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A B S T R A C T

In this study, a prediction model based on transient heat transfer was modified and validated using experimental
data. The time required to cool tubers from field temperature of 30 � 2 �C to the target storage temperature of 12
� 0.2 �C was predicted directly from the model. Moreover, total cooling time ranged from 127.8 – 154.2 min for
small tubers and 190.8–262.2 min for large tubers while the field heat removed ranged from 9.61 – 10.17 kJ for
small tubers and 24.78–31.90 kJ for large tubers between the extremes of the air velocity. Tuber orientation to
airflow neither influenced the heat transfer coefficients and Biot numbers nor the cooling time and amount of field
heat removed. The results from this study could be applied in the design and optimisation of forced convection
cooling systems to precool tubers immediately after harvest and for extended duration storage.
1. Introduction

Cocoyam (Colocasia esculenta (L.) Schott) is a nutrient-dense tuber
crop grown in tropical and subtropical regions of the world for food
(Fern, 2018). Its uptake and commercialisation are however hindered by
poor storability in the fresh form (Ndisya et al., 2020). Immediately after
harvesting, the tubers undergo rapid rot or sprouting when stored under
ambient conditions (Lewu et al., 2010; Opata and Ogbonna, 2015). As
compared to other root and tuber crops such as sweet potato, potato and
cassava, limited post-harvest technologies and techniques have been
developed for cocoyam (Lewu et al., 2010). Recent studies on the pres-
ervation of cocoyam tubers have mainly focused on the production of
dried products and their derivatives (Aboubakar et al., 2009; Afolabi
et al., 2015; Kumar et al., 2017; M Alcantara, 2013; Ndisya et al., 2020;
Zhang et al., 2017). Traditionally, cocoyam tubers are either harvested
for immediate consumption or left buried in the farm as a way of storage
until needed (Opara, 2003). Moreover, infield storage not only ties-up
land that could be used for a new crop but also affects the quality of
the tubers. Infield storage beyond the optimal maturity age is associated
with tuber rot (Modi, 2007; Wang and Higa, 1983) and a decline in the
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quality of starch (Himeda et al., 2012). Documented improved storage
methods include storage in traditional low-cost structures and pits
(Opara, 1999), ventilated stores (Thompson, 2003) and refrigerated
storage (Opara, 2003). These methods have registered widely varying
degrees of success chiefly due to varying simplicity, performance, and
affordability. But none of these achieves the same level of success as
refrigeration (Opara, 1999).

Convective cooling is a technique commonly applied to improve the
storage conditions of agricultural products in place of the comparatively
expensive refrigeration methods (Basediya et al., 2013). Cooling pre-
serves the natural quality of products by suppressing physiological,
biochemical, and microbiological processes (Dehghannya et al., 2010).
The development of a cooling solution requires the knowledge of how a
product's thermophysical properties interact with the temperature, ve-
locity, and relative humidity of the cooling medium (Korese et al., 2017;
van Gogh et al., 2017). Previous studies have explored the interrela-
tionship between these factors for agricultural products including grapes
(Dincer, 1995), oranges (Elansari and Mostafa, 2020), sweet potatoes
(Korese et al., 2017), tomato (R. Kumar et al., 2008), meat and poultry
(Marcotte et al., 2008) among other products. Various techniques based
turm).
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on the fundamental principles of heat and mass transfer have been
applied to study and model this relationship. Some of these studies are
empirical (Dincer, 1997; Krokida et al., 2002). However, the experiments
involved are resource-costly and the results can only be applied for the
specific products they have been developed for and are therefore less
versatile (Korese et al., 2017; Wang et al., 2001; Zou, Opara and
McKibbin, 2006a). Computer-based modelling has simplified the analysis
and optimization of physical parameters to improve heat and mass
transfer and aid in the design of appropriate packaging (Zou, Opara and
McKibbin, 2006b). However, the computational methods involved often
require the utilization of complex mathematical principles and propriety
software (Davey, 2015). Moreover, Romdhana et al.(2016) argued that
the available proprietary simulation programmes are often confined to
steady-state simulations because the solution of equations for transient
heat and mass transfer requires spatiotemporal discretization and
therefore significant computing power for solution stability and
convergence. To achieve wider adoption in a practical setting particu-
larly in rural farms where access to advanced computational resources is
limited, simpler and computationally-convenient mathematical models
which adequately estimate the heat transfer behaviour are needed
(Davey, 2015; Korese et al., 2017).

When the spatial variation of temperature is negligible and the state
change is assumed to be purely temporal, lumped system analysis can be
applied to study transient heat transfer (Çengel and Ghajar, 2015). In this
case, the Biot number (Bi) is less than 0.1 and the material exhibits
negligible internal resistance to heat transfer (Phongikaroon and Cal-
abrese, 2005). Tegenaw et al. (2019) compared the results of simulations
from CFD and lumped system models in simulating heat transfer. The
lumped system model results matched those from the CFD model but
required lesser computational effort. Lumped system analysis has been
successfully applied to study heat transfer in various products including
figs (Dincer, 1994), grapes (Dincer, 1995), fish (Davey, 2015) and sweet
potatoes (Korese et al., 2017). Nevertheless, the internal resistance to
heat transfer for most thermal systems are often significant and therefore,
the simple lumped system analysis approach is seldom applicable in such
cases (Ranmode et al., 2019). This is because the spatial variation of
temperature becomes significant and the Biot number increases beyond
0.1 (Çengel and Ghajar, 2015). However, recent studies have successfully
extended the validity of lumped system analysis to cases where Bi > 0.1.
Xu et al. (2012) and Jian et al. (2015) derived and tested new equations
for calculating effective heat transfer coefficients for simple infinite ge-
ometries of relevance to thermal energy storage applications for use in
scenarios where Bi > 0.1. The results obtained with the utilisation of
effective heat transfer coefficients with lumped systems analysis were in
good agreement with experimental data and analytical solutions. When
the effective heat transfer coefficients and the resulting Biot numbers are
used in the place of the heat transfer coefficients and Biot numbers in the
lumped models, the heat transfer problem can be solved directly using
the lumped system analysis method (Xu et al., 2012). In this case, the
characteristic dimension utilised to compute the effective Biot number
and the Fourier number for the cylinder geometry is half the radius of the
cylinder rather than the full radius as typically used in the exact
analytical solution (Ranmode et al., 2019; Xu et al., 2012). Lumped
systemmodels can be used to study the temperature distribution and heat
transfer in one-dimensional heat transfer problems associated with
infinite geometries such as large slabs and long cylinders. However, when
the geometries can no longer be considered to be infinite, heat transfer is
multidimensional and the governing equations can be constructed using
a product solution approach (Çengel and Ghajar, 2015; Christensen and
Adler-Nissen, 2015).

The objective of this study was to investigate the influence of air
velocity, tuber size and tuber orientation on airflow on the cooling
behaviour of whole cocoyam tubers. Çengel and Ghajar (2015) proposed
a product solution approach based on the fundamental transient heat
transfer analysis to solve heat transfer problems in multidimensional
geometries. The second objective of this study was to modify the
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modelling approach by Çengel and Ghajar (2015) and to investigate its
applicability in predicting the cooling time required to remove field heat
from cocoyam tubers. The changes introduced included the estimation of
thermophysical properties of the cocoyam tubers using food component
models developed by Choi and Okos (1986) and the introduction of an
effective heat transfer coefficient to the Biot number formulae following
Xu et al. (2012). The results from the model were validated by comparing
model predictions and experimental data. Method comparison tech-
niques including the Symmetric Median Absolute Percentage Error
(Morley et al., 2018), Huber regression slope and intercept (Huber,
2004), Bland-Altman plots (Bland and Altman, 1999) and the Concor-
dance Correlation Coefficient (Barnhart et al., 2007) were utilised.

2. Materials and methods

2.1. Materials

This study utilised cocoyam (Colocasia esculenta (L.) Schott) tubers
harvested at maturity and carefully sorted by hand to select tubers
without visible defects. The soil left on the tuber surfaces during har-
vesting was gently removed using a soft brush. The tubers were then
trimmed at both ends to remove dried material formed on the previous
scar at the bottom end and at the petiole base to remove the foliage. The
tubers were then cured by placing them in open sunlight for about 8 h
until the wounded surfaces dried out.
2.2. Experimental design, apparatus, and material properties

2.2.1. Experimental design
Table 1 provides the experimental design parameters and settings

utilised in this study. Forced convection cooling experiments were con-
ducted at three levels of air velocity, two levels of tuber size and two
levels of tuber orientation to the airflow of cooling air. Cocoyam tubers
were cooled in air at 90 � 2% relative humidity and 10 � 0.2 �C tem-
perature from an initial temperature of 30 � 2 �C at the core and 28 � 2
�C under the skin of the tubers to a uniform final temperature of 12� 0.2
�C. A replicated and completely randomised full factorial experimental
design was created in the Design-Expert software version 11 (Stat-Ease
Inc., Minneapolis, United States) and utilised to conduct experiments.

2.2.2. Experimental apparatus
The experimental test apparatus utilised included a VCL 400 climate

chamber (V€otsch Industrietechnik GmBH, Reiskirchen-Lindenstruth,
Germany) with a temperature range of - 40 to þ180 � 0.5 �C and rela-
tive humidity range of 10–98 � 3%. To achieve control over air velocity,
a test box fully insulated with glass wool was utilised. The test box was
instrumented with an EBM-Papst 3218JH4 variable speed fan (EBM-
Papst Inc., St. Georgen, Germany), PHYWE-07475 voltage controller
(PHYWE Systeme GmbH, G€ottingen, Germany), air inlet duct and
plenum. The data collection mechanism consisted of Pt-1000 RTD sen-
sors (Therma Thermofühler GmbH, Lindlar Germany) linked to an Agi-
lent Keysight 34970A multi-channel data logger (Keysight Technologies,
California, USA). For this study, the temperature sensors were placed
approximately at the core of the tubers and about 2 mm below the skin of
the tubers. The air velocity was measured at the sample location using a
TA-5 thermal anemometer (Airflow Lufttechnik GmbH, Rheinbach,
Germany). The complete experimental set-up is presented in Figure 1.

2.2.3. Material properties
The thermophysical properties of the cocoyam material were esti-

mated from the models formulated by Choi and Okos (1986) using
properties of air at standard atmospheric pressure (i.e., 101.325 kPa) and
10 �C air temperature (Rohsenow et al., 1998). The models provide a
method to estimate properties as a function of major food constituents
and temperature. The ratios of the constituents in cocoyam tubers are



Table 1. Experimental design parameters.

Design parameter Units Settings

Air velocity m/s 0.5, 0.7, 0.9

Tuber size [�] Large: m ¼ 466.98 � 95 g,
l ¼ 115.25 � 23 mm, d ¼ 72.08 � 6 mm
Small: m ¼ 173.42 � 30 g,
l ¼ 83.21 � 11 mm, d ¼ 51.44 � 4 mm

Tuber orientation
to airflow

[�] Along, Across

Table 2. computed thermophysical properties of cocoyam tubers (Choi and Okos,
1986).

Property Units Temperature, T (�C)

10 30

Density (ρ) kg ⋅m�3 1125.96 1122.23

Specific heat capacity (Cp) kJ ⋅ kg�1 ⋅ K�1 3.347 3.359

Effective thermal
conductivity (keff)

W ⋅m�1 ⋅ K�1 0.414 0.414

Thermal diffusivity (α) m2 ⋅ s�1 1.099 � 10�7 1.098 � 10�7
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provided as supplementary data while the material properties are pro-
vided in Table 2.
2.3. Mathematical framework

2.3.1. Key assumptions
The mathematical models for the solution of transient heat transfer

equations for whole cocoyam tubers are based on the following as-
sumptions: -

� The properties of the cooling air remain constant throughout the
experiments;

� The range of air velocity (i.e., 0.5, 0.7, 0.9 m s�1) is sufficiently
subsonic (i.e., less than Mach 0.3) to guarantee incompressibility
(Kundu et al., 2012);

� The flow domain wall condition is perfectly insulated to prevent
thermal gains and losses;

� The thermophysical properties of cocoyam tubers can be adequately
estimated using the models by Choi and Okos (1986);

� Each cocoyam tuber can be idealised as a short cylinder with an
equivalent diameter as an average of the largest and smallest section
diameters and an equivalent length equal to an average of the largest
and smallest tuber lengths;

� Multidimensional heat transfer in the tubers idealised as a short cyl-
inder can be using the product solution approach (Çengel and Ghajar,
2015; Christensen and Adler-Nissen, 2015).

� Heat transfer in the domain occurs by internal conduction and surface
convection only;
Figure 1. Experimental set-up (1. V€otsch VCL 400 Climate chamber, 2. RTD sensor
PHYWE Automatic Voltage/Speed regulator, 8. Keysight Data logger, 9. Logging comp
exhaust vent, 13. Distilled water inlet and humidifier, 14. Insulated test box, 15. Cli
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� The introduction of effective heat transfer coefficients in the Biot
number formulae enables the solution of the transient heat transfer
problem using a modified lumped system approach (Xu et al., 2012).

� For the air velocity range studied, the external surface of each tuber is
fully surrounded by the cooling air (Zou et al., 2006a).

2.3.2. Governing equations for transient heat transfer analysis
Transient heat conduction with a convective boundary was studied

using the one-term solution of the Fourier series which is a reasonable
approximation of transient heat transfer (Çengel and Ghajar, 2015).
During the harvesting of a cocoyam tuber, two wounds are inflicted on
the tuber, one to trim the dry bottommost end and one at the petiole
base to remove the foliage. The geometry of the trimmed tubers
therefore closely resembles a cylinder. Cylindrical geometries where
L/D < 1.85 are known as short cylinders (Bharti et al., 2007; Zdrav-
kovich et al., 1989). The tubers utilised in this study had an L/D of
1.62 � 0.31 and therefore fit the description of short cylinders. The
solution for the temperature at any point in the body of a short cyl-
inder with transient cooling is computed by superposing the
solutions of an infinitely long cylinder with a finite radius (ro) and
an infinitely large slab with a finite thickness (2L) as shown in
Figure 2.

For the infinite cylinder and infinite slab geometries, the temperature
history is calculated from Eq. (1) (Çengel, 2015).

Ωi ¼
X∞
i¼1

Ai ⋅ e�λ2i ⋅Fo (1)
s, 3. Tuber, 4. Tuber support, 5. RTD wiring, 6. Ebmpapst Axial Suction Fan, 7.
uter, 10. Motor and Radial Blower Fan, 11. Vapour exhaust vent, 12. Condensate
mate chamber control panel).



Figure 2. Dimension definitions of a short cylinder.
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where: Ωi ¼ dimensionless temperature difference, Ai ¼ lag factor, λi ¼
eigen value, λi2 ¼ Fourier exponent, Fo ¼ Fourier number, subscript i ¼
number of terms in the solution.

The one-term approximated lag factors for cylinder (A1.c) and slab
geometries (A1.s) are determined from Eqs. (2) and (3) (Çengel, 2015).
The value of ro in Eq. (2) is equal to the radius of the tubers while r is the
radius at any point of the tuber cross-section. In this study, the deter-
mination of the temperature history just under the skin of the tubers
utilised r¼ (ro - ts), where ts¼ 2mm is the thickness of the tuber skin. The
value of L in Eq. (3) is equal to half the height/length of the tuber (i.e., L)
as shown in Figure 2. The value of x is then the height at any point above
or below the half-height of the tubers. Determination of the temperature
history just at the surface of the trimmed ends of the tuber would be the
case where x ¼ L.

A1:c ¼ 2 ⋅ J1ðλ1:cÞ
λ1:c ⋅

�
J20ðλ1⋅cÞ þ J21ðλ1:cÞ

� ⋅ J0
�
λ1:c ⋅

r
ro

�
(2)

where: A1.c ¼ lag factor for cylinder geometry, λ1.c ¼ eigenvalue for
cylinder geometry, subscript 1.c ¼ one-term approximate for cylinder
geometry, J0 () and J1 () are the Bessel functions of the first kind of order
0 and 1 respectively.

A1:s ¼ 2 ⋅ sinðλ1:sÞ
λ1:s þ sinðλ1:sÞ ⋅ cosðλ1:sÞ ⋅ cos

�
λ1:s ⋅

x
L

�
(3)

where: A1.s ¼ lag factor for slab geometry, λ1.s ¼ eigenvalue for slab
geometry, subscript 1.s ¼ one-term approximate for slab geometry.

Eqs. (2) and (3) are then substituted into Eq. (1) to obtain the one-
term approximated dimensionless temperature differences for an infin-
ite cylinder (Ω1.c) and infinite slab (Ω1.s) as given in Eqs. (4) and (5).

Ω1:c ¼ 2 ⋅ J1ðλ1:cÞ
λ1:c ⋅

�
J20 ðλ1:cÞ þ J21ðλ1:cÞ

� ⋅ J0
�
λ1:c ⋅

r
ro

�
⋅ e�λ21:c ⋅Fo (4)

Ω1:s ¼ 2 ⋅ sinðλ1:sÞ
λ1:s þ sinðλ1:sÞ ⋅ cosðλ1:sÞ ⋅ cos

�
λ1:s ⋅

x
L

�
⋅ e�λ21:s ⋅Fo (5)

The Fourier number in Eqs. (1), (4), and (5) is also known as the
dimensionless time and is determined using Eq. (6).

Fo¼αc ⋅ t
S2

(6)
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where: αc ¼ thermal diffusivity of tubers (m2⋅s�1), t ¼ total cooling time
(s), S ¼ characteristic length (m) which is half radius for the cylinder
geometry and half-thickness for the slab geometry.

The values of the eigenvalue (λ) and the Fourier exponent (λ2) in Eqs.
(4) and (5) are determined using Eqs. (7) and (8) by applying an iterative
procedure as discussed in section 2.3.3 (Çengel, 2015).

Bic � λ ⋅
J1ðλÞ
J0ðλÞ ¼ 0 (7)

where: Bic ¼ Biot number for cylinder geometry.

Bis � λ ⋅ tanðλÞ ¼ 0 (8)

where: Bis ¼ Biot number for slab geometry.
The values of Bic and Bis in Eqs. (7) and (8) are determined as func-

tions of the effective convective heat transfer coefficient, the character-
istic length and the effective thermal conductivity of the cocoyam tubers
using Eqs. (9) and (10) following Xu et al. (2012).

Bic ¼
heff :c ⋅

�
ro

=2
	

keff
(9)

Bis ¼ heff :s ⋅ L
keff

(10)

where: heff.c ¼ effective heat transfer coefficient for cylindrical geometry,
heff.s ¼ effective heat transfer coefficient for slab geometry, keff ¼
effective thermal conductivity of the cocoyam tubers, ro ¼ radius of
cylinder geometry, L ¼ half-thickness of slab geometry.

The effective heat transfer coefficients in Eqs. (9) and (10) are
determined using Eqs. (11) and (12) respectively (Xu et al., 2012).

heff :s ¼ 1
1
h þ L

3⋅keff

(11)

heff :c ¼ 1
1
h þ ro

4⋅keff

(12)

where: h ¼ convective heat transfer coefficient.
The convective heat transfer coefficient in Eqs. (11) and (12) is

determined as a function of Reynold's number (Re), Prandtl number (Pr)
and the thermophysical properties of air obtained from Rohsenow et al.
(1998). The convective heat transfer coefficient in Eqs. (11) and (12) is
the overall heat transfer coefficient calculated using Eq. (13) (Çengel,
2015).

h¼0:683 ⋅
�
Re0:466 ⋅ Pr1=3

	
⋅
ka
D

(13)

where: h ¼ convective heat transfer coefficient, Re ¼ Reynolds number,
Pr ¼ Prandtl number, ka ¼ thermal conductivity of air, D ¼ diameter of
tuber (m).

The Reynolds number and Prandtl number in Eq. (13) are determined
using Eqs. (14) and (15) respectively.

Re¼ ρa ⋅ ϑa ⋅ D
μa

(14)

Pr¼Cpa ⋅ μa
ka

(15)

where ρa¼ density of air (kg⋅m�3), ϑ¼ cooling air velocity (m⋅s�1), Cpa¼
Specific heat capacity (kJ ⋅ kg�1 ⋅ K�1), μa ¼ dynamic viscosity of air
(kg⋅m�1⋅s�1).
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The one-term approximated dimensionless temperature difference
(Ω1.sc) for a short cylinder is obtained by calculating the product of the
one-term approximated dimensionless temperature differences for an
infinite cylinder (Ω1.c) in Eq. (4) and an infinite slab geometry (Ω1.s) in
Eq. (5) as shown in Eq. (16).

Ω1:sc ¼Ω1:c �Ω1:s (16)

where: Ω1.sc ¼ one-term approximated temperature difference for short
cylinder geometry. The one-term approximated dimensionless tempera-
ture difference for a short cylinder (Ω1.sc) can also be calculated using Eq.
(17) (Çengel, 2015).

Ω1:sc ¼Tt � T∞

Ti � T∞
(17)

where Tt ¼ temperature at any point (r, x) in a short cylinder after a time,
t, Ti¼ initial temperature of raw tubers (�C), T∞¼ temperature of cooling
air (�C).

Rearranging Eq. (17), the temperature at any point of a short cylinder
after a time, t, can be calculated using Eq. (18).

Tt ¼Ω1:sc ⋅ ðTi �T∞Þ þ T∞ (18)

The amount of field heat removed from each tuber at any time during
the cooling process can be calculated using Eqs. (19), (20), (21), (22), and
(23) (Çengel and Ghajar, 2015).

�
Q

Qmax

�
sc
¼
�
Q
QT

�
c
þ
�
Q
QT

�
s
⋅


1�

�
Q
QT

�
c

�
(19)

where Q ¼ field heat lost by the product to the surroundings after time, t
(kJ), Qmax ¼ theoretical maximum heat content of the material (kJ), (Q/
Qmax)sc represents the ratio of the finite field heat removed in time, t, to
the theoretical maximum heat content of the material for the short-
cylinder geometry.

The second term on the right side of Eq. (20) represents the energy
ratio for an infinite cylinder and is a function of the one-term approxi-
mated dimensionless temperature difference for an infinite cylinder
(Ω1.c) and the eigenvalue (λ1.c) (Çengel, 2015).�

Q
Qmax

�
c
¼ 1� 2 ⋅Ω1:c ⋅

�
J1ðλ1:cÞ
λ1:c

�
(20)

where (Q/Qmax)c represents the ratio of the finite field heat removed in
time, t, to the theoretical maximum heat content of the material for the
cylinder geometry.

The second term on the right side of Eq. (21) represents the energy
ratio for an infinite slab geometry and is also a function of the one-term
approximated dimensionless temperature difference for an infinite slab
(Ω1.s) and the eigenvalue (λ1.s) (Çengel, 2015).�

Q
Qmax

�
s
¼ 1�Ω1:s ⋅

�
sin λ1:s
λ1:s

�
(21)

where (Q/Qmax)s represents the ratio of the finite field heat removed in
time, t, to the theoretical maximum heat content of the material for the
slab geometry.

The theoretical maximum heat content of the cocoyam tubers as used
in Eqs. (19), (20), and (21) is calculated using Eq. (22).

Qmax ¼ ρ ⋅ V ⋅ cp ⋅ ðTi �T∞Þ (22)

where V ¼ volume of tuber (m3), ρ¼ density (kg⋅m�3), cp ¼ specific heat
capacity (kJ⋅kg�1⋅K�1).

The amount of field heat transferred across the domain after a time, t,
is then calculated by substituting Eqs. (20), (21), and (22) into Eq. (19) to
yield Eq. (23);
5

Qsc ¼ ρ ⋅ V ⋅ cp ⋅ ðTi �T∞Þ ⋅ Q
QT

þ Q
QT

⋅ 1� Q
QT

(23)

�� �

c

� �
s


 � �
c

�

2.3.3. Simulation procedure
The simulation of the amount of time required for cocoyam tubers to

cool to the target temperature was conducted in a series of sequential
steps as shown in Figure 3. It should be observed that the calculation of
the lag factors, eigenvalues and dimensionless temperature differences
was a repetitive process that required iteration to obtain an accurate
answer. A code was therefore written in the Python software (Python
Software Foundation, Delaware, USA) to automate the process. From an
initial guess of λi ¼ 0 and t¼ 0, the script made increments of 0.0001 to λi
and 10 to t until the difference between the Biot number and the second
term of Eqs. (7) and (8) converged to 0 and the tuber temperature
converged to 12 �C which is in the recommended storage temperature
range of 11–13 �C (Opara, 1999).

2.3.4. Validation and method comparison
In the applied sciences, novel methods of measuring a phenomenon

are often compared to standard methods to determine their validity and
compatibility. In doing so, statistical tests are conducted to quantify de-
viations between the two methods and determine the influence of the
deviations on subsequent predictions (Ungerer and Pretorius, 2017).
While classical statistical metrics such as the correlation coefficient (r)
and coefficient of determination (r2) are popular, recent studies have
criticized them as only being measures of linear association as opposed to
actual agreement between data measured using two methods Giavarina
(2015); Lin (1989). Novel techniques have been proposed to measure the
agreement between datasets (Lin et al., 2002; Morley et al., 2018;
Shrestha et al., 2020; Ungerer and Pretorius, 2017). In this study, the
following robust metrics were used to determine the degree of agreement
between the predictions and observations.

a) Symmetric Median Absolute Percentage Error (SMDAPE)
When comparing independent datasets from unrelated sources, uti-

lisation of measures of accuracy that are independent of the scale of the
data such as percentage errors is recommended (Morley et al., 2018). The
Mean Absolute Percentage Error (MAPE) is a frequently utilised metric
when the quantity to be predicted is known to be always positive (de
Myttenaere et al., 2016). MAPE is popular because it is intuitively
interpreted in terms of a relative error (de Myttenaere et al., 2016;
Morley et al., 2018). However, Morley et al. (2018) propose the Sym-
metric Median Absolute Percentage Error (SMDAPE). SMDAPE is equally
intuitive to interpret, penalizes over-prediction and under-prediction
equally and is robust in the presence of outliers (Morley et al., 2018).
The lower the value of SMDAPE, the closer the predictions to the ob-
servations (Morley et al., 2018; Swamidass, 2000). The FindErrors
module in TSErrors 1.0 library of the Python software was used to
compute the SMDAPE.

SMDAPE¼100 ⋅ ðexpðMðjlogeðQÞjÞÞ� 1Þ (24)

where M ¼ median, Q ¼ ratio of prediction to observation
b) Huber regression
Huber regression is a commonly used method for robust regression to

provide reliable regression results in the presence of outliers and high
leverage points (Fox and Weisberg, 2012). This was achieved by mini-
mizing the Mean Squared Error (MSE) in the Huber loss function (de
Myttenaere et al., 2016; Huber, 1992). Assessment of agreement using
regression coefficients involves testing the slope coefficient and the
intercept coefficient against the ideal values of 1 and 0 respectively
(Golbraikh and Tropsha, 2002). Values of the slope and intercept sta-
tistically different from 1 and 0 respectively indicate the presence of a
systematic error (Altman and Bland, 1983).

In this study, the Huber regression was applied to determine the
regression slope and intercept between the predictions and observations.



Figure 3. The simulation procedure.
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The Huber Regressor class linear model in Python scikit-learn was
applied to compute the robust slope and intercept of the regressionmodel
and to flag outliers (Pedregosa et al., 2011). The Huber loss function was
fit with a value of epsilon of 1.0, which attempts to leave the fewest data
points out of the fit for maximum robustness to outliers.

c) Bland-Altman analysis
Bland-Altman analysis quantifies the degree of agreement between

two datasets under comparison using their deviations (Bland and Altman,
1999). The method evaluates the bias between the mean differences
between predictions and observations and constructs limits of agreement
within which 95 per cent of the differences should lie if a good agreement
is present (Giavarina, 2015). For two datasets to be deemed to agree, the
scattered deviations plotted on a Bland-Altman plot should lie between
the upper and lower limits of agreement. The deviations should also be
uniformly distributed on both sides of the mean difference and zero bias
lines and heteroscedasticity should be absent (Bland and Altman, 1999).
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The Bland-Altman method only establishes the limits of agreement but
does not define whether those limits are acceptable or not (Giavarina,
2015). Therefore, acceptable limits of agreement should be defined from
experience or established industry standards (Giavarina, 2015). In this
study, Bland-Atman plots were constructed in Python software using the
pyCompare module (Jake and Tirrell, 2020). The plots were then visually
inspected for patterns and the absence of bias. An ideal agreement be-
tween predictions and observations is achieved when the Bland-Altman
plots display accuracy (i.e., when the bias is zero or close to zero) and
precision (i.e., when the LOA are close to the bias line) (Bland and Alt-
man, 1999).

2.3.5. Statistical analysis
The validity of the method comparison tests discussed relies on the

basic assumption that the data follows a Gaussian distribution and that
the variance is uniform. Before validation and method comparison, the
datasets were subjected to the D'Agostino-Pearson test and histograms
were constructed to confirm normality (D'Agostino and Pearson, 1973).
The two datasets were also tested to confirm uniformity of variance using
Levene's test (Levene, 1960). The Student's t-test for paired samples was
also applied to get an initial assessment of the existence of bias. All sta-
tistical analyses were performed using the SciPy library in Python soft-
ware (Virtanen et al., 2020).

3. Results and discussions

3.1. Heat transfer coefficient and biot number

3.1.1. Heat transfer coefficient
Information on product heat transfer coefficients is critical in the

design of food refrigeration systems (Kumar et al., 2008). Accurate pre-
diction of the total cooling time and the corresponding cooling loads is
contingent on the accurate estimation of the surface heat transfer coef-
ficient (Becker and Fricke, 2004). Table 3 provides the convective heat
transfer coefficients as calculated using Eqs. (11), (12), and (13). In this
study, the surface heat transfer coefficients are calculated from Reynolds
number and Prandtl number correlations. These correlations utilise the
thermophysical properties of the cooling air and the dimensions of the
tubers as inputs. With the density, viscosity, specific heat capacity and
thermal conductivity as constant inputs, the surface heat transfer coef-
ficient is therefore influenced by the air velocity, the radius, and the
length of the tubers. This was confirmed by statistical analysis which
found only the air velocity (p< 0.0001) and tuber size (p< 0.0001) to be
influential at the 0.05 level of significance as opposed to the tuber
orientation (p > 0.05). Small tubers exhibited higher values of the sur-
face heat transfer coefficients than larger tubers.

3.1.2. Biot number
The Biot number is a dimensionless quantity that provides informa-

tion on the controlling mechanism of heat transfer (Becker and Fricke,
2004; Giner et al., 2010; van der Sman, 2003). When the internal resis-
tance is less than 10 per cent of the external resistance to heat transfer
(i.e., Bi< 0.1), lumped system analysis could be applied for transient heat
transfer analysis (Çengel and Ghajar, 2015; Chen, 2005). In this study,
the Biot number was significantly influenced by the air velocity (p <

0.0001) and the tuber size (p< 0.0001) but not the orientation to airflow
(p > 0.05). Çengel and Ghajar (2015) report that small-sized bodies in a
medium such as air which is a poor conductor of heat exhibit relatively
lower values of the Biot number. A similar finding was obtained for sweet
potatoes where lower values of the Biot number corresponded with
medium-sized sweet potato roots and slower air velocities (Korese et al.,
2017).

Table 4 provides the calculated values of Bi with the tubers idealised
as infinite cylinders and infinite slabs. In this study, the values of Bi range
from 0.26 – 0.43 for cylindrical geometries and 0.83–1.69 for slab ge-
ometries respectively. These values are on average 3–13 times greater



Table 3. Heat transfer coefficients (Mean � SD).

Orientation ϑa (m⋅s�1) Tuber
size

h (W⋅m�2⋅K�1)

hoverall heff,c heff,s

across 0.5 small 8.63 � 1.10 7.63 � 0.85 6.73 � 0.63

large 7.96 � 0.52 6.68 � 0.41 5.87 � 0.74

0.7 small 10.78 � 0.43 9.20 � 0.31 7.49 � 0.07

large 9.13 � 0.42 7.62 � 0.30 6.85 � 0.25

0.9 small 11.84 � 1.11 10.00 � 0.95 8.75 � 0.23

large 10.26 � 0.74 8.50 � 0.58 6.57 � 0.57

along 0.5 small 9.61 � 0.20 8.46 � 0.09 7.40 � 0.01

large 7.65 � 0.18 6.47 � 0.17 5.82 � 0.12

0.7 small 11.40 � 0.91 9.69 � 0.87 8.39 � 0.38

large 9.70 � 0.15 8.06 � 0.14 6.53 � 0.00

0.9 small 12.40 � 0.16 10.42 � 0.16 8.76 � 0.34

large 10.82 � 0.26 8.92 � 0.25 7.11 � 0.45

Figure (4a). Cooling kinetics at the core (small size, across orientation).
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than 0.1. This signifies that temperature distribution in the tubers is non-
uniform and therefore the internal resistance to heat conduction is sub-
stantial. Therefore, classical lumped system analysis of transient heat
transfer is invalid. However, when the effective convective heat transfer
coefficients were introduced in the Biot number formulae, effective Biot
numbers were calculated and the heat transfer problem was solved
directly using a modified lumped system approach (Xu et al., 2012).
Figure 4b. Cooling kinetics under the skin (small size, across orientation).
3.2. Cooling kinetics and cooling time

3.2.1. Cooling kinetics
The efficiency of cooling operations for food products is dependent on

the proper design of cooling equipment to suit the requirements of the
particular cooling application (Becker and Fricke, 2004). Cooling kinetics
provide important design information for the prediction of the amount of
time required to cool a product to its target temperature (Carroll et al.,
1996). In turn, the cooling time helps in the estimation of the corre-
sponding cooling loads (Becker and Fricke, 2004). Cooling kinetics are
therefore an important design and management tool for cooling appli-
cations. Figure (4a) and Figure (4b) illustrate the change in temperature
with time at the core and under the skin of tubers respectively. The
curves portray an exponential decay behaviour with a rapid cooling rate
at the start of the cooling process which levels off towards the end of
cooling. Similar behaviour was observed during the cooling of sweet
potatoes (Korese et al., 2017), grapes (Dincer, 1995), southern bluefin
tuna (Davey, 2015), oranges and tomatoes (Kumar et al., 2008). Notably,
the curves for predictions closely mimic the observations further con-
firming the comparability of the datasets.
Table 4. Biot numbers (Mean � SD).

Orientation ϑa
(m⋅s�1)

Tuber
size

infinite cylinder

D (mm)

across 0.5 small 49.25 � 1.00

large 79.63 � 3.38

0.7 small 52.75 � 0.25

large 72.00 � 0.50

0.9 small 52.13 � 5.38

large 66.88 � 3.38

along 0.5 small 51.50 � 2.00

large 79.00 � 3.50

0.7 small 52.25 � 7.75

large 69.50 � 2.00

0.9 small 50.75 � 1.25

large 65.50 � 3.00
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3.2.2. Cooling time
For cooling applications, the velocity of the cooling air flowing past

the product is the most significant factor influencing the surface heat
transfer coefficient which in turn influences the length of the cooling
process (Becker and Fricke, 2004). As shown in Figure (5a) and
Figure (5b), the air velocity significantly influenced the amount of time
required to attain 12 �C both at the core (p < 0.05) and just under the
skin (p < 0.05) of the tubers. Increasing the air velocity significantly
reduced the total amount of time required to cool the tubers to the final
temperature of 12 �C. This agrees well with the findings of Dehghannya
et al. (2010), Dincer (1995), Gaffney and Baird (1977) and Kumar et al.
(2008).
infinite slab

Bieff,c L (mm) Bieff,s

0.26 � 0.04 79.75 � 2.75 0.83 � 0.13

0.38 � 0.01 116.25 � 13.75 1.10 � 0.25

0.34 � 0.02 90.50 � 0.50 1.32 � 0.13

0.40 � 0.02 101.00 � 6.00 1.00 � 0.04

0.37 � 0.00 72.50 � 12.50 1.05 � 0.28

0.41 � 0.01 137.25 � 15.25 1.69 � 0.07

0.29 � 0.26 85.00 � 2.00 0.90 � 0.09

0.36 � 0.01 102.25 � 1.25 0.94 � 0.01

0.36 � 0.02 77.50 � 4.00 1.07 � 0.14

0.41 � 0.01 124.00 � 4.00 1.45 � 0.07

0.38 � 0.00 83.50 � 8.50 1.25 � 0.11

0.43 � 0.01 121.25 � 16.75 1.58 � 0.18



Figure 5a. Cooling time against air velocity at the core.

Figure 5b. Cooling time against air velocity under the skin.
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Knowledge of the influence of product size is critical in deciding the
best strategy for the reduction of cooling time. This is because product
size has a significant influence on the heat transfer coefficients (Deh-
ghannya et al., 2010; Dincer and Genceli, 1994; Wang et al., 2001). In the
case where the internal resistance to heat transfer supersedes the external
resistance, a better result can be achieved by reducing product di-
mensions as compared to reducing the size of packaging or increasing air
velocity (Glavina, Di Scala, & del Valle, 2007; Pham, 2002). This is
despite the fact that the smaller sized biological products exhibit higher
respiration rates and therefore increased loss of moisture (Haagenson
et al., 2006). As shown in Figure (5a) and Figure (5b), tuber size signif-
icantly influenced the amount of time required to attain 12 �C both at the
core (p < 0.0001) and just under the skin (p < 0.0001) of the tubers. The
influence of the tuber size on the cooling time was observed to be greater
than that of the air velocity. Small-sized tubers required less time to cool
to the target temperature as compared to the large-sized tubers. Similar
behaviour has been reported for potatoes (Glavina et al., 2007) and sweet
potatoes (Korese et al., 2017). The orientation of the tubers to the airflow
can be intuitively understood to change the shape of the tubers
depending on the tuber face perpendicular to the airflow. During forced
air cooling of agricultural products, the shape of the product is known to
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influence the heat transfer coefficients (Becker and Fricke, 2004).
However, this study found the tuber orientation to airflow (tuber shape)
to neither influence the heat transfer coefficients nor the cooling time at
the core and under the skin (p> 0.05). Table 5 compares the cooling time
determined from the prediction model to experimental data. Additional
statistical comparison results of the predictions and observations are
provided as supplementary data. While varying differences can be
observed for each pair of predictions and observations, the Student's
t-test reveals that the overall means of the differences between two
datasets are not statistically different at the 0.05 level of significance.

3.3. Field heat removed from tubers

Forced convection cooling is a critical undertaking commonly applied
to agricultural produce after harvest to remove the field heat and to
provide favourable conditions for storage (Defraeye et al., 2014). This is
because the quality of the produce after harvest and the storage time is
highly influenced by the product temperature and in extension the sen-
sible heat content. The amount of heat removed from a product to its
surroundings throughout cooling is equivalent to the change in the en-
ergy content of the product (Çengel and Ghajar, 2015). This quantity
contributes to the cooling load but is different from the energy required
to precool the air and to run the ventilation system (Ndisya et al., 2021).
Information on the cooling load is pertinent in the design and operation
of the cooling system (Dincer, 2003).

Figure 6 and Table 6 provide the amount of energy removed from the
tubers by cooling as determined using the method proposed by Çengel
and Ghajar (2015). The amount of the field heat removed was signifi-
cantly influenced by the tuber size (p < 0.0001) but not the air velocity
and the tuber orientation to airflow (p > 0.05). On average, large-sized
tubers contained approximately 55.6 per cent more energy than
small-sized tubers. Since the temperature difference and the thermo-
physical properties of the cocoyam material are assumed to be constant
in the modelling process, the field heat content is therefore solely
influenced by the weight of the tubers. As shown in Eq. (22), the weight
of the tubers is represented as a product of the tuber density and volume
and is directly proportional to the energy content. Therefore, an increase
in the tuber size from small to large corresponds to an increase in the field
heat to be removed.

3.4. Validation and method comparison

Tables 7 and 8 present the robust estimates of the Huber regression
coefficients at the core and under the skin of the tubers. The regression
coefficients depict minor deviations from the expected ideal values of a
slope of 1 and an intercept of 0. However, t-test results on the mean
values of the regression coefficients as presented in Table 9 reveal that
the overall values of slope and intercept are not significantly different
from 1 and 0 respectively at the 0.05 level of significance. These findings
reveal the linear relationship between the predictions and observation
and therefore the high degree of agreement between the two datasets.
Moreover, the values of SMDAPE presented in Tables 7 and 8 are in the
range of 0.85–3.73 per cent at the core of the tubers and 0.94–2.91 per
cent under the skin of the tubers. Conversion of the SMDAPE values to
actual temperature deviation shows that the differences between model
predictions and observations are in the range 0.26–1.12 �C at the
commencement of the cooling process (i.e., at 30 �C) and 0.10–0.45 �C at
the end of cooling (i.e., at 12 �C) at the core of the tubers. The corre-
sponding temperature deviations under the skin of the tubers are in the
range 0.28–0.87 �C at the start of cooling (i.e., 30 �C) and 0.11–0.35 �C at
the end of cooling (i.e., 12 �C). If a maximum temperature deviation of 2
�C is acceptable, the model can be used interchangeably or in the place of
direct experimental measurements.

Figure 7 presents exemplary Bland-Altman plots at the core and under
the skin of the tubers. For the purposes of this study, the theoretical limits
of agreement are set to be equal to�2 �C, which is a variation that can be



Figure 6. Field heat removed from tubers (0.7 m s�1, small, across orientation).

Table 7. Model performance metrics at the core (Mean � SD).

Orient ϑa
(m⋅s�1)

Tuber
size

Huber regression bypred ¼ β0 þ β1 ⋅ byobs SMDAPE (%)

β0 β1
across 0.5 small 0.62 � 0.58 1.69 � 0.05 1.60 � 0.33

large �0.50 �1.52 1.99 � 0.55 1.96 � 0.69

0.7 small �0.63 � 1.50 2.29 � 0.87 2.45 � 1.01

large 0.37 � 0.05 1.50 � 0.13 1.64 � 0.23

0.9 small �0.31 � 0.00 0.82 � 0.00 0.85 � 0.00

large 0.16 � 0.34 3.49 � 0.25 3.74 � 0.21

along 0.5 small 0.09 � 0.15 1.70 � 0.06 1.99 � 0.11

large 0.51 � 0.00 1.24 � 0.00 1.21 � 0.00

0.7 small �0.04 � 0.49 2.00 � 0.30 1.99 � 0.30

large 1.00 � 0.84 2.63 � 1.75 2.50 � 1.77

0.9 small �1.00 � 0.88 2.40 � 0.52 2.38 � 0.63

large �0.80 � 1.93 2.31 � 0.68 2.26 � 0.75

Table 5. Average time to attain T ¼ 12 � 0.2 �C at the core and under the skin (Mean � SD).

Orientation ϑa (m⋅s�1) Tuber size At the core Under the skin

Pred (h) Obs (h) Pred (h) Obs (h)

across 0.5 small 2.57 � 0.46 2.38 � 0.36 2.29 � 0.24 2.35 � 0.19

large 4.37 � 0.00 3.56 � 0.81 3.18 � 0.00 3.18 � 0.83

0.7 small 2.13 � 0.00 2.00 � 0.27 1.93 � 0.09 1.92 � 0.08

large 2.96 � 0.03 2.80 � 0.16 2.72 � 0.15 2.63 � 0.06

0.9 small 2.13 � 0.00 1.86 � 0.17 2.09 � 0.00 2.01 � 0.42

large 3.18 � 0.00 3.79 � 0.68 3.03 � 0.00 3.04 � 0.13

along 0.5 small 2.35 � 0.03 2.35 � 0.09 2.22 � 0.04 2.19 � 0.10

large 3.98 � 0.00 3.25 � 0.14 3.22 � 0.00 3.23 � 0.14

0.7 small 2.23 � 0.00 2.41 � 0.11 2.15 � 0.00 2.17 � 0.11

large 3.85 � 0.39 3.40 � 0.24 3.39 � 0.02 3.30 � 0.04

0.9 small 2.00 � 0.00 2.22 � 0.20 1.97 � 0.11 1.91 � 0.17

large 3.69 � 0.37 3.33 � 0.22 3.26 � 0.00 3.17 � 0.14
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reasonably tolerated in a bulk storage of well-cured cocoyam tubers
(Opara, 1999). It can be observed that the limits of agreement for each
case are narrower than the proposed theoretical limits of agreement.
Further, the scattered differences lie inside the limits of agreement and
their distribution on both sides of the mean difference line is
Table 6. Field heat removed from tubers (Mean � SD).

Orientation ϑa
(m⋅s�1)

small tubers large tubers

Weight (g) Qsc (kJ) Weight (g) Qsc (kJ)

across 0.5 160.70 �
5.92

10.17 �
0.48

526.72 �
42.05

24.78 �
0.00

0.7 219.77 �
24.19

14.59 �
2.59

381.00 �
4.02

21.88 �
0.65

0.9 152.57 �
7.76

9.61 �
0.36

510.30 �
13.17

31.90 �
4.75

along 0.5 175.39 �
10.14

12.08 �
0.00

478.58 �
36.10

27.45
�1.25

0.7 164.00 �
26.09

12.40 �
3.11

479.46 �
15.64

30.11 �
0.00

0.9 168.09 �
27.11

13.36 �
0.00

425.84 �
8.79

28.02 �
4.64
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approximately proportionate. However, Figure 7 as read together with
Table (10) reveals the existence of minor systematic and proportional
biases. In the Bland-Altman plots, the systematic bias is quantitatively
equal to the mean difference while the proportional bias is depicted by
the notably curvy scatter lines of differences. This is probably due to
imprecise placement of the temperature sensors inside the tubers and
spatial variation in the thermophysical properties of the cocoyam mate-
rial. Differences in tolerances and errors in the instruments utilised to
Table 8. Model performance metrics under the skin (Mean � SD).

Orient ϑa
(m⋅s�1)

Tuber
size

Huber Regression bypred ¼ β0 þ β1 ⋅ byobs SMDAPE (%)

β0 β1
across 0.5 small �0.21 � 1.14 1.01 � 0.07 1.45 � 0.04

large �0.82 � 0.13 1.05 � 0.00 1.12 � 0.36

0.7 small �1.03 � 0.25 1.08 � 0.01 1.86 � 0.20

large �0.50 � 0.21 1.03 � 0.01 0.94 � 0.32

0.9 small �0.13 � 0.00 1.00 � 0.00 1.35 � 0.00

large �0.46 � 0.32 1.02 � 0.02 1.47 � 0.51

Along 0.5 small -0.71 � 0.04 1.05 � 0.01 1.35 � 0.09

large �1.02 � 0.00 1.07 � 0.00 1.16 � 0.00

0.7 small �0.87 � 0.94 1.05 � 0.06 2.19 � 0.48

large �1.43 � 0.89 1.09 � 0.06 1.66 � 0.45

0.9 small �1.48 � 0.01 1.09 � 0.01 2.91 � 0.69

large �0.47 � 0.09 1.03 � 0.00 1.08 � 0.03



Table 9. Student's t-test results.

Sensor location Huber Regression Bland-Altman

β0 β0- 95% C.I
[LCL, UCL]

β1 β1 - 95% C.I
[LCL, UCL]

Mean diff. 95% C.I [LCL, UCL]

At the core �0.06 [�2.31, 2.19]b 0.99 [0.82, 1.15]b 0.09 [�0.46, 0.63]b

Under the skin �0.78 [�2.10, 0.55]b 1.05 [0.96, 1.14]b 0.15 [�0.42, 0.72]b

Statistical significance: H0: β0.LCL <0 < β0.UCL and β1.LCL <1 < β1.UCL, ap < 0.05 ¼ significant, bp ¼ non-significant.

Figure 7a. Bland-Altman plots at the core (small size, across orientation, ϑ ¼
0.9 m s�1).

Figure 7b. Bland-Altman plots under the skin (small size, across orientation, ϑ
¼ 0.9 m s�1).

Table 10. Bland-Altman mean differences and limits of agreement (Mean � SD).

Orient. ϑa (m⋅s�1) Tuber size At the core

Mean diff. (�C) U.LOA (�C)

across 0.5 small �0.07 � 0.01 0.51 � 0.17

large �0.01 � 0.07 0.54 � 0.15

0.7 small 0.58 � 0.46 1.29 � 0.53

large 0.03 � 0.06 0.44 � 0.09

0.9 small 0.14 � 0.00 0.57 � 0.00

large 0.10 � 0.03 0.62 � 0.25

along 0.5 small �0.09 � 0.12 0.64 � 0.12

large �0.11 � 0.00 0.43 � 0.00

0.7 small 0.41 � 0.31 1.42 � 0.22

large �0.11 � 0.15 0.81 � 0.26

0.9 small 0.09 � 0.19 1.35 � 0.21

large 0.04 � 0.04 0.50 � 0.04
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take measurements could also have contributed to biases. Nonetheless,
this is a common challenge that has been acknowledged and discussed in
other studies (da Silva et al., 2010; Korese et al., 2017). However, Table 9
and Table 10 show that the biases observed in this study are less than the
tolerable maximum variation of �2 �C and the overall mean bias is sta-
tistically not different from zero within the 0.05 level of significance. This
variation could therefore be disregarded in practice.

4. Conclusions

The development of suitable cooling solutions requires the knowl-
edge of how the thermophysical properties of a product interact with the
temperature, velocity, and relative humidity of the cooling medium. To
achieve wider utilisation in a practical setting such as on-farm precooling
and storage, simple and computationally convenient mathematical
models can be utilised to eliminate the need for expensive experiments
and proprietary software. This study modelled the transient heat transfer
process during forced convection cooling of whole cocoyam tubers using
theories and standard formulae that are well established in literature.

Comparison of the prediction results to experimental data shows that
the model can be utilised to reliably predict the cooling time and field
heat content that can be expected when whole cocoyam tubers are sub-
jected to forced convection cooling. Moreover, this study reveals that air
velocity and tuber size are significant factors that should be adequately
controlled to optimize the cooling process. The total cooling time
decreased in the range 154.2–127.8 min for small tubers and
262.2–190.8 min for large tubers between the lower setting and the
upper setting of the air velocity while the field heat removed ranged from
9.61 – 10.17 kJ for small tubers and 24.78–31.90 kJ for large tubers in
the range of air velocity investigated. These findings demonstrate that
increasing air velocity and utilising small-sized tubers could result in
decreased cooling time and reduced field heat load. While it could be
possible to control the size of the tubers to a certain degree through se-
lective breeding, it is impossible to predict the exact sizes of tubers to
expect from a farm. An immediate solution would be to sort the tubers by
size to guarantee the validity of the model. This study has provided a
basis for the determination of heat transfer in individual cocoyam tubers,
Under the skin

L.LOA (�C) Mean diff. (�C) U.LOA (�C) L.LOA (�C)

�0.65 � 0.15 �0.31 � 0.04 0.07 � 0.05 �0.69 � 0.14

�0.54 � 0.02 0.12 � 0.04 0.68 � 0.26 �0.46 � 0.33

�0.53 � 0.39 0.12 � 0.02 1.07 � 0.41 �0.83 � 0.38

�0.39 � 0.02 0.13 � 0.09 0.81 � 0.10 �0.56 � 0.07

�0.29 � 0.00 0.22 � 0.00 0.34 � 0.00 �0.29 � 0.00

�0.43 � 0.31 0.45 � 0.01 1.71 � 0.12 �0.82 � 0.11

�0.82 � 0.12 0.31 � 0.00 0.68 � 0.11 �0.16 � 0.11

�0.66 � 0.00 0.09 � 0.00 0.74 � 0.00 �0.55 � 0.00

�0.61 � 0.40 0.20 � 0.16 0.83 � 0.03 �0.43 � 0.35

�1.03 � 0.55 0.80 � 0.69 1.36 � 0.96 �1.14 � 0.41

�1.18 � 0.17 0.17 � 0.11 1.14 � 0.40 �0.82 � 0.61

�0.49 � 0.11 0.32 � 0.21 1.22 � 0.30 �0.59 � 0.11
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however, further generalisation for application to bulk tuber storage will
inform the next phase of investigations.
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