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re transport in okra cylinders with
shrinkage effects under solar drying:
a multiphysics-based simulation approach

Nnaemeka Nwakuba, *ab Nnaemeka Ezeanya,a Ibiba Taiwo Horsfall, c

Victor Okafor,a Chibuike Ononogbo,d Macmanus Ndukwu,c Marlin Simo-Tagnee

and Sabbas Asoegwua

The study of the heat and moisture transport of plant-based materials is of considerable value to the agri-

food sector as the in-depth insight provided facilitates the development of better-performing, sustainable,

and quality-driven drying techniques and optimized process conditions. This work reports the findings of

the experimental tests conducted on a passive mixed-mode solar dryer with okra cylinders of varying

thicknesses of 5, 10, and 15 mm with a uniform diameter of 12 ± 0.25 mm. The convective heat and

mass transport coefficients were analysed with shrinkage and no-shrinkage impact integrated into the

models to accurately predict the drying behaviour, and enhance drying efficiency by considering the

geometrical and structural alterations. The results obtained reveal that shrinkage incorporation magnifies

the mean values of the convective heat transfer coefficient in the range of 72.29 # hc # 78.45%,

whereas without accounting for shrinkage in the mass transfer, the effective diffusion and mass transfer

coefficients range between 74.86 # Dm # 83.14% and 52.68 # hm # 58.83%, respectively for the range

of the studied sample thickness. The cylinder thickness remarkably impacted the heat and moisture

transport coefficients. Empirical correlations of hc-values with Nusselt and Reynolds numbers were

developed for each sample thickness. The COMSOL Multiphysics finite element technique was used to

numerically model the structural behaviour of the okra cylinder in terms of transient heat and moisture

distribution during the drying operation. The predicted cylinder temperature with shrinkage effect and

moisture ratio results exhibited a strong correlation with the experimental data with very low error values.
Sustainability spotlight

This study highlights the critical role of sustainable food preservation techniques in reducing post-harvest losses and enhancing food security. By employing
a multi-physics simulation to investigate heat and moisture transport in okra during solar drying, the research emphasizes the importance of renewable energy
for efficient dehydration processes. The inclusion of shrinkage effects ensures accurate modeling, addressing challenges in drying performance and quality
retention. Solar drying, powered by abundant natural resources, minimizes environmental impact and promotes energy-efficient practices, aligning with global
sustainability goals. This work not only advances the scientic understanding of food drying dynamics but also supports the adoption of eco-friendly pres-
ervation methods, contributing to a resilient and sustainable food supply chain.
1 Introduction

Since the beginning of time, solar drying has been utilized to
dry food materials as well as other plant-based products. In an
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effort to take advantage of the sun's abundant and inexpensive
renewable energy, multiple attempts have been made recently
to develop solar drying, predominantly for the preservation of
food crops and forest-based products. The ongoing quest for an
alternate energy source in response to the projected appre-
hension of fossil fuel depletion and scarcity is its driving factor.
The emphasis on the adoption of solar drying especially for low-
thermal drying operations has increased even further due to the
current rise in the price of fossil fuels in most developing
nations like Nigeria together with the upsurge in the production
cost of dried food products and the harmful ecological effects.
Solar drying has evolved as a popular and economical technique
to preserve agri-food products, especially in locations with
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4fb00343h&domain=pdf&date_stamp=2025-03-17
http://orcid.org/0000-0003-4356-8184
http://orcid.org/0000-0002-3574-120X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00343h
https://pubs.rsc.org/en/journals/journal/FB
https://pubs.rsc.org/en/journals/journal/FB?issueid=FB003002


Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
/1

3/
20

26
 3

:5
4:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ample sunshine and limited accessibility to traditional energy
supplies. In addition to its practical benets, this method
provides substantial support to worldwide sustainable devel-
opment goals. In addition to improving the preservation of
foods, boosting the efficiency of solar drying operations for food
crops such as okra supports global sustainability initiatives.
However, Nigeria sits within the high-solar irradiance band of
the world receiving an average solar ux of 5.535 kW h m−2

annually and a maximum sunshine time of 9 hours daily which
advantageously facilitates the productive use of the thermal
energy of the sun for crop processing and other useful energy
functions.1 The utilization of the sun's energy for crop drying
spans between open-air drying and solar dryers. The former is
predominantly practised in hinterland areas of developing
economies which are burdened with some bottlenecks ranging
from gross product loss as a result of incomplete drying and low
quality due to infestation by pests and diseases. In contrast, the
latter offers the merits of reduction in drying duration and
improvement in product quality, low investment costs, design
simplicity, and renewable, non-polluting and cost-free energy
sources amongst others.2,3 Amongst the various kinds of solar
dryers that have been utilized over the last 30 years for proper
food crop drying, mixed-mode solar dryers are discovered to be
the most effective in achieving high effectiveness in crop drying
vis-à-vis drying time reduction and drying cost.4 According to
Jiang et al.,5 these makes of dryers possess the characteristics of
the direct and indirect versions of solar dryers. In these dryers,
crops are subjected to simultaneous dehydration by direct
radiation (through the glazing part of the cabinet) and the hot
air generated by the solar air heater.

Drying is a pre-historic approach to boosting the storability
of agrifood products with the primary goal of scaling up the
nished products at minimal cost and utmost efficiency. In
most food processing industries, hot air drying is the most
extensively used technique for maintaining dried products'
quality.5 Heat and moisture transport in the food matrix takes
place by conduction and diffusion, respectively based on the
working uid temperature and moisture concentration differ-
ential.4,5 The study of the transient heat and moisture transfer
process during drying implies the linking of the heat transfer
diffusion model with an expression of the moisture transfer
rate. Knowledge of the heat transfer mechanism allows for an
appropriate study of the drying behaviour of various products.
The heat transfer characteristics of food products during the
drying process are evaluated by the convective heat transfer
coefficient.4 It is, thus, a key aspect of dryer design, energy
reduction and optimization of the process settings of solar
dryers. During the drying process, moisture transport from the
intercellular and intracellular spaces to the periphery tends to
cause substantial micro-structural deformation of the food
material and uneven volumetric variations of moisture-laden
products. This volumetric drop in the dried products is
referred to as shrinkage. Drying generally results in shrinkage
and deformation of food products in which product tissue loses
its structural integrity and form due to moisture extraction,
which also causes turgor pressure loss, heat and hygro-stresses,
and cell rupture. For this reason, shrinkage degrades the
© 2025 The Author(s). Published by the Royal Society of Chemistry
morphological quality of dried food products and end-users'
satisfaction. Additionally, it is an important variable that can
inuence the drying kinetics and rate.

Previously, most reported works in the mathematical
modeling of food products were predicted under the assump-
tion of negligible shrinkage,6–8 whereas in practice, most food
products shrink substantially. This rendered it unfeasible to
simulate the process with accuracy. It is, therefore, indispens-
able to fathom the processes that drive the aforementioned
structural alterations for better process control and higher-
quality products. It is signicant to remark that shrinkage
should be factored into computational models when estimating
the temperature and moisture characteristics of food products
undergoing the drying process since this variable has a greater
inuence on the nal product quality.4,5 Similarly, some
researchers, according to Jiang et al.,5 have reported works on
models predicting the shrinkage effect during heat and mass
transfer in food crops such as potatoes, apples, pears, and
blackberries in addition to the reports of2 and4 using convective
mixed-mode solar dryers with varying sample cylinder thick-
nesses and xed length. Jiang et al.5 reported on the numerical
simulation of heat and mass transfer during carrot slices'
convective drying, considering and neglecting shrinkage effects.

The results of these computational studies indicated that
more information on the heat and mass transfer kinetics can be
provided during the drying process and can be tailored to other
crop drying systems. Akpinar9 examined the coefficients of heat
transfer of some agrifood products dried by forced airow. The
existing data on the heat transfer coefficient remains insuffi-
cient, particularly for solar drying situations, due to the diverse
range of food products with varying geometries, sizes, process
conditions, and estimating methodologies. Published litera-
ture, however, reveals that the scarcity of data on the heat
transfer coefficient for most food crops compels researchers to
utilize heat transfer associations based on the Nusselt number
for designing their heat transfer situations, oen neglecting
considerations of correctness and appropriateness.2,9–11

Modeling the heat andmoisture transport in the solar drying
of okra is essential for increasing drying efficiency, enhancing
product quality, and minimizing energy usage. It provides
a more comprehensive understanding of the impact of
temperature gradients, moisture loss, and shrinkage on the
food product's drying dynamics. Dhalsamant et al.4 noted that
the nite element approach was a widely utilized modeling tool
for heat and mass transfer studies in agrifood items. It was
established from the literature that the heat and mass transfer
that occurs when plant-based materials are dried could be
simulated using the COMSOL Multiphysics program.3–5 On the
other hand, it was discovered that there had been no publicly
accessible documentation on the physics-based simulation of
the convective heat transfer and mass transport coefficients
affecting the moisture extraction dynamics, given shrinkage
during the course of okra's mixed-mode solar drying. This
served as the study's motivational foundation. As stated earlier,
exploring the underlying process of shrinkage of okra cylinders
that results from concurrent heat and moisture transport
operations is incredibly important.
Sustainable Food Technol., 2025, 3, 520–536 | 521
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Fig. 1 Fresh cut okra cylinders: (a) different sample thicknesses; (b)
thin-layer batch solar drying arrangement.

Fig. 2 Schematic representation of the combined-mode solar drying
of okra cylinders.
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Through the use of renewable energy for crop drying, this
study advances Sustainable Development Goal (SDG) 7 (Access
to Clean and Affordable Energy) and SDG 12 (Sustainable
Consumption and Production Patterns) by reducing postharvest
losses and thereby increasing the utilization of resources in
food systems. It also addresses SDG 13 (Action to Combat
Climate Change and its Impact) by minimizing dependence on
non-renewable energy. Therefore, the objectives of this present
study were to: (i) determine the inuence of shrinkage on the
modeling of the concurrent heat and mass transport processes
of okra cylinders of varying thicknesses; (ii) model the coupled
heat and mass transfer operations of okra cylinders with
shrinkage impact during mixed-mode solar drying using the
COMSOL Multiphysics tool. The novelty of this study lies in its
inclusion of shrinkage implications into drying models, which
are generally ignored alongside the use of a multi-physics
modeling approach that integrates heat transport, mass trans-
fer, and structural alterations in a single model. This gives the
simulation more realism and increases its applicability to real-
world drying situations. Furthermore, the emphasis on cylin-
drical okra shapes offers a more realistic and practical
description of the drying process in comparison to generalized
at/circular shapes typically used in drying simulations. In
general, the uniqueness of this work rests on lling the gaps
between sustainability, real-world applications, and theoretical
models by improving drying simulation methods, encouraging
the use of energy from renewable sources, and boosting tech-
nologies for food processing and storage. These characteristics
situate this research at the nexus of agricultural innovation,
sustainable plant-based product processing, and computational
modeling.

2 Materials and methods
2.1 Preparation of sample

Samples of freshly harvested okra (Abelmoschus esculentus) of
the Nwaidu variety, prevalent in Southeastern Nigeria, were
obtained from a municipal market in Owerri, Imo State,
Nigeria. The product was categorised by size (length and
diameter) and morphology, rinsed and distributed on a glazed
surface to facilitate surface water evaporation. Taking into
account the natural morphology of okra and the standard
slicing method employed in Nigeria, the suitable samples were
sectioned into a cylindrical form with an average diameter of 1.2
± 0.25 cm and different thicknesses of 5, 10, and 15 mm, uti-
lising a slicer and electronic vernier calliper (±0.001 mm;
VLASOV, China) (Fig. 1). A designated batch size of 300 g of okra
cylinders was utilized for thin-layer solar drying experiments.
The average initial moisture content (88% wet basis) and the
bone-dry mass of the representative samples were ascertained
using the standard AOAC method.12

The moisture content of the dried okra samples was estab-
lished by weighing the empty drying rack and subsequently
measuring the mass of the drying rack with the samples at 20
minutes intervals. The moisture content was subsequently
calculated based on mass loss. This method enables the
observation of moisture content variations in the okra cylinders
522 | Sustainable Food Technol., 2025, 3, 520–536
during solar drying. The drying tests concluded when stability
in the mass of the dried sample was achieved, indicated by the
last three mass-loss measurements differing by 0.1 g.
2.2 Experimental arrangement

2.2.1 Dryer description. Laboratory tests using okra cylin-
ders were done with a developed passive integral-type solar
dryer with dimensions of 80 × 60 × 50 cm3. The device employs
the radiant heat energy of the sun that goes directly through the
glass cover to dry product samples. It was developed in the
laboratory of the Department of Agricultural and Biosystems
Engineering of the Federal University of Technology, Owerri,
Nigeria situated at latitude 5.48°. The solar dryer comprised an
inclined at plate solar collector measuring 80 cm × 60 cm
angled towards the northern hemisphere at an angle of 15.48°
integrally joined with the drying chamber (Fig. 2). The
combined-mode system has two plena: the upper plenum
housing the drying mesh rack and the lower plenum painted
dull black to serve as a solar ux absorber plate of 1 mm thick
steel sheet separated by the upper plenum by an air column and
lagged with a 45 mm thick mineral wool insulator to reduce
conductive thermal losses.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The dryer component was fashioned by an NBF laminated
speciality wooden board. A 3 mm thick glazing material was
provided to cover the top of the dryer assembly and a rubber
gasket was put right under the simple glass to achieve
a hermetic state. Three opposed circular air vents (50 mm
diameter) were constructed at the input and outow sites for the
natural circulation of air and to increase the efficiency of
operation. The air vents at the input and output positions of the
dryer produce a pressure differential in the drying compartment
for convective heat movement. The absorbed heat in the
plenum raises the enthalpy and vapour pressure of the working
uid, thereby decreasing the relative humidity in the chamber
for product moisture extraction in the top plenum (drying rack)
and subsequently expelling the moist air. The entire set-up was
mounted on a roller-primed mild steel angle frame.

2.2.2 Experimental procedure and measurements. The
drying tests were scheduled based on the three (3) levels of
sample thicknesses to evaluate the thickness effect on
shrinkage and heat and moisture transport during solar drying.
Three replications of each treatment were performed to guar-
antee that the outcomes had dependability and statistical clarity
and their means were used for further analyses. The number of
replications was determined by statistical and practical factors
to guarantee dependable and repeatable ndings as well as to
detect variances in treatments while reducing the impact of
random chance or unexpected experimental errors.13

The drying studies spanned from 9:30 to 17:10 hours per day
and continued the following day for an incomplete batch. At the
end of each day for an unnished batch of drying, the samples
were taken from the drying compartment and placed in a poly-
ethene material to avoid reabsorption of moisture. The
entrance, exit, and drying chamber air temperatures were
measured using calibrated K-type thermocouples (chrome-
alumen, T-52) with an accuracy of ±0.015 °C coupled to
a data collecting system (HH1147; Omega, USA) with an accu-
racy of ±0.1 °C. The sun radiation intensity was measured and
recorded with a calibrated pyranometer (Apogee MP-200, serial
No. 1250, USA). The relative humidity in the drying unit and of
the ambient air was monitored using a Lutron humidity meter
(Model: HT-305, accuracy ± 0.5%) and the sample mass loss
was measured using a precision electronic balance (Camry
Instruments Ltd, China; accuracy ± 0.01 g, Model: ACS-ZC41G).

Throughout the drying period, the experimental observa-
tions of the product mass and moisture evaporation as well as
other process parameters were regularly observed and recorded
at 20 minutes intervals. The eld tests were done at drying
ambient air temperatures and relative humidity of 21.2 °C # T
# 32.8 °C and 48.4% # Rh # 82.4%, respectively, whereas the
collector outlet temperature was in the range of 34.7 °C # T #

52.5 °C. The sample size and shrinkage of the dried okra
cylinders were measured by getting the mean of caliper
measurements as well as their displaced volume at sequential
drying periods for each of the three thickness groups. The
drying procedure was terminated when the moisture continent
readings had no apparent variation aer two subsequent mass
measurements. It is desirable to remark that in all
© 2025 The Author(s). Published by the Royal Society of Chemistry
measurements, a marginal difference of <5% between replica-
tions was recorded.
2.3 Theoretical analysis

2.3.1 Heat transfer properties. Eqn (1) was used to estimate
the coefficient of heat transfer for the integral-type solar drying
of okra cylinders.3

hc ¼ 0:0067þ 0:004

0:089
ffiffiffiffiffiffiffiffiffiffi
0:5p

p e�253½dM�0:93� (1)

where hc is the heat transfer coefficient (Wm−2 K); dM ¼ M
Mi

; M

and Mi are moisture content at any time and initial moisture
content (% wb), respectively.

2.3.2 Mass transfer
2.3.2.1 The moisture diffusion coefficient Dm. The coefficient

of moisture diffusion is an important physical and transport
attribute of food materials especially fruits and vegetables
whose expression is a function of the product form, moisture
content, and temperature.14 This predominant drying mecha-
nism which happens in the falling rate phase is governed by the
internal water differential of the isotropic food product.15

Therefore, diffusive transport processes can be utilized to
simulate drying as a more practical physical technique,
considering its widespread usage, especially for food and wood
items. Based on the cutting geometry of the okra samples which
are assimilated to an innite cylinder, the numerical simulation
of the moisture transfer in two-dimensional cartesian (2D) and
cylindrical coordinates for an innite cylinder according to
Fick's diffusion law in addition to moisture evaporation is
expressed as:

roDmV
2M ¼ ro

dM

dt

¼ 1

r

�
d

dr

�
Dmtro

dM

dt

�
þ d

dh

�
Dmtro

dM

dh

��
� je (2)

whereDm is themoisture diffusivity (m2 s−1); ro is the density of
the porous okra sample (kg m−3).

Along a cylinder, there is a predominant radial internal water
diffusion path. Therefore, eqn (2) simplies to:

dM

dt
¼ 1

r

d

dr

�
Dmr

dM

dr

�
¼ Dm

v2M

vr2
(3)

Generally, an even distribution of the initial moisture
content in the food matrix is taken into account, given as:

At time t = 0: M(r, 0) = M0 (4)

For the center symmetry moisture differential consideration,
the boundary condition can be given as:

At radius; r ¼ 0 :
dMðr; tÞ

dr
¼ 0 (5)

The supercial convective drying boundary condition is
expressed as:
Sustainable Food Technol., 2025, 3, 520–536 | 523
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r ¼ h; ð0# h#HÞ: �Dm

dMðr; tÞ
dr

¼ hm½Mðh; tÞ �Ma� (6)

where h is the half sample height (m); r and t are the space and
time cartesian coordinates, respectively; r is measured from the
center of the okra cylinder and represents the radial diffusion
route in the okra sample; hm is the convective mass diffusion
coefficient of the sample; M0 and M(t) denote the moisture
contents (% db) of the sample at time t= 0 and at a specic time
t, respectively; Ma is the moisture content of the ambient hot
air.

Given the complexity of the analytical solutions of the
moisture diffusionmodel, simplications are made by reducing
to 1D cartesian expression and considering the boundary
conditions (eqn (4)–(6)), the nal Fickian solution for an innite
cylinder geometry can be expressed as:16

Moisture ratio; dM ¼ M �Me

Mi �Me

¼
XN
n¼0

4ðhmrÞ2

zn2
h
ðhmrÞ2 þDml

2
i$exp��l2

Dm

r2
t

�

(7)

Eqn (7) can further be simplied as:

dM ¼
XN
n¼0

Bn$exp

�
�l2

Dm

r2
t

�
(8)

The parameter (Bn) in eqn (8) is dened as,

Bn ¼ 4ðBiÞ2

l2
h
ðBiÞ2 þDml

2
i (9)

whereM andMi represent the moisture content at any time t (%
wb) and initial moisture content (% wb), respectively; Me is the
equilibriummoisture content of the okra sample; Bi is the mass
transfer; the Biot number (dimensionless), hm, is the coefficient
of convective mass transfer; l represents the roots of the zero-
order and rst-order Bessel functions.

Considering the shrinkage inuence on the effective mois-
ture diffusion for a cylinder form and selecting the third term of
the series in eqn (7), the Fickian solution yields:

dM ¼ 4

l2
exp

�
�l2

Dm

r2
t

�
(10)

Linearizing eqn (10) gives a simple solution of the form:

lnðdMÞ ¼ ln

�
4

l2

�
þ ln

�
�l2

Dm

r2
t

�
(11)

The logarithmic form of eqn (11) reduced to the 3rd
parameter conceded a linear function between ln(dM) and
drying time (t), from which the value ofDm was estimated as the
slope (G), given as:

Slope;G ¼ �l2 Dm

r2
(12)
524 | Sustainable Food Technol., 2025, 3, 520–536
The coefficient of moisture diffusion, Dm, is established by
the following:

Calculating dM-values from the experimental data at each
time, t.

Plotting the curve of ln(dM) against time and obtaining the
linear function lnðdMÞ ¼ Qþ Gt, where Q and G are the inter-
section and slope, respectively.

The root of the characteristic equation, l2, is estimated from
the intersection, Q, and then reinstated into the slope, G, for
computation of the diffusion coefficient.

2.3.2.2 Coefficient of mass transfer, hm. Estimation of the
convective mass transfer coefficient (hm) for okra cylinders
undergoing a thin-layer drying process is established on the
assumption that variations in moisture loss are related to
specied parameters such as the drying constant, k (s−1), or the
dimensionless delay variable, a. The cumulative impact of
several transport phenomena during drying was considered.
Given the analytical eqn (10), the Henderson & Pabis drying
model dened by eqn (13) is comparable.

dM ¼ M

Mi

¼ að�ktÞ (13)

where a ¼ Q ¼ 4
l2

and k = G ¼ l2
Dm

r2
.

The values of a and k will be substituted to obtain hm.
Consequently, the convective mass transfer coefficient, hm, and
moisture diffusion coefficient, Dm, are related by the dimen-
sionless mass transfer Biot number, which is a function of the
product geometry which signies the ratio of the resistance to
heat transfer from the food matrix to the product surface
expressed as:

Bi ¼ hmr

Dm

¼ 28:848ðDiÞ�0:375 (14)

Di ¼ na
kr

(15)

Eqn (14) is valid for Bi > 0.1 (i.e., 0 # Bi # 1) and allows
estimation of hm for a known Bi-value (Ouedrago et al.,
201714,23).where na is the velocity of the ambient air (m s−1); Di is
Dincer's number.

The estimation of the mass transfer parameters was done by
the following steps:

(i) Determination of the Dm value at each drying time of the
experimental data.

(ii) Obtaining a and k values by combining eqn (10) and (14).
(iii) Calculating the Dincer and Biot numbers using eqn (15)

and (14), respectively.
(iv) Deducing from eqn (14) the coefficient of mass transfer,

hm.
To evaluate the shrinkage effect on hm, the straightforward

equation given by Dhalsamant et al.4 considering the product
volume and exposed area is adopted thus:

hm ¼ Vp

A

�
vM=vt

Ms

�
(16)

where Ms denotes the mass of surface moisture in kg.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.2.3 Shrinkage parameter for evaluating hc and hm. As
stated earlier in this study, shrinkage is an occurrence that
manifests during the convective drying of food materials. It
accounts for the most noticeable visual changes in food quality
apart from colour. During the drying process, there is always
a contraction of the viscoelastic matrix of the food sample
resulting in the collapse of intracellular water-holding tissues
leading to volume decrease and distinctive dimensions of the
product. Dhalsamant et al.4 and Llave et al.17 hypothesized that
an incessant decline in product volume produced by shrinkage
deformation in the course of drying is proportional to moisture
shortages. However, in the vast majority of studies addressing
okra drying, shrinkage is not taken into account.18–23 Conse-
quently, in the examination of shrinkage inuence during the
process of simultaneous transfer of heat and moisture, the
methodology of per cent sample shrinkage adopted by Nwakuba
et al.24 is stated as the ratio of product volume per given time to
the original product volume:

dS
dt

% ¼
�
1� d=dtðVtÞ

Vi

�
� 100 (17)

where S is the product shrinkage (%); Vt and Vi denote product
volume at any given drying time and at the initial time,
respectively.

Experimental variations in the radial and longitudinal
dimensions of the okra sample were recorded by taking
measurements of the cylinder heights (sample thickness) and
diameter with the use of a vernier caliper. This was carried out
at consistent intervals of 20 minutes during the drying period.
Aerwards, the radial and axial (longitudinal) deformation
parameters of shrinkage in the visco-elastic food material were
stated in terms of sample diameter and height as

1� D
Di

and 1� H
Hi
, respectively. Di and Hi are the initially

measured values of the cylinder diameter and height, respec-
tively. The proportion of shrinkage at each dying interval was
computed by eqn (17). Given the product moisture loss, the
Table 1 Thermophysical properties of okra cylinders and parameters fo

Parameter Expression/value

Sp. heat capacity of okra, Co
Co ¼ 1750þ 2345

�
M

Mi

Thermal conductivity of okra k = 0.49 − 0.443e−0.20

Thermal conductivity of air 0.0287
Average density of okra r = 440.001 + 90Mi

Initial moisture content Mi = 87.99
Final moisture content M = 9.99
Density of air ra = 1.073
Specic heat capacity of air Cpa = 1005.04
Avg. initial & nal air temp. Ti = 27.82 & Tf = 53.43
Avg. ambient air velocity na ¼ 1:33

Avg. solar radiation intensity Ig = 412.20
Solar irradiation 416.55
Velocity of air 1.33
Initial product temp. 27.82
Final product temp. 53.6
Max. Time for drying 7
Avg. Sample diameter 12

© 2025 The Author(s). Published by the Royal Society of Chemistry
shrinkage velocity (Sv) was estimated by taking into account the
resultant shrinkage deformation (Sd) in radial and axial direc-
tions as a function of drying time as indicated in eqn (18):

Sv ¼ Sd

t
¼

�
1� D

Di

þ 1� H

Hi

�
t

(18)

2.3.2.4 Thermophysical parameters. The estimation of the
thermophysical correlations such as the specic heat capacity,
thermal conductivity, latent heat of vaporization, density etc. for
combined-mode solar drying simulation of heat and mass
transfer processes in okra samples is presented in Table 1.

2.4 Error analysis

Errors and uncertainties may arise through instrument use,
calibration, measurement of experimental variables etc.2 This
study entailed different specic measurements like air
temperature, mass of moisture loss, product temperature, solar
ux, sample dimensions, etc. The instruments used for these
variable measurements have their accuracies which lead to
uncertainties (errors) in the determination of the coefficient of
heat transfer, hc. The experimental uncertainties are calculated
using the principle of uncertainty propagation. The uncertainty
was taken to be equal to the standard deviation as recom-
mended by the International Organization for Standardiza-
tion.25 An uncertainty analysis was conducted for the
experimental data by solving the partial derivatives and input-
ting the values of the measured variables to determine the
magnitude of this uncertainty. The complete expression of the
error analysis is given in the works of Tripathy and Kumar2 and
Dhalsamant et al.4 The statistical errors are given by eqn
(19)–(22):

Maximum possible error in hc:

Ehc ¼ �
Xn

i¼1

����vhcvxi
:Exi

���� (19)
r the simulation

Unit References

i

þ 1

�
J kg−1 K 5

6Mi W m−1 K 5
W m−1 K 23
Kg m−3 5
% wb Experimental
% wb Experimental
Kg m−3 14
J kg−1 K 14
oC Experimental
m s−1 Experimental
W m−2 Experimental
W m−2 Experimental
m s−1 Experimental
oC Experimental
oC Experimental
h Experimental
mm Experimental

Sustainable Food Technol., 2025, 3, 520–536 | 525
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The statistical limit error (uncertainty) in heat transfer coef-
cient, hc, is expressed as:

E*
hc ¼ �

"Xn

i¼1

�
vhc

vxi
$Exi

�2
#0:5

(20)

where Exi denotes error in measuring hc, x and xi represent the
directly measured variables and n-measured variables inu-
encing hc, respectively. The limit error and statistical limit error
values for estimation of hc are given respectively by:

Erhc ¼ � Ehc

hc
(21)

E*
rhc

¼ � E*
hc

hc
(22)

2.5 Statistical tests and validation

The reliability of the results of this study was validated by
comparing the simulated and experimental transient dryer
temperatures and moisture ratio proles of the 10 mm thick
okra cylinder. The prediction capability of the model was veri-
ed by the generally adopted statistical test-mean absolute error
(MAE) and the standard error (SE) expressed in eqn (23)–(25) as:

MAE ¼ 1

N

XN
i¼1

��Tp;exp:i � Tp;pre:i

�� (23)

MRE ¼ 1

N

XN
i¼1

��Tp;exp:i � Tp;pre:i

��
Tp;exp:i

(24)

SE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

�
Tp;exp:i � Tp;pre:i

	2

s

N � 1
(25)

where �Tp,exp.i and �Tp,pre.i denote the mean experimental and
predicted product temperatures for the ith observation,
respectively; N represents the number of observations.

2.6 Numerical approach: COMSOL simulation

2.6.1 Geometry development. A cylindrical geometry was
assumed for the okra samples with a relatively constant radius r
Fig. 3 (a) Computational domain and (b) meshing of an okra cylinder.

526 | Sustainable Food Technol., 2025, 3, 520–536
(6 mm) at thicknesses h (5 mm). The transient heat and mois-
ture diffusion in the okra cylinders subjected to combined-
mode solar drying was numerically simulated using COMSOL
Multiphysics 6.1, a Finite Element (FE)-based computational
soware package. This soware is used because of the multi-
faceted nature of the coupled heat and mass transfer equations
in food materials. The simulation protocol involves the use of
the Lagrange triangular nite elements of a physics-controlled
ner-sized mesh with 1564 elements, average quality of 0.9424
and the schematic domain of the heat and mass transfer model
is shown in Fig. 3. The 2D axisymmetric cylindrical geometry
has been considered for the computational domain.

The analysis of okra cylinder temperature during drying was
conducted using heat transfer in the solid module and simu-
lation of the mass transfer was conducted using the transport of
diluted species. The shrinkage effect that took place throughout
the drying process was interpreted using a moving mesh
module. Aer all the parametric equations had been appropri-
ately dened, the heat and mass equations were coupled in the
COMSOL study interphase by concurrently selecting ‘heat
transfer in solids; surface-to-surface radiation’ in the heat
transfer module, ‘Transport of diluted species’ and ‘general
form of PDE’.

In this study, the arbitrary Lagrangian–Eulerian (ALE)
approach was utilized for more accurate sample deformation
prediction with higher precision to account for the inuence of
sample shrinkage. This work used a time-dependent study to
examine the variance of time between 0 and 6 hours of
sunshine. Runs of the numerical simulation were conducted on
a personal computer with an Intel® Core™ i5 at 2.90 GHz and
16 GB RAM using a Microso Windows 10 (64 bit) PC. Fig. 4
displays the simulation process and implementation.

2.6.2 Model formulation. To simulate the heat and mass
transfer together with the sample shrinkage during the solar
drying process, the following assumptions were made:

(a) An okra cylinder is a nonnite and dense object.
(b) There is a continuous intra-cellular shrinkage of the

isotropic food product.
(c) Solar radiation is the only source of air heating and as

such gives the total heat transfer.
Fig. 4 Numerical simulation procedure and implementation in
COMSOL Multiphysics; (a) screenshot of model parameters; (b)
flowchart.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(d) Diffusion is the dominant mode of moisture transport in
the food sample.

(e) There is a uniform distribution of moisture and temper-
ature in the entire sample at the early phase of the drying
process.
3 Results and discussion

The effectiveness of a combined-mode solar crop dryer rests
predominantly on the air collector exit temperature which
hinges on ambient conditions such as solar ux, prevailing air
temperature, and relative humidity. These environmental
parameters, in turn, can inuence the air temperature within
the solar-air heater (collector), which has a substantial impact
on the rate of moisture extraction from food samples. Conse-
quently, it is of the utmost importance to study the performance
of the solar-air heater by exploring the changes in the collector
exit air temperature throughout the drying cycle for a specic
test set-up. This variable plays a crucial role in determining the
acceptability of the dried food product, as the quality of the
majority of dried agro-based materials is highly dependent on
drying air temperature and depreciates at temperatures above
the permissible threshold.

Fig. 5 displays the hourly change in the intensity of the solar
radiation, outlet temperature of the air collector and the relative
humidity of the drying chamber with respect to the duration of
the drying process during the combined-mode solar drying of
10 mm diameter okra cylinders. There was moderate uctua-
tion in temperature data, as seen by the mean temperature of
45.51 °C with a standard deviation of 6.15 throughout all
experiments. The continuous rise in the collector temperature
which varied between 34.74 °C # Tc # 52.9 °C for a total drying
time of 500 minutes resulted in a commensurate decline in the
samples' moisture content, while the relative humidity of the
drying chamber pendulated between 53.3%# Rh# 82.4%, with
a mean value of 65.1% and a standard deviation of 11.08 indi-
cating higher variations. The mean collector output tempera-
ture, however, depended upon the intensity of the incident solar
ux which changes with drying time and ambient drying
conditions (air temperature, relative humidity, wind speed etc.).
Fig. 5 Variations of air conditions and solar radiation intensity with
drying time during combined-mode solar drying of 10 mm diameter
okra cylinders.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Diminution of the solar intensity owing to weather interference
such as precipitation, sun dispersion by vapour molecules, etc.
reduces the moisture-carrying capacity of drying air, which
negatively impacts the dryer system's thermal efficiency.

As drying time advanced, the mean quantity of solar radia-
tion grew to an utmost value of 447.8 Wm−2 at 13:40 hours (300
min) and began to decline. This relative increase in the solar
ux with the collector outlet air temperature generated a water
vapour upsurge in the drying air and a fall in air relative
humidity, and thus boosted the rate of specic moisture
removal. The relative humidity of the integral unit varied
inversely with the intensity of the incident radiation. The
reports of Nwakuba et al.24 and Uzoma et al.26 corroborated
a comparable pattern. However, the relative humidity of the
drying air recorded a maximum value of 82.4% aer 80 min and
followed a declining trend (to a minimum value of 385.3 Wm−2

at 420min) as the solar ux and drying time increased, resulting
in a gross drop in the enthalpy of the collector outlet tempera-
ture. The measured solar radiation had a considerably lower
variability than relative humidity, with a mean of 381.27 Wm−2

and a standard deviation of 38.46 W m−2. The results suggest
that the process outcomes under investigation are signicantly
inuenced by temperature and solar radiation (P < 0.05). The
lack of signicance in relative humidity may have been trig-
gered by its very large variability (standard deviation of 11.08).
These ndings are consistent with earlier research showing the
complementary effects of solar irradiation and air temperature
in agricultural drying operations. A similar pattern was
observed for the 5 mm and 10 mm okra sample thickness. The
mean collector outlet temperature values of the 5, 10, and
15 mm diameter okra samples were respectively obtained thus:
44.17 °C, 46.28 °C, and 42.36 °C, respectively, whereas their
corresponding solar intensity values were: 408.74, 411.32, and
416.55 W m−2, respectively; ambient air temperature: 26.13,
25.66, and 27.24 °C, respectively; the ambient relative humidity
ranged between 51.2% and 74.1% during the experimental
period.

The impact of air temperature, relative humidity, and solar
radiation on each trial was evaluated using an analysis of vari-
ance (ANOVA) test. The variance between the means of the
experimental variables (collector outlet temperature, relative
humidity, and solar radiation) is statistically signicant (P-value
< 0.00031) at an a-level of 0.05. This statistically implies that one
of the treatment means (variables) varies greatly from the others
in terms of their impacts.4,26 Therefore, a post-hoc test (Tukey's
Honestly Signicant Difference, HSD, test) was conducted to
ascertain the variable or variable combination that differs most
signicantly. The collector outlet temperature and relative
humidity statistically differ, whereas no statistical difference
between relative humidity and solar radiation existed. The
substantial discrepancy between collector outlet temperature
and relative humidity results from their inverse relationship,
whereby rising temperatures reduce relative humidity because
of the air's increased ability to hold moisture. On the other
hand, the correlation between solar radiation and relative
humidity implies that constant solar irradiation levels mini-
mize uctuation by stabilizing relative humidity. This
Sustainable Food Technol., 2025, 3, 520–536 | 527
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demonstrates how temperature and relative humidity have
a stronger thermodynamic connection during drying, although
sun radiation has an indirect effect on both.
3.1 Inuence of sample thickness on the drying behaviour of
okra cylinders

A passive integral-type solar dryer was used to dry cylindrical
okra samples of varying thicknesses (5, 10, and 15 mm) with
a mean initial and nal moisture content of 87.99% wb and
9.99% wb, respectively. The drying behaviour of the varying
thicknesses of the okra cylinders is illustrated in Fig. 6.
Continual reduction in moisture ratio indicates that moisture
diffusion controls both the inter and intra-cellular mass trans-
fer. The drying curve, therefore, showed a course typical for
drying agri-food products and denoted an initial upsurge in
moisture removal rate, accompanied by a moisture drop in the
successive phases, and asymptotically tending towards the
equilibrium moisture ratio values.15 It can be remarked that an
increase in sample thickness results in a corresponding rise in
drying duration, which signies a reduction in the mean rate of
moisture loss due to the increased distance of capillary trans-
port of diffused water in thicker (15 mm) samples. In addition,
a total drying time of 320 minutes, 420 minutes, and 500
minutes was needed to safely dry the okra samples to the
desired moisture content level of 9.9% wb for the studied
sample thicknesses. Notably, a higher drying rate is achieved
with the sample of increased exposed surface area per unit
volume. This is exhibited by the 5 mm thickness samples.4,15

Statistical analyses show that the MR standard deviation values
were found to be 0.27 for a thickness of 5 mm, 0.38 for
a thickness of 10 mm, and 0.42 for a thickness of 15 mm.
According to this pattern, variability rises with sample thick-
ness. More uniform drying is suggested by the comparatively
low variability for thinner samples, whereas the higher vari-
ability for thicker samples might be the consequence of an
uneven moisture distribution in which the surface dries more
quickly than the inside. This emphasizes the increased chal-
lenge of ensuring uniform drying in thicker samples under
similar test conditions. The ANOVA test showed that the sample
thickness had a statistically signicant effect (P = 0.002) on the
Fig. 6 Drying behaviour of varying okra cylinders in an integral-type
solar dryer.

528 | Sustainable Food Technol., 2025, 3, 520–536
measured moisture ratio values at a 5% level of probability.
Signicant variations in the moisture ratio (MR) values between
the sample thickness groups were found by post-hoc analysis
using Tukey's HSD test. The largest difference was found
between 5 mm and 15 mm, with the latter exhibiting signi-
cantly greater moisture ratio values. This reveals that sample
thickness plays a crucial role since, under the same conditions,
thinner samples dry more quickly.
3.2 Convective heat transfer coefficient, hc

Fig. 7 presents the change in the heat transfer coefficient, hc, of
okra cylinders at varying thicknesses with drying time with and
without the shrinkage inuence. From Fig. 7a, hc increased for
each sample thickness as the drying duration increased when
product shrinkage was considered. In addition, it was observed
that higher hc values were obtained for the 5 mm thickness
samples followed by 10 and 15 mm sample thicknesses. This is
attributed to the larger exposed surface area per unit volume of
the sample associated with a swi moisture extraction rate.2

Dhalsamant et al.4 reported a similar trend for potato cylinders
dried in a mixed-mode solar dryer. Similarly, without consid-
ering the inuence of shrinkage on the convective heat transfer
coefficient, Fig. 7b shows a reduction in the hc-values with
drying time for all the sample thicknesses. This is because,
during the falling-rate phase, there was a gross reduction in the
Fig. 7 Variation of the heat transfer coefficient of 5, 10, and 15 mm
thickness okra cylinders during integral-type solar drying: (a) with
shrinkage and (b) without shrinkage.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Comparison of the convective heat transfer coefficient during
integral-type solar drying of a 15 mm thickness okra cylinder with and
without shrinkage effects.
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water extraction rate as the moisture content declined. This
drying phase, which is suggestive of higher mass transfer
resistance, exists when there is no surface water and has only
evaporated water diffusing from the product matrix.

Also, the mean values of the convective heat transfer coeffi-
cient, hc, at different thicknesses of the sample with and
without shrinkage impact are given in Table 2 and are within
the range of those published in the literature.2,27 These average
quantities of heat ux that transcend the food matrix per unit
area for a temperature rise under the inuence of a gradient of
one unit is considerable in the 5 mm thickness for both
considerations as earlier stated. It is evident that including the
shrinkage effect in drying different thicknesses of okra cylin-
ders overshoots the hc estimation in the range of 72.29 to
78.45%. This is an expected outcome since product shrinkage
gives rise to a reduction in the sample's linear dimension
(thickness) with time, thereby boosting the rate of moisture loss
which necessitates higher hc-values. Similar experimental
reports have corroborated this observation.2,4,28 The convective
heat transfer coefficients were statistically analyzed, and the
results showed that under both shrinkage and non-shrinkage
circumstances, variability, as measured by standard deviation,
rises with sample thickness. The standard deviations for
shrinkage were 0.38 (5 mm), 0.7 (10 mm), and 0.9 (15 mm),
indicating that thicker samples had more variation in heat
transfer coefficients. The standard deviations for non-shrinkage
were 0.24 (5 mm), 0.5 (10 mm), and 0.66 (15 mm), indicating
a comparable pattern but less overall variability because there
were no dimensional changes. For both shrinkage and non-
shrinkage circumstances, the P-value results veried statisti-
cally signicant differences in heat transfer coefficients
between the thickness groups (P < 0.05). For both situations, the
5 mm and 15 mm samples showed the highest statistical
difference (P < 0.01), highlighting the crucial role that thickness
plays in affecting the dynamics of heat transfer.

Fig. 8 describes the test results of hc with and without
shrinkage consideration for the 15 mm okra cylinder sample
thickness. By considering the shrinkage inuence, the sample
thickness exhibited a somewhat linear shrinkage behaviour.
The same phenomenon was observed for other studied sample
thicknesses (5 and 10 mm). The obtained hc-values were 35.52%
higher than the no-shrinkage hc-values at 240 min drying time
and amounted to 62.29% (>112 times) at 420 min of drying
process termination. A comparable trend was noticed for 5 mm
and 10 mm sample thicknesses. The mean heat transfer
Table 2 Mean values of convective heat transfer coefficient for
varying okra cylinder thicknesses

Sample thickness
(mm)

Convective heat transfer coefficient, hc
(W m−2 K−1)

Shrinkage No shrinkage

5 41.56 29.73
10 30.84 23.87
15 25.06 19.66

© 2025 The Author(s). Published by the Royal Society of Chemistry
coefficient investigation for the 15 mm sample thickness under
shrinkage (23.93 W m−2 K) and non-shrinkage (18.21 W m−2 K)
circumstances showed that shrinkage causes a 35.52% rise in
the mean hc, which is explained by an increase in surface area
for heat transmission. The variability for shrinkage was higher
(standard deviation = 0.8) than for non-shrinkage (standard
deviation = 0.5), indicating that the shrinkage process is
dynamic as it induces changes in the morphology of the
samples, whilst non-shrinkage yields a more regular heat
permeation. The strong impact of shrinkage on heat transfer
ability was further demonstrated by statistical analysis (F =

2.12, P = 0.003), which further indicated a measurable and
signicant difference (P < 0.01) in hc values between the two
situations.

The results of the experimental convective heat transfer
coefficients during integral-type solar drying of okra cylinders
with deformation effects were correlated through dimension-
less parameters given by the general equations:2,29

Nu ¼ hcvl

ka
¼ cðReÞn (26)

Re ¼ ranavl
ma

(27)

aa ¼ ka

raCpa

(28)

Experimental data for the mean drying air temperature (Ta)
and air properties such as density (ra), viscosity (ma), velocity
(na), thermal conductivity (ka), and specic heat capacity (Cpa)
were computed (using the Engineering Soware: Physical
Properties Calculator and Cheresources: Thermodynamics –

ChE) for the estimation of the Reynolds number values. C and n
are constants, whose values hinge on the surface shape and ow
pattern, respectively; vl is the typical length of the surface of
interest (dryer length); aa is the thermal diffusivity of air (m2

s−1). The values of hc and air properties in eqn (26) are linearly
regressed to obtain the values of c and n. The following
empirical correlation between Nusselt and Reynolds numbers is
obtained:
Sustainable Food Technol., 2025, 3, 520–536 | 529
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Table 3 Error analysis in estimation of hc for 5, 10, and 15 mm thickness okra cylinders

Error

Sample thickness

5 mm 10 mm 15 mm

Shrinkage No shrinkage Shrinkage No shrinkage Shrinkage No shrinkage

hc � jEðhcÞj 41.56 � 0.35 29.73 � 0.37 30.84 � 0.29 23.87 � 0.31 25.06 � 0.59 19.66 � 0.64

hc �
��E*ðhcÞ

�� 41.56 � 0.31 29.73 � 0.35 30.84 � 0.27 23.87 � 0.27 25.06 � 0.54 19.66 � 0.59

Erhc �0.012 �0.020 �0.019 �0.024 �0.026 �0.039
E*
rhc

�0.011 �0.021 �0.018 �0.023 �0.025 �0.037
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Nu = 0.37Re0.65 [R2 = 0.9822; for 5 mm thickness] (29)

Nu = 0.43Re0.68 [R2 = 0.9736; for 10 mm thickness] (30)

Nu = 0.41Re0.66 [R2 = 0.9917; for 15 mm thickness] (31)

The slight differences in the values of c and n can be
attributed to the degree of shrinkage in varying thicknesses of
the product samples resulting in the change in the rate of
moisture decit during the drying process. These values,
however, follow a related trend for food crops dried in an
integral-type solar dryer.2,4,27

The uncertainties (statistical errors) in the experimental hc
due to measurement errors are estimated using error analysis
(Table 3). It can be seen that the statistical errors in hc of okra
cylinders (eqn (19)) are between 1 and 3.5% for the studied
sample thicknesses.
Fig. 9 Linearization of ln(dM) = f(t) of the okra cylinders with shrinkage
consideration.

Table 4 Linearization characteristics of the okra cylinder to determine D

Sample thickness (mm) Slope, G Intersect, Q l2

5 −1.84 × 10−4 0.24 16.67
10 −1.26 × 10−4 0.32 12.50
15 −9.27 × 10−5 0.39 10.26

a l = characteristic root of the drying equation; k = drying constant; a =
number; Di = Dincer number.

530 | Sustainable Food Technol., 2025, 3, 520–536
3.3 Mass transport coefficient

3.3.1 Inuence of product thickness on Dm and hm
parameters. In Fig. 9, ln(dM) versus time is plotted for different
okra cylinder thicknesses. The values of the diffusion coefficient
were estimated by linearization of eqn (13) and obtaining its
variables (slope, G, and intercept, Q) with the regression coef-
cient tending towards unity (R2 > 0.98) as shown in Table 4.

The diffusion coefficients of the samples were computed
using the correlation of the Biot–Dincer number (Table 4). The
inuence of the thickness of the okra cylinders on the mean
values of the moisture diffusion coefficient (Dm) and convective
mass transfer coefficient (hm) is shown in Table 5. As the
thickness of the samples increased, the Dm-values increased
from 3.913 × 10−10 to 8.129 × 10−10 m2 s−1 for the shrinkage
consideration and from 5.106 × 10−10 to 9.521 × 10−10 m2 s−1

when no structural contraction is taken into account. This
implies that more internal water diffuses across a unit area of
sample per second under the effect of a potential difference. It
further illustrates that more time is required by sample mois-
ture to diffuse thicker samples at constant process conditions.
However, these Dm-values agree well with the range (10−11 #

Dm# 10−8 m2 s−1) reported in the literature for foodmaterials.30

In the tinier samples, the chemical potential of the internal
water which primes moisture diffusion is affected by the volume
reduction per unit sample and surface hardening, thus establish-
ing an additional resistance to intracellular transport.4 A compa-
rable trend was reported for other food products like bananas,
cassava, tomatoes, and potatoes.4,31–33 It can also be observed that
theDm-value for the thickest sample is about 51.86% and 46.37%
higher than that obtained for the thinnest sample for the
shrinkage and no shrinkage conditions, respectively.

For the range of the studied thickness, the mass transfer
coefficient, hm, varies inversely with the sample thickness. The
m and hm with shrinkagea

K a R2 Bi Di × 106

1.843 × 10−4 0.24 0.9859 0.144 1.3616
1.259 × 10−4 0.32 0.9862 0.125 1.9932
9.269 × 10−5 0.39 0.9857 0.112 2.7073

dimensionless delay variable; R2 = coefficient of correlation; Bi = Biot

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Mean values of Dm and hm at varying sample thicknesses with and without shrinkage effects

Sample thickness, mm

Shrinkage No shrinkage

Dm (m2 s−1) hm (m s−1) Dm (m2 s−1) hm (m s−1)

5 3.913 × 10−10 6.927 × 10−8 5.106 × 10−10 8.467 × 10−8

10 4.197 × 10−10 5.310 × 10−8 7.387 × 10−10 6.686 × 10−8

15 8.129 × 10−10 4.156 × 10−8 9.521 × 10−10 5.347 × 10−8
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diminishing effect of sample thickness on hm-values is because
of the reduction in the area of exposed surface per unit mass at
higher thickness values, which leads to a declined moisture
extraction rate. The maximum and minimum hm-values ob-
tained are 6.927 × 10−8 m2 s−1 and 4.156 × 10−8 m s−1 for
5 mm and 15 mm thicknesses, respectively when shrinkage is
considered, whereas, for no shrinkage, it is 8.467 × 10−8 m s−1

and 5.347 × 10−8 m s−1. This indicates that the thickness of the
samples has a noticeable inuence on the samples' hm-
parameter.

3.3.2 Inuence of sample shrinkage on Dm and hm
parameters. Consideration of shrinkage impact in the estima-
tion of the coefficients of effective moisture diffusivity andmass
transfer for varying thicknesses of plant-based materials yields
fascinating outcomes as remarkably seen in Table 5. Also, the
mechanism of moisture movement from the intracellular
spaces to the supercial region of the samples under structural
and no structural deformation (shrinkage) for the 10 mm okra
thickness is described in Fig. 10 by considering the variation of
moisture diffusion coefficient with moisture ratio. The coeffi-
cient of moisture diffusion increases with moisture ratio
reduction when no shrinkage effect is considered. A higher rate
of moisture movement is an indication of a higher moisture
extraction rate and increased surface area of samples and would
result in reduced drying duration and substantial energy
savings. Similarly, when structural changes (shrinkage) were
considered, a different trend was observed.

There is a considerable reduction in the moisture diffusion
coefficient toward the end of the drying process. This is indic-
ative of turgor pressure decit, thermal and hygro-stresses, and
Fig. 10 Influence of moisture ratio on the coefficient of moisture
diffusion of okra cylinders under shrinkage and no shrinkage
conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
cell collapse, with a resultant effect of structural and geometric
loss which in all pose a resistance to effective moisture trans-
port. Generally, it was observed that the mean Dm-values under
no shrinkage conditions were double those with shrinkage
consideration. This observation is in line with the ndings of
Dhalsamant et al.4 and Bennamoun et al.11 during convective
solar drying of single cherry tomato and potato cylinders,
respectively. A similar trend of Dm variation with dM was
observed for the 5 mm and 15 mm thicknesses of the studied
sample. However, the statistical study conrmed the signicant
Dm patterns under various situations. Based on the moisture
transport properties of the product, the results are essential for
enhancing their performance metrics. In the absence of
shrinkage, the moisture diffusion coefficient (Dm) falls as the
moisture ratio rises, most likely as a result of shorter diffusion
routes. The results are statistically signicant (P = 0.001, F =

12.34) and exhibit substantial variability (standard deviation:
0.05–0.12). On the other hand, under shrinkage conditions, Dm

rises as the moisture ratio rises, which is explained by micro-
cracks or increased porosity. This results in greater variability
(standard deviation: 0.10–0.20) and signicant outcomes (P =

0.0005, F = 15.78). These patterns demonstrate the impact of
product conditions on moisture transport and offer insightful
information for improving product performance and design.

The change in the mass transfer coefficient with drying time
under product shrinkage and no-shrinkage conditions is shown
in Fig. 11. The convective mass transfer coefficient increased
with the drying time as a result of increased hydrodynamic ow
in the food sample matrix resulting from a higher thermal
gradient (between the convective air and the product samples)
and air enthalpy as the drying time and hourly solar radiation
intensity increased. A similar observation was recorded for
5 mm and 15 mm thick samples. These observations conform
with the works of Dhalsamant et al.4 and Queiroz and Nebra34

on the drying of potatoes and bananas, respectively.
Lower hm-values were observed in the early stage of the

drying process due to low solar radiation intensity which
resulted in a gross reduction in the kinetic energy for rapid rate
of heat and moisture transport in the okra samples. The
marginal amount of heat generated by the solar dryer at this
stage was taken in for surface moisture evaporation and was
inadequate for mass transfer. Ignoring the inuence of sample
shrinkage in the analysis of mass transfer overrates the Dm and
hm-values which span from 74.86 to 83.14% and 52.68 to
58.83%, respectively for the range of the studied sample thick-
nesses. As a result, it is critical to investigate the impact of
shrinkage on dried food products to accurately estimate
Sustainable Food Technol., 2025, 3, 520–536 | 531
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Fig. 11 Variation of mass transfer coefficients of okra cylinders with
drying time under shrinkage and no-shrinkage conditions.
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moisture transfer variables needed for drying model develop-
ment and computer simulations.

Results for the non-shrinkage condition showed a P-value of
0.001 and an F-value of 12.34, which were statistically signicant.
In contrast, Dm rises when the moisture ratio rises under
shrinkage conditions, which is explained by tiny fractures or
increased porosity. This results in greater variation (standard
deviation: 0.10–0.20) and signicant effects (P= 0.0005, F= 15.78).
Although the high F-values show that the independent variables
(drying time or moisture ratio) strongly clarify the differences in
the dependent variables, the low P-values (<0.05) affirm that the
observed patterns for both Dm and hm under shrinkage and non-
shrinkage situations are statistically signicant and not by random
chance. This reinforces the ndings' robustness and reliability and
emphasizes the signicance of taking shrinkage and non-
shrinkage effects into account in moisture transport studies.
Table 6 Activation energy estimation of okra cylinders at varying
thicknesses

Sample condition Doðm2 s�1Þ EdðkJ mol�1Þ R2

5 mm Shrinkage 1.2 × 10−18 48.63 0.8842
No shrinkage 21.2 × 10−6 20.19 0.9282

10 mm Shrinkage 2.2 × 10−15 18.34 0.9150
No shrinkage 27.3 × 10−4 21.86 0.9843

15 mm Shrinkage 6.1 × 10−12 14.72 0.9311
No shrinkage 34.3 × 10−1 23.25 0.9731
3.4 Activation energy, E

High water molecule bonding in food materials prevents
moisture diffusion from taking place. Different food materials
have varying degrees of bonding that result in more energy to
overcome them. Activation energy, therefore, is the minimum
energy requirement of water molecules in food materials to
overcome the energy barrier due to water molecule bonding
during product intra-cellular capillary transport. Larger sample
moisture diffusion is caused by decreased activation energy,
given by an upsurge in the value of the kinetic energy of water
molecules.35 Activation energy governs the rate at which product
moisture diffuses from the food matrix to the surface for
eventual evaporation. The higher the E-value, the slower the
water transport (at constant air temperature), because diffusion
of water molecules begins only when they have attained the
peak of the E-barrier.36 It is, therefore, dependent upon the
drying air temperature and moisture diffusion coefficient.

The determined Dm-values with and without shrinkage
deformation were tted into the modied Arrhenius equation
to show their relative association with the solar collector outlet
temperature expressed in eqn (32).
532 | Sustainable Food Technol., 2025, 3, 520–536
Dm ¼ Doe

�
� Ed

RgTc

�
(32)

where Ed is the activation energy for moisture diffusion with the
product matrix and mass transfer at the product-air boundary,
respectively (kJ mol−1); Tc is the absolute temperature of the
collector outlet air (K); Rg is the global gas constant
(8.3144 kJ mol−1 K−1); Do and ho are pre-exponential
constants.

These parameters alongside the slope, G
�
Ed

Rg

�
and coeffi-

cients of correlation are presented in Table 6.
The logarithm of the linearized expression of Dm (i.e.,

lnDm ¼ lnDo � Ed

RgTc
) was plotted against

1
Tc

and the Ed-values

deduced from G. By substituting G of the linearized function,
the Ed-values of the okra samples became Ed ¼ 8:3144G.
Therefore, the Ed-values for the shrinkage and no-shrinkage
conditions as well as the pre-exponential factor and corre-
sponding correlation coefficients are given in Table 6. Moisture
transport in okra cylinders requires activation energy in the
range of 14.72 # Ed # 48.63 kJ mol−1 and falls within the
Ed-limit for fruits and vegetables.4,37 The correlation coefficients
which ranged between 0.88 # R2 # 0.98 show a good Arrhenius
model tting and strong pact between diffusion coefficients
ðDmÞ and the collector outlet temperature at different cylinder
thicknesses, as well as its capability to explain up to 98% of the
variations in the moisture diffusion coefficients at varying
collector outlet temperatures. Generally, rapid moisture trans-
port occurs at increased diffusion and mass transfer coeffi-
cients.22 When the shrinkage effect is considered, more energy
is required for effective moisture diffusion due to more micro-
structural deformation that impedes capillary ow. Therefore,
increasing the product thickness when the shrinkage effect is
considered reduces activation energy due to an increased
number of pore spaces per unit volume of sample. In contrast,
a reverse trend is observed in the no-shrinkage condition.
However, the Ed-values obtained without shrinkage effects are
close to those reported in the literature for okra.19,20,32
3.5 Simulation of product temperature and moisture
distribution

The results of the 3D simulation of temperature and moisture
distribution in okra cylinders of varying thicknesses were
likened to the experimental data to study the signicance of the
shrinkage occurrence on the drying behaviour of okra cylinders
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 3D plots of temperature distribution of okra slices after drying
for 20min, 30min, and 60min for shrinkage and no-shrinkage effects.
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in a mixed-mode solar dryer. The model geometries were built
and the boundary conditions were set to obtain the nal result.
The 3D temperature and moisture distribution proles for the
10 mm sample thickness are given in Fig. 12 and 13, respec-
tively. Heat distributions in the samples with shrinkage and no-
shrinkage effects at the early drying stage and aer an increase
in the okra temperature are shown. The impact of the shrinkage
parameter (Fig. 12a–c) on the heat distribution in the samples
was quite evident as the surface absolute temperatures of the
okra cylinder were 300, 301, and 310 K aer 20, 30, and 60
minutes, respectively. In contrast, the inner/center cylinder/
product temperature ranged between 298 # Tp # 308 K. This
rise in cylinder temperature is attributed to the combined
effects of the convective and radiative heat ow to the sample
which constantly surged the sample temperature until the
desired nal moisture level of 9.99% wb was reached. As the
drying duration is elongated, the shrinkage effect causes
a substantial reduction in the cylinder volume. This phenom-
enon, therefore, hastened heat conveyance from the product
surface to the midpoint, leading to a swi rise in sample
temperature. Similarly, 5 and 15mm thick samples exhibited an
identical temperature distribution prole.

On the other hand, when shrinkage is neglected, no visible
change in material temperature and volume was observed at
varying drying times (Fig. 12). This has the following key
implications: (i) the no-product temperature change is an
Fig. 13 3D plots of moisture distribution of okra after drying for
20 min, 30 min and 60 min for shrinkage and no-shrinkage effects.

© 2025 The Author(s). Published by the Royal Society of Chemistry
indication of a slow drying process which can impair the overall
quality attributes of the product; (ii) the drying mechanism will
probably be sluggish with constant product temperature,
resulting in insufficient moisture extraction. A temperature rise
is a catalyst for evaporated moisture; so, if the okra's tempera-
ture remains unchanged, the energy supplied may be inade-
quate for efficient drying. Disregarding the shrinkage effect may
lead the heat and mass transfer model to overestimate the
drying rate, as shrinkage generally boosts crop density, dimin-
ishes the internal water diffusion pathway, and modies heat
transfer; (iii) overlooking shrinkage may result in erroneous
drying time estimations. Shrinkage inuences the food prod-
uct's exterior area and volume, which further inuences the rate
of heat and mass distribution. Omitting shrinkage from the
heat transfer model may lead to an overestimation of the effi-
ciency of the drying process, since the model may not account
for the diminished drying rate resulting from the reduction in
surface area exposed to air caused by cell deformation.

The moisture distribution proles of the 10 mm thick okra
cylinder at varying drying durations of 20 to 60 min are given in
Fig. 13. The ndings indicate that drying rates were higher at
the surface where the ambient air and solar ux directly impact
the sample leading to swier evaporation of unbound moisture
and subsequent greater structural deformation due to the
moisture-laden nature of okra. Thus, the moisture content at
the interior of the dried sample was substantially more than
that at the exterior. Fig. 13 show that the predicted moisture
content at the product's surface for shrinkage consideration
diminished far more rapidly than that predicted with no
consideration of shrinkage. As the drying duration extended,
the rate of capillary transport increased and a marginal differ-
ence in the product moisture was noticed between the interior
and the exterior parts, as the exterior moisture content
remained in equilibrium with the moisture content of the
drying air. The moisture differential continues to increase as
a result of the reduction in moisture diffusion and a rise in the
product's exterior temperature, and thus there is a considerable
amount of structural deformation in the food sample. More-
over, aer 60 minutes of drying, the interior moisture content of
the dried sample was measured as 0.65 kg kg−1 d.b, whereas
that of the exterior was 0.54 kg kg−1 d.b. This, therefore,
suggests a considerable moisture gradient in the dried okra
cylinder. At the end of the drying period, the moisture content
prediction with the shrinkage effect was lower than the non-
shrinkage effect. This is so because generally, the porosity of
okra is greatly affected by micro-structural deformation which
inhibits capillary movement at the beginning of the drying
phases, whereas in the subsequent drying phases, shrinkage
facilitated moisture transport and shortened moisture
movement/capillary channels. These ndings align with the
reports of Jiang et al.5 and Ratti.38
3.6 Finite element (FE) model validation

A comparison of the predicted and actual temperature values of
the 10 mm thick okra cylinder was carried out to evaluate the
dependability of the experimental hc (Fig. 14). As observed, the
Sustainable Food Technol., 2025, 3, 520–536 | 533
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Fig. 14 Validation plot of the predicted product temperature profile
for a 10 mm thick okra cylinder.

Fig. 15 Plot of empirical validation of moisture transport simulation
results for solar drying of okra cylinders.
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model adequately simulates the eld test results. Furthermore,
the model's prediction power can be supported by commonly
adopted statistical evaluation techniques given in eqn (23)–(25),
with values of 0.239, 0.001, and 0.053 for mean absolute error
(MAE), mean relative error (MRE), and standard error (SE),
respectively. These low error values suggested that the devel-
oped physics-based model was capable of making satisfactorily
accurate predictions.

In predicting the moisture ratio prole (Fig. 15), the experi-
mental data was used to validate the moisture transfer model
developed by COMSOL Multiphysics. It is evident that the
simulated results closely match the experimental ndings. The
model's prediction potential is tested using the error statistical
expressions (eqn (23)–(25)). The corresponding values for MAE,
MRE, and SE are 0.08, 0.19, and 0.03, respectively. The relatively
low values of these error parameters suggest a stronger
prediction potential of the physics-based model.

4 Conclusion

A numerical simulation of the heat and moisture transport in
okra cylinders with shrinkage impact subjected to a mixed-
534 | Sustainable Food Technol., 2025, 3, 520–536
mode solar drying operation was conducted using a physics-
based approach. The results obtained reveal that the product
temperature and moisture ratio tted adequately into the
physics-based models with low mean relative error values of
0.001 and 0.19, respectively. The COMSOL Multiphysics FE
model exhibited a strong prediction potential in estimating the
transient heat and moisture distribution during the drying
phase. The following are the key insights drawn from this study:

(i) The performance of the studied mixed-mode solar crop
dryer hinged largely on the collector outlet temperature which
varied between 34.74 °C # Tc # 52.9 °C; (ii) the convective heat
transfer coefficient, hc, was considerably affected by shrinkage
at decreasing cylinder thickness; (iii) the cylinder thickness gave
an insight into the substantial impact on the drying behaviour
of the product samples, as an increase in cylinder thickness
resulted in a decrease in the mean moisture removal rate due to
increased capillary distance; (iv) shrinkage consideration in
okra cylinder drying overshoots the hc estimation in the range of
72.29 to 78.45% for the studied sample thickness; (v) the acti-
vation energy to overcome high-water molecule bonding was
obtained in the range of 14.72 # Ed# 48.63 kJ mol−1. An
increase in the product thickness had a reduction effect on the
Ed-value when shrinkage is considered; (vi) the moisture
diffusion coefficient, Dm, demonstrates a corresponding
increasing pattern with the cylinder thickness, while the mass
transfer coefficient, hm, varies inversely with the cylinder
thickness when structural contraction (shrinkage) is consid-
ered. Ignoring the impact of sample shrinkage in the analysis of
mass transfer overrates the Dm and hm-values from 74.86 to
83.14% and 52.68 to 58.83%, respectively for the range of the
studied sample thicknesses.

The physics-based mode provides insightful knowledge of
temperature-sensitive drying phases, aiding in the optimization
of drying duration and energy utilization, and establishing key
stages in the drying cycle where modications in process
conditions could enhance moisture extraction. Shrinkage
inclusion offers information about the alterations in size and
form of okra and other food products over time and their
implications for heat and moisture transfer. It is worthy of note
that the result of this study will offer the development of
commercial-scale solar dryers for tropical climates as well as
adaptability across varying food crops and process variables. It
also supports the Sustainable Development Goals of the UN by
highlighting the potential of solar drying as a sustainable
means of agricultural product processing. The ndings
promote SDG 7 (Access to Clean and Affordable Energy), SDG 12
(Ensure Sustainable Consumption and Production Patterns),
and SDG 13 (Action to Combat Climate Change and its Impact)
by increasing energy efficiency, decreasing food waste and
utilizing energy from renewable sources, all of which help to
create more resilient and sustainable food systems.

Future works may consider the inuence of varying okra
geometries and dryer congurations on the heat and mass
transfer process of okra undergoing a mixed-mode drying
process to optimize the design of the drying chamber. Studies
on the integration of sensors for precise measurement of real-
time temperature, relative humidity, weight loss, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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shrinkage deformation to the predictive potential of the
model(s) are of great importance.
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