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Abstract: To export Mexican mango fruit, it is required to comply with phy-
tosanitary regulations, which implies heat transfer. Foods are biological systems
with a dynamic behavior and, when they are thermally processed, their thermo-
physical properties change with temperature. Suitable simulation of heat trans-
fer with temperature-dependent thermophysical properties can provide proper
estimations of temperature histories to perform heat penetration analyses. The
objective of this study was to predict temperatures withinmango and immersion
times by varying the mass of the fruit and water temperature during hydrother-
mal treatments. Thermal conductivity, specific heat capacity, and apparent den-
sity of ‘‘Kent’’ mango peel and pulp were determined. Finite element analysis
was used to simulate heat transfer within the mango. Thermal conductivity and
density were different for peel and pulp, but thermal diffusivity for both materi-
als was not different. Predicted temperature histories adjusted properly to exper-
imental data throughout the heating process. This indicates that thermophysical
properties as a function of temperature for mango peel and pulp, the convective
coefficient, the finite element model, and the methodology used to perform the
estimations can be useful in the design of hydrothermal treatments for mango.
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Practical Application: Proper simulation of heat transfer with temperature-
dependent thermophysical properties during hot water treatments for mango
can provide accurate temperature histories and profiles that allow the prediction
of temperatureswithin the fruit or immersion times by varying themass and tem-
perature of the heating medium. This will allow a subsequent heat penetration
study to predict larval mortality, facilitating the design of quarantine treatments.
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2 HYDROTHERMAL TREATMENT OF MANGO

1 INTRODUCTION

The attractive color, unique flavor, and nutritional value
of mango make it one of the most widely consumed trop-
ical fruits (Sulistyawati et al., 2020). Mexico is the world’s
leading mango exporter (Food and Agriculture Organiza-
tion of the United Nations, 2020); the US market accounts
for more than 80% of Mexican exports. The fundamental
problem for producers is that mango is a host for various
species of fruit flies. InMexico, an integrated management
against fruit flies is applied, the phytosanitary export regu-
lations require postharvest heat treatments for insect pests,
established by the United States Department of Agricul-
ture (Hernández et al., 2018). Hot water treatment (HWT)
is the most common quarantine procedure used by the
mango industry to satisfy those requirements for treatment
of most mangoes exported to the United States (Ngam-
chuachit et al., 2014; Talcott et al., 2005).
HWT for mango is a non-steady state heat transfer pro-

cess in which both resistances, external (convection) and
internal (conduction), are relevant. There are analytical
solutions for regular geometries, governed by the Fourier
field equation for simulating these processes. These analyt-
ical solutions assume constant thermophysical properties.
However, for simulatingHWTof fruit with irregular geom-
etry, as mango, there are no analytical solutions that allow
studies of heat transfer during the process. Since foods
are biological systems, when they are thermally processed
show a dynamic behavior and their properties changewith
temperature and time.
The thermophysical properties depend to a great extent

on temperature and composition of the food (Iribe-
Salazar et al., 2015) and are essential to design any food
engineering process, specifically for transformations that
include heat transfer (Muramatsu et al., 2017). They are
also important for the prediction and control of various
changes that occur in foods during thermal processing and
storage.
Precise simulation of heat transfer during food pro-

cessing requires proper knowledge of the food thermo-
physical properties and boundary conditions. The most
important external variable to determine the evolution of a
heating/cooling process is the convective heat transfer
coefficient. Once the thermophysical properties and the
convective coefficient have been determined, the heat
transfer within the fruit can be simulated to predict tem-
perature histories (Cronin et al., 2010). Validation of these
predictions can be done later by comparison with experi-
mental data.
Finite element analysis (FEA) has been used to success-

fully simulate various processing operations and specifi-

cally heat transfer in a variety of food products (Lau et al.,
2017). FEA is useful when the thermophysical properties
are position and temperature dependent, the food has an
irregular geometry, or the boundary conditions are not
linear (Dhalsamant, 2021). There is a great potential in
using FEA during food processing to optimize food qual-
ity. Mango has an irregular geometry, and it is feasible
to simulate the non-steady state heat transfer within the
mango using a 3D finite element model with temperature-
dependent properties. A proper simulation of heat trans-
fer within the mango can provide information to estimate
temperature histories and a further heat penetration anal-
ysis. Therefore, it is convenient to simulate heat trans-
fer processes to predict temperature profiles and histories
within foods of irregular shape, which can help to achieve
optimal conditions that minimize quality loss in the fruit.
Although the theory of heat transfer is well established,

the design, study, and optimization of postharvest heat
treatments have sometimes been carried outwith intensive
and ponderous efforts. In addition, most of the time, the
obtained results are only useful for the tested fruit under
the studied conditions.
Currently, heat transfer during postharvest thermal pro-

cessing can be studied numerically using computer sim-
ulation models. Researches have been published on the
application of the heat transfer theory in quarantine ther-
mal studies; however, such reports have been limited to
fruit whose shape resembles a sphere, a geometric shape
for which there is an analytical solution, and changes in
properties with temperature are not considered.
Finite difference methods are used in much of the sim-

ulation studies on non-steady state heat transfer. How-
ever, there are some situations in which its application
is difficult, particularly when the geometry of the system
is complex, the boundary conditions are nonlinear, when
the body presents anisotropy, or its properties change with
position and temperature (Bazyar & Talebi, 2015). Under
these conditions, FEA is one of the best tools for the study
of postharvest handling processes of fruits and vegetables
in which heat transfer is involved. To increase the versa-
tility in the analysis of hydrothermal treatments, the finite
element method can be used to simulate non-steady state
heat transfer, considering the convective and internal resis-
tances, and thermophysical properties changing with tem-
perature. Therefore, the objective of this study was to pre-
dict temperatures within the mango and immersion times
by varying the mass of the fruit and water temperature
during hydrothermal treatments. This will contribute to
the analysis of different time–temperature conditions dur-
ing the heating process, facilitating the design of quaran-
tinemethods formangoes. A procedure to achieve accurate
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predictions of temperature historieswithin the fruit during
HWTs, together with a heat penetration study, will allow
to estimate the lethality of the process and the mortality of
fruit fly larvae.

2 MATERIALS ANDMETHODS

Mango (Mangifera indica L.) cv. Kent used in this study
were three-fourths physiologically mature and with export
quality. Total soluble solids were 10.1± 1.2 ◦Brix, pulp color
parameters were L*= 75.8 ± 2.8, a*= 0.4 ± 2.7, b*= 53.7 ±
2.5, and without physical defects. They meet the mini-
mum acceptable requirements in the regulation for Mexi-
canmango packers (EMEX-SAGARPA-BANCOMEXT/SE,
2005), which states that, for ‘‘Kent’’ mango, total soluble
solids should be at least 7.4 ◦Brix and the pulp should
have reached a pale-yellow color without any white por-
tions, this color accentuating around the seed. Fruits
were harvested manually at orchards of Aguaruto, Culi-
acán, Sinaloa, México and were washed, excess water was
removed using paper towels, and weighted. Finally, they
were stored at 13◦C until their use. A proximate analysis
was performed according to AOAC International (2012);
moisture (925.40), proteins (920.152), fats (920.39), and
ashes (940.26).
The thermophysical properties (thermal conductivity

[k], specific heat capacity [Cp], and apparent density [ρ])
of mango peel and pulp were measured at 20, 30, 40, and
50◦C.

2.1 Thermophysical properties

2.1.1 Thermal conductivity

Thermal conductivity was measured with the linear heat
source or probe method. Pieces of peel and pulp of mango
were skewered side by side on a thermal conductivity
probe, taking care to eliminate spaces between the pieces.
Thermal conductivity (k) was obtained by regression anal-
ysis between temperature (T) and the natural logarithm of
time (t):

𝑇 − 𝑇1 =
𝑄𝐿
4𝜋𝑘

ln

(
𝑡

𝑡1

)
(1)

where QL = I2R/L is the input heat per unit length of
the linear source (W/m), I is the supplied current inten-
sity (A), R is the resistance (Ω), and L the length (m) of
the probe. The coordinates (ln t1, T1) correspond to the

instant when the graph of temperature against the natu-
ral logarithm of time becomes linear. Six replicates were
made for each temperature and part of the fruit (peel and
pulp).

2.1.2 Specific heat capacity

A differential scanning calorimeter (DSC TA Instruments,
2920, New Castle, DE, USA) was used to measure spe-
cific heat capacity (Cp). The sample size (m) was approx-
imately 20 mg and the temperature scan rate (dT/dt)
was 20◦C/min. Hermetically sealed pans were employed
and an empty pan was used as a reference (Iribe-Salazar
et al., 2015; Kweon et al., 2017). The specific heat capac-
ity was measured from 20 to 50◦C. The enthalpy change,
∆H is given on the DSC curve of heat flow against
temperature by the difference in heat flow between
the baseline and test material curve (Sánchez-Romero
et al., 2021). The specific heat capacity can be obtained
from:

𝐶𝑃 =
𝐸

𝑑𝑡∕𝑑𝑇

Δ𝐻

𝑚
(2)

where the calibration constant, Ewas obtained using a cal-
ibrating reference (sapphire) at the temperature of interest
(Zhu et al., 2018). Three replicates were performed for each
part of the fruit.

2.1.3 Apparent density

The liquid displacement method was applied to measure
the apparent density (ρ), using distilled water as the liq-
uid medium (Iribe-Salazar et al., 2015). For each determi-
nation, themass of the sample was determined using a bal-
ance (AND FX-200, A&D Company Limited, Japan). For
the determination of the volume, several strips of mango
peel and pulpwere coatedwith a thin plastic film and equi-
librated at 20, 30, 40, and 50◦C.Once the filmwas removed,
the volume displaced by the sample was measured and
the density was calculated as the mass–volume ratio. Ten
replicates were made for each temperature and part of the
fruit. In addition, for estimating apparent density from a
correlation, total soluble solids were determined accord-
ing to AOAC International (2012); a refractometer (300001,
Sper Scientific) was used and drops of the pulp extract
were placed in the prism. The results were expressed in
◦Brix.
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F IGURE 1 Mango-shaped aluminum body

2.1.4 Thermal diffusivity

Based on its definition, the thermal diffusivity (α) was cal-
culated from:

𝛼 =
𝑘

𝜌𝐶𝑃
(3)

where k, ρ, and Cp are thermal conductivity, density, and
specific heat capacity of mango.

2.2 Convective heat transfer coefficient

For hot water forced convection treatment of mango with
water flowing at around 0.2 m/s, the convective heat trans-
fer coefficient (h) was evaluated using the temperature his-
tory method. A mango-shaped aluminum body was con-
structed (Figure 1), a T-type thermocouple was inserted
at a depth of 2.8 cm to obtain the experimental tempera-
ture histories using a data acquisition system (DAQ, OMB-
DAQ-56, Omega Engineering, Stamford, CT, USA). The
finite element method was used to obtain the estimated
temperature history. The convective coefficient that pro-
vided the best fit to the experimental temperature his-
tory was tested. The thermophysical properties used for
aluminum were thermal conductivity (238 W/m·K), spe-
cific heat capacity (908.5 J/kg·K), and density (2701 kg/m3),
respectively (Kaye & Laby, 2019). Fourteen replicates were
made.

2.3 Water heating of mango

The experimental temperature histories during the
hydrothermal heating for ‘‘Kent’’ mango were obtained by
inserting T-type thermocouples (Figure 2) at 1.6, 2.3, 3.1,
and 4.6 cm depth. The last location corresponded to the
cold spot, at the pulp–seed border. Once the temperature

F IGURE 2 ‘‘Kent’’ mango and thermocouples

of the cold spot was equilibrated at 21 ± 0.7◦C (T0), fruits
were immersed in a water bath at 46 ± 0.5◦C (T∞) for
90 min. The experimental temperature histories for each
thermocouple were recorded using a data acquisition sys-
tem (DAQ, OMB-DAQ-56, Omega Engineering, Stamford,
CT, USA).

2.4 Heat transfer simulation

Heat transfer simulation and predictions were performed
by means of the ANSYS software (ANSYS 14.0, Irvine, CA,
USA). The dimensions of the 3D model corresponded to
a mango of 712 g considering peel and pulp. To simu-
late heat transfer by conduction, the thermophysical prop-
erties were used as a function of temperature for both
peel and pulp. The initial temperature, convective coeffi-
cient, and water temperature (46◦C) were input. Elements
were selected from the tetrahedral thermal solid family
of ANSYS with 10 nodes, for peel and pulp (Fan et al.,
2021). The heat transfer simulation was run for 5400 s and
the time step size was 60 s. The validation of simulation
during hydrothermal heating of mango was performed by
contrasting temperature histories obtained with the finite
element solutions to experimental data. To obtain the dip
time necessary to reach a selected temperature (43.3◦C) at
the pulp–seed border, the finite element simulation was
accomplished varying water temperature at 47.2, 48.2, and
49.2◦C.

2.5 Experimental design

A completely randomized design was used to evaluate the
effect of temperature on the thermophysical properties (k,
Cp, ρ, and α) of mango peel and pulp. Factors were temper-
ature (20, 30, 40, and 50◦C) and part of the fruit (peel and
pulp). Six, three, ten, and three replicates were used for k,
Cp, ρ, and α, respectively. Fisher’s test was used to compare
means (α = 0.05).
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TABLE 1 Proximate analysis for ‘‘Kent’’ mango at
physiological maturity

Composition (g) Peel Pulp
Water 72.0 ± 1.39 81.6 ± 3.74
Protein 1.1 ± 0.07 0.7 ± 0.04
Fat 0.4 ± 0.03 0.1 ± 0.01
Ash 1.0 ± 0.07 0.3 ± 0.01
Carbohydrates 25.5 17.3

Note: 100 g of fresh fruit. Total carbohydrates by difference, n = 4.

3 RESULTS AND DISCUSSION

The proximate analysis results of mango peel and pulp at
physiological maturity are summarized in Table 1. Mois-
ture, protein, and fat content for peel of ‘‘Kent’’ mango
were 72.0 ± 1.39, 1.1 ± 0.07, and 0.4 ± 0.03 g/100 g fresh
fruit, respectively. The correspondent variables for pulp
of ‘‘Kent’’ mango were 81.6 ± 3.74, 0.7 ± 0.04, and 0.1 ±
0.01 g/100 g fresh fruit. Protein and fat of ‘‘Kent’’ mango
pulp in dry basis were 3.80% and 0.54%, respectively. Peel
had lower moisture content and higher protein and fat
content than pulp, which is consistent with reports
by Lago-Vanzela et al. (2011). Likewise, peel showed a
higher proportion of ashes and carbohydrates. The prox-
imate composition of ‘‘Kent’’ mango pulp at physiological
maturity is similar to the average composition reported by
Bernal et al. (2014) for pulp.

3.1 Thermophysical properties

3.1.1 Thermal conductivity

Thermal conductivity at 20, 30, 40, and 50◦C for peel
was 0.587, 0.607, 0.646, and 0.695 W/m·K; while for pulp
was 0.614, 0.623, 0.682, and 0.721 W/m·K, respectively.
The least significant difference for thermal conductiv-
ity was LSD = 0.022 W/m⋅K. This property was affected
(p < 0.05) by temperature for peel and pulp and showed a
linear increase with temperature. Iribe-Salazar et al. (2015)
reported a similar effect of temperature on the thermal
conductivity determined with the same method.
The result obtained for peel (0.587 W/m·K) at 20◦C is

similar to that reported by other authors for foodswith sim-
ilar moisture content (Rahman, 2009). In the case of pulp,
thermal conductivity (0.614 W/m·K) at 20◦C is 8% higher
than that reported by Rahman (2009) for conductivity of
carrot (28◦C), amaterial with slightly highermoisture con-
tent (90%) than mango pulp.
On the other hand, thermal conductivity estimated at

20◦C with Sweat’s (1974) correlation for fruits and vegeta-
bles was 0.503 and 0.550 W/m·K for peel and pulp, respec-
tively; they were 14.3% and 10.4% lower. This confirms the

importance of experimentally evaluating thermophysical
properties, since the approximate margin of error for the
correlation, indicated by Sweat (1974), is 15%. A relatively
high percentage, due to the importance of thermal conduc-
tivity in the heat transfer process. In addition, linear equa-
tions are proposed to predict thermal conductivity of peel
and pulp for ‘‘Kent’’ mango in the range from 20 to 50◦C:

𝑘peel = 3.646 × 10−3𝑇 + 0.5061𝑅2 (4)

= 0.95, RMSE = 0.011
W

m.k

𝑘pulp = 3.825 × 10−3𝑇 + 0.5262𝑅2 (5)

= 0.91, RMSE = 0.015
W

m.k

Thermal conductivity of pulp was higher than that of peel,
which can be explained by the higher moisture content of
pulp (9.6% higher) than that for peel; this difference is not
proportional since the other components of the food also
contribute to its thermal conductivity. As thermal conduc-
tivity of peel was lower for the studied temperatures, this
indicates that at steady state, heat transfer is slower in peel
than in pulp.

3.1.2 Specific heat capacity

The specific heat capacity for peel, at 20, 30, 40, and 50◦C
was 2279, 2684, 2738, and 2891 J/kg·K and for pulp, it was
2589, 3049, 3115, and 3368 J/kg·K, respectively. The least sig-
nificant difference was LSD = 1386 J/kg·K. This property
was not affected (p > 0.05) by temperature in the studied
range. Thismay be due to heterogeneity in tissue or sample
size.
In addition, specific heat capacity of mango peel and

pulp was estimated with correlations. Using Alvarado’s
correlation (Alvarado, 1991), these properties were 3080
and 3372 J/kg·K and using Choi and Okos’ correlation
(Choi & Okos, 1986), they were 3431 and 3692 J/kg·K,
respectively. When comparing these estimations with the
mean (therewere no differences) for peel (2648 J/kg·K) and
pulp (3031 J/kg·K), then Alvarado’s correlation estimates a
specific heat capacity 16.3% and 11.3% higher and Choi and
Okos’ correlation 29.6% and 21.8% higher for peel and pulp,
respectively. This may be because these correlations were
developed for a wide range of foods with diverse moisture,
fat, protein, and carbohydrate content.

3.1.3 Apparent density

Density at 20, 30, 40, and 50◦C was 1081, 1101, 1115, and
1135 kg/m3, for peel; and 1034, 1048, 1058, and 1082 kg/m3
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for pulp, respectively. The least significant difference was
LSD = 12.3 kg/m3. Peel had the highest density, since the
structure of peel is more compact than that of pulp. On the
other hand, temperature affected (p< 0.05) density of both
peel and pulp in the temperature range.
Density of mango pulp was estimated using Alvarado

and Romero’s correlations (Alvarado & Romero, 1989).
Total soluble solids for pulp were 10.3, 14.2, and 19.5 ◦Brix
at 20, 30, and 50◦C, respectively. From correlation that
considers only soluble solids, estimated density was 1039,
1055, and 1077 kg/m3, and from that based on soluble solids
and temperature, 1042, 1057, and 1075 kg/m3. Results indi-
cate that density is similar to that estimated through the
correlations; closer to the estimation using the correlation
based only on ◦Brix than that using ◦Brix-temperature.
This effect seems not to be a consequence on temperature
increase, but rather on ◦Brix increase, as denoted by the
coefficients in the mathematical expression of the correla-
tions.

3.1.4 Thermal diffusivity

Thermal diffusivity for peel at 20, 30, 40, and 50 ◦C for
“Kent”mangowas 2.40× 10−7, 2.03× 10−7, 2.13× 10−7, and
2.12× 10−7 m2/s, while for pulpwas 2.32× 10−7, 1.95× 10−7,
2.10 × 10−7, and 2.02 × 10−7 m2/s, respectively. The least
significant difference was LSD = 1.54×10−8 m2/s. Thermal
diffusivity of peel decreased (p < 0.05) from 20 to 30◦C,
while no effect was obtained at 30, 40, and 50◦C. Thermal
diffusivity of pulp showed a similar behavior to that of peel,
a decrease (p < 0.05) from 20 to 30◦C, and subsequently a
constant behavior from 30 to 50◦C.
When comparing thermal diffusivity of peel and pulp,

there were no differences (p > 0.05) for both parts of the
fruit at each temperature, despite there being differences
between thermal conductivity and density of peel and
pulp. This behavior may be due to the variability obtained
for specific heat capacity. However, Martens (1980) found
that the variation in the solid fraction of fats, proteins, and
carbohydrates showed aminimal influence on thermal dif-
fusivity; therefore, according to Martens (1980), tempera-
ture and moisture content are the main factors that show
an effect on thermal diffusivity of foods.

3.2 Heat transfer simulation

The thickness of ‘‘Kent’’ mango peel was 1.7 mm, with a
coefficient of variation of 1.01% (n = 12). The finite ele-
ment geometry for mango, created using the pulp dimen-
sions (4.6 cm) of a 712 g mango and the peel thickness is
shown in Figure 3. Themeshed 3D volume resulted in 9361

F IGURE 3 Finite element and node geometry of 3D model for
mango

elements and 14,111 nodes with an element size less than
1 cm; no improvement was obtained when using an ele-
ment size of 0.5 cm. This may provide a closer approxima-
tion to the dynamic behavior of heat transfer within the
mango, which will be confirmed by comparing with exper-
imental data.
To estimate the convective heat transfer coefficient, a

regression analysis between the experimental unaccom-
plished temperature ratio history during heating of the
mango-shaped aluminum body and that estimated with
the finite element method was performed. The average
heat transfer coefficient obtained during the stages of
validation and prediction, which provided the best fit
(R2adj > 0.998 and 0.989, RMSE < 9.8×10−3 and 0.014)
under the studied conditions were 1182 and 823 W/m2 K,
and the coefficient of variation was 5.3% and 5.9%, respec-
tively, which is an indicator of a good reproducibility.

3.3 Temperature histories

Temperature histories simulated through FEA using
temperature-dependent properties for mango peel and
pulp, and experimental results for validation at depths of
1.6, 2.3, 3.1, and 4.6 cm are shown in Figure 4. Since there
were no differences between thermal diffusivity of mango
peel and pulp, two new groups of temperature histories
were simulated with temperature-dependent properties.
The first using the peel properties for both parts of the fruit
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F IGURE 4 Temperature histories
simulated through finite element analysis using
peel, pulp, and peel–pulp properties and
experimental results (markers) at depths of 1.6,
2.3, 3.1, and 4.6 cm

and the second with pulp properties for the entire mango
(Figure 4).
When different properties are used for peel and pulp,

there is a great concordance between the simulated and
experimental temperature histories throughout the entire
heat transfer process. The high determination coefficients
(R2> 0.998, RMSE< 0.24◦C) indicate that temperature his-
tories obtained through FEA fit properly to the experimen-
tal results. The highest temperature difference between
temperature histories (0.8◦C) was obtained for 1.6 cm
depth at 3 min of the process. Temperature differences are
due to the irregular geometry of themango and have a spe-
cial role on the more thermo-sensible zones causing the
surface quality may be affected.
When peel or pulp properties are used for the entire

mango, the highest temperature difference (0.6◦C)
occurred at 4.6 cm depth and 34 min of heating when
peel properties were used for both parts of the fruit,
compared to simulation using peel–pulp properties. This
allows confirming that heat transfer modeling can be
done without differentiating between properties of peel
and pulp.
Figure 5 displays snapshots of the temperature distribu-

tion within the mango at different water heating times.
High temperature gradients between peel and locations
at 2 cm depth are obtained at 5 min of heating. These
temperature gradients decrease as the process continues;
after 20 min, the temperature difference between pulp and
pulp–seed border is almost 20◦C, and at 85 min, it is less
than 2◦C. At this time (85 min of heating), temperature
of the entire mango is higher than 43.1◦C. Figure 6 dis-
plays the evolution of heat flux density within mango at
different process times. The highest flux densities (∼4000
W/m2) are obtained at 1 min of heating and are located
near the peel. After 5 min of the process, the region near
the peduncle shows the highest flux densities. As the pro-
cess continues, heat flux density decreases since tempera-

TABLE 2 Temperature estimated by finite element at different
pulp depths, simulating dip in water at 46◦C and 90 min of heating

Temperature (◦C)
Depth (cm) Experimental Finite element
1.6 45.1 ± 0.07 45.1
2.3 44.6 ± 0.06 44.6
3.1 44.2 ± 0.06 44.0
4.6 43.4 ± 0.05 43.5

ture gradients also decrease, and the flux density is appre-
ciable in the region near the pulp–seed border. At 30min of
heating, heat flux density in the apical region is lower
than that in the equatorial region, since temperature gra-
dients are around 3◦C in the first region and almost
20◦C in the latter one. At 20 min of water heating,
the highest flux density is around 570 W/m2 and at
90 min, it has changed from 2 to 53 W/m2 for the entire
mango.
Temperature estimated by finite element at different

pulp depths, simulating dip in water at 46◦C and 90 min
of heating and the corresponding experimental results are
shown in Table 2. The highest difference (0.2◦C) at 90 min
was obtained for 3.1 cm depth. Therefore, from results of
thermophysical properties as a function of temperature,
the convective heat transfer coefficient, and the finite ele-
mentmodel, different process conditions can be assayed to
get suitable HWTs and subsequent heat penetration anal-
yses.

3.4 Parameter studies

During water heating of mango, the temperature–time
combination depends on the fruit size and the pest to be
eliminated; HWTs should allow a rise in fruit heart tem-
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F IGURE 5 Snapshots of ANSYS model temperature distribution for mango. Numbers in legends indicate temperature (◦C)

perature varying between 43.3 and 46.7◦C (Ducamp-Collin
et al., 2007). Therefore, the immersion time for the pulp
core to reach 43.3◦C should be evaluated. The simulated
temperature at dip time to experimentally reach 43.3◦C
for different pulp depths is shown in Table 3. The high-
est difference (0.3◦C) arises at 1.6 and 2.3 cm depth when
peel properties were used for both parts of the fruit. On
the other hand, temperature simulated with pulp proper-
ties for both sections of mango did not differ from that

estimated with peel and pulp properties for 2.3, 3.1, and
4.3 cm depth. Accordingly, the simulated temperature can
be obtained either by using properties for each part of the
fruit and by using only those of peel or pulp for the entire
mango.
Even though the obtained results were widely sat-

isfactory, a comparison was made of the experimental
temperature history for the pulp cold spot (4.6 cm) and
three temperature histories estimated with finite element.
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F IGURE 6 Snapshots of ANSYS model heat flux density distribution for mango. Numbers in legends indicate heat flux density (W/m2)

TABLE 3 Temperature at the dip time to reach 43.3◦C for different pulp depths

Temperature (◦C)
Depth (cm) Time (min) Target Peel–pulp properties Peel properties Pulp properties
1.6 54 43.3 43.4 43.6 43.5
2.3 68 43.3 43.4 43.6 43.4
3.1 79 43.3 43.3 43.5 43.3
4.6 89 43.3 43.5 43.7 43.5

The first with properties as a function of temperature (vari-
able properties, VP); the second, assuming constant prop-
erties (constant properties, CP) at 20◦C; and the third, sim-
ulating with the thermal conductivity and specific heat
capacity obtained from Sweat’s and Alvarado’s correlation;
and for density, at 20◦C (constant properties by correla-
tions, CPC). Temperature histories are shown in Figure 7.

The temperature history that agrees with experimental
results, during the entire heat transfer process, is the one
generated using temperature-dependent properties. When
the simulation is performed with constant properties, the
maximum experimental temperature (43.4◦C) is reached
earlier (13 min), while in the estimation with constant
properties obtained by correlations (CPC), the target tem-
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TABLE 4 Dip time to reach 43.3◦C at the cold spot for different mangoes and water temperature

Category 1
Mass/g Tw/◦C Ti/◦C Depth/cm test/min texp/min R2

adj

423 47.2 18.4 3.2 59 60 0.996
479 48.2 20.3 3.2 54 54 0.996
479 49.2 20.6 3.5 52 52 0.998
Category 2
712 47.2 20.5 4.2 76 76 0.996
603 48.2 21.4 3.8 65 65 0.997
528 49.2 21.5 3.8 55 54 0.998
Category 3
822 47.2 21.0 5.2 88 89 0.998
781 48.2 20.5 4.8 78 78 0.999
770 49.2 22.8 4.7 71 71 0.998

Note: Mass, mango mass (g); Tw, water temperature (◦C); Ti, initial temperature (◦C); test, estimated time (min); texp, experimental time (min).

F IGURE 7 Temperature histories with
variable properties (VP), constant properties
(CP) at 20◦C, and constant properties obtained
by correlations (CPC)

perature is not reached at 90 min, but up to 116 min of
heating.
The goodness of fit between the estimated and exper-

imental histories was determined comparing the natu-
ral logarithm of the unaccomplished temperature ratios.
The best fit (R2adj = 0.9998, RMSE = 0.01) was obtained
when properties as a function of temperature (VP) was
used. As can be seen from these results, simulating heat
transfer using experimentally determined properties and
considering the effect of temperature on thermophysi-
cal properties, allows to obtain the precision required for
the design of HWTs for mango. This procedure can be
used to predict temperatures and/or immersion times,

varying the conditions: pulp depths and heating medium
temperature.

3.5 Dip time to reach 43.3◦C varying
mango mass and water temperature

The predicted and experimental temperature histories are
shown in Figures 8–10. These histories show the high
agreement throughout the heating process. When val-
idating the predictions, comparing the simulated and
experimental temperatures, the lowest R2adj was 0.995
(RMSE < 0.61), corresponding to 423 g, 3.2 cm depth, from
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(a)

(b)

(c)

F IGURE 8 Category 1; simulated (―) and experimental (•)
temperature histories for mango varying mass and water
temperature at 47.2◦C (a), 48.2◦C (b), and 49.2◦C (c)

category 1; it indicates the high degree of fit obtained when
carrying out the simulations. Themass difference between
mangoes did not necessarily coincide with the cold spot
depth difference. For example, in mango of category 1 the
cold spot was located at 3.2 cm for two mangoes with a
mass difference of 56 g; the same was obtained for the
other two categories. The dip time to reach 43.3◦C at the
cold spot for different mango mass and water tempera-
ture is shown in Table 4. The predicted dip time coin-
cided with the experimental result in most cases and in
the rest the difference was less than 1 min. These results
indicate that heat transfer simulations through FEA can

F IGURE 9 Category 2; simulated (―) and experimental (•)
temperature histories for mango varying mass and water
temperature at 47.2◦C (a), 48.2◦C (b), and 49.2◦C (c)

be useful to estimate temperature histories in HWTs for
mango.

4 CONCLUSIONS

Heat transfer simulation can be done using only thermo-
physical properties of pulp for the entire ‘‘Kent’’ mango,
without using peel properties. Performing heat trans-
fer analysis using constant thermophysical properties or
those obtained by correlations will not render satisfactory
results.Heat transfer analysis considering the effect of tem-
perature on thermophysical properties can allow obtaining
the necessary accurate for the design of HWTs for mango.
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(a)

(b)

(c)

F IGURE 10 Category 3; simulated (―) and experimental (•)
temperature histories for mango varying mass and water
temperature at 47.2◦C (a), 48.2◦C (b), and 49.2◦C (c)

By varying the mango mass and water temperature, a
high agreement (R2adj > 0.995) was obtained between the
predicted temperatures within the mango and the experi-
mental ones throughout the hydrothermal treatment. The
dip time estimated by FEA, varying the mass of the mango
andwater temperature, differed in less than 1min from the
experimental times. The results confirmed that thermo-
physical properties as a function of temperature for mango
peel and pulp, the convective coefficient, the 3Dmodel cre-
ated for the FEA, and the methodology used to perform
the estimations can be useful to analyze different water
temperature–time conditions for hydrothermal treatments
to disinfest mango from immature stages of fruit fly larvae
trying to reduce the loss of quality in the fruit.
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