4.79

Cabinet drying Whole walnut 9.76

Cabinet drying Shelled walnut 19.05

TABLE 6 Specific energy consumption (SEC) of oven (OD) and cabinet (CA) 
drying of Nigerian walnut.

Drying condition Drying time (h) SEC (kWh/kg)

OD 50 W 7 2.93

OD 50 S 7 2.07

OD 65 W 6 0.11

OD 65 S 6 0.15

OD 80 W 4 0.11

OD 80 S 4 0.14

CA 50 W 8 0.67

CA 50 S 8 0.95

CA 65 W 7 0.54

CA 65 S 7 0.76

CA 80 W 4 0.51

CA 80 S 4 0.62
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