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Abstract
The type of oil used during deep-fat frying can play a unique role in the transfer 
phenomena due to their different physicochemical properties. The effects of three 
types of oil, including canola, sunflower, and soybean oils, on the momentum, heat, 
and mass transfer during frying of potato strips were evaluated. The results showed 
that the oil type did not have a significant effect on moisture loss and oil uptake. 
However, the velocity distribution patterns of the three oils were not the same. The 
average simulated velocity for soybean oil was higher than those of the other two, 
attributable to its higher density. The results showed that the surface temperature of 
potatoes was affected by oil type. Overall, the developed numerical simulation could 
help in a better comprehension of the deep-fat frying of potato strips with the ulti-
mate aim of producing low-fat quality products.
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Nomenclature
c	� Concentration (mol m-3)
CP	� Specific heat capacity (J kg-1 K-1)
D	� Diffusion coefficient (m2 s-1)
Dexp	 Experimental value
Dm	� Mass diffusivity (m2 s)
Dsim	� Simulated value
d.b	� Dry base (kg kg-1)
Ea	� Activation energy (J mol-1)
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g	� Gravitational acceleration (m s-2)
h	� Convective heat transfer coefficient (W m-2 K-1)
hm	� Convective mass transfer coefficient (m s-1)
k	� Thermal conductivity (W m-1 K-1)
K0	� Evaporation rate constant (s-1)
Kw	� Rate of evaporation (s-1)
L	� Characteristic length (m)
M	� Moisture content (kg-1 kg)
Mm	� Molar mass (kg mol-1)
n	� Unit normal vector to the boundary
nd	� Data points number
Nu	� Nusselt number
P	� Pressure (Pa)
P%	� Mean relative percent deviation
Pr	� Prandtl number
R	� Universal gas constant (J kmol-1 K-1)
Ra	� Rayleigh number
T	� Temperature (K)
t	� Time (s)
u	� Velocity (m s-1)

Greek Symbols
α	� Thermal diffusivity (m2 s-1)
β	� Thermal expansion coefficient (K-1)
λ	� Latent heat of evaporation (J kg-1)
µ	� Dynamic viscosity (Pa s)
υ	� Kinematic viscosity (m2 s-1)
ρ	� Density (kg m-3)

Subscripts
a	� Air
co	� Core
cr	� Crust
eq	� Equilibrium
g	� Gas
i	� Initial
o	� Oil
s	� Solid
p	� Potato
surf	� Surface
v	� Vapor
w	� Water
∞	� Surrounding air of fryer
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Introduction

During deep-fat frying, the product is fried in various vegetable oils. The critical 
factors in choosing the type of oil include high stability at frying temperatures, 
high fluidity, reasonable prices, good taste, low tendency to form foam, smoke, 
or ageing, and increased oxidation stability of fried foods during storage (Bren-
nan and Grandison 2012). The types of frying oil, owing to their various thermal 
and physicochemical properties, can affect momentum, heat, and mass transfer 
phenomena (Rahimi and Ngadi 2014; Troncoso and Pedreschi 2009). One of the 
factors affecting the heat transfer coefficient is the variation in the viscosity of the 
oil during the process due to polymerization reactions as well as the surface prop-
erties of the product (Dana and Saguy 2006). If the viscosity of the oil is lower, 
the heat transfer coefficient will increase (Mujumdar 2014). The low oil viscosity 
enhances the oil flow rate, leading to an increase in the heat transfer rate (Fellows 
2017). In addition, the initial high viscosity or increased viscosity due to repeated 
use of oil (polymerization reactions) influences the momentum, heat, and mass 
transfer by influencing the movement of vapour bubbles during frying (Kalogi-
anni et al. 2011).

By accurately predicting the distribution of the oil velocity and temperature, 
and the oil uptake and moisture loss, the frying process is better controlled with 
the ultimate goal of producing low-fat foods. Understanding the different oil 
uptake mechanisms during frying is essential to minimize oil uptake (Fellows 
2017). Therefore, the study of the impact of other variables, including type of oil, 
on transport phenomena can help in better comprehension of the process. Fry-
ing oils are Newtonian fluids under normal frying conditions that have relatively 
high viscosity owing to their long chains. High-viscosity oils lead to increased oil 
uptake owing to low oil drainage. Therefore, the use of oils with lower viscosity 
can help minimize oil uptake (Ziaiifar 2008). Additionally, oils with high viscos-
ity can hinder the uniformity of frying, creating a heterogeneous distribution of 
velocity, temperature, and moisture during frying.

A review of the current literature on deep-fat frying indicates that there are 
no studies on the impact of the oil type on coupled momentum, heat, and mass 
transfer modeling (Southern et al. 2000; Naghavi et al. 2018; Ghaderi et al. 2018; 
Warning et al. 2012; Carrieri et al. 2010). Safari et al. (2018) reviewed methods 
and factors influencing heat and mass transfer coefficients during deep-fat frying. 
However, no momentum, heat, and mass transfer modeling was performed in this 
study. Dash et al. (2020) reviewed modeling procedures for heat transfer and case 
studies during deep-fat frying of food materials. Momentum and mass transfer 
modeling were not considered in this review. Gargari et al. (2022) performed heat 
and mass transfer modeling during deep-fat frying of a single potato, obtaining 
temperature distributions during the process. Momentum modeling to determine 
oil velocity distributions was not included in this study. Ghaderi et  al. (2022) 
investigated the influence of potato to oil ratio on velocity, temperature, mois-
ture, and oil distributions during frying using momentum, heat, and mass transfer 
modeling. However, the effect of oil type was not considered in their modeling. 
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Therefore, the present study aimed to develop a 3D model of the frying process 
to evaluate the effect of oil type, including sunflower, soybean, and canola oils, 
on the coupled transfer phenomena. This study may help improve the design of 
future fryer systems based on frying oil type.

Materials and Methods

Materials

Potatoes (cv. Agria) and sunflower, soybean, and canola oils as frying media were 
purchased. The potatoes were cut into 1.2 × 1.2 × 4 cm3 pieces using a cutter. The 
frying was done in the frying loads of 1:15 (kg of the potato strips: the litre of the 
frying oil) at 170 °C for 1.5, 3, 4.5, and 6 min.

Measurement of Water and Oil Content

The water and oil contents of the potato strips were measured based on AOAC 
methods (AOAC 2012). The water content was obtained using oven drying at 105 
°C until attaining a constant mass. Oil content was also measured by the Soxhlet 
method using petroleum ether.

Measurement of Temperature

The food and oil temperatures during frying were logged at 1-s intervals using 
twelve K-type thermocouples with a data logger. Nine thermocouples were used 
to record the center and surface temperatures of the four potato samples. In addi-
tion, the oil temperatures were recorded using three thermocouples placed at the top, 
middle, and base of the fryer, as shown in Fig. 1.

Thermocouple 1 (T1)-oil top

Thermocouple 3 (T3)-oil bottom

Thermocouple 2 (T2)-oil middle

Fig. 1   Placement of thermocouples at 12 distinct positions of the potatoes and the frying oil
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Model Development

Assumptions

–	 The thermophysical properties of the potatoes were considered uniform.
–	 The primary distribution of moisture and temperature in the potatoes was homo-

geneous.
–	 The frying oil was considered incompressible with variable properties.
–	 The formation of the crust and different properties of the crust and core were 

considered (Stefan or the moving boundary problem) (Farid 2002).
–	 Water evaporation was considered both on the surface and inside the food.

Governing Equations

A 3D unsteady-state numerical model was established to investigate the momentum, 
heat, and mass transfer in frying oils and potato strips.

Momentum Transfer in the Frying Oils  The 3D velocity profile of the oils was 
obtained by the following equations (Carrieri et al. 2009):

Slip boundary condition (B.C.) was applied at the oil and air interface:

No slip B.C. was considered for the oil/potato boundaries and the fryer walls:

Heat Transfer in the Frying Oils  The heat transfer in the oil phase was modeled using 
(Carrieri et al. 2009):
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The heat flux B.C. (Eq. 8) for the oil/air interface, the temperature B.C. (Eq. 9) 
for the fryer element, and insulation B.C. (Eq. 10) were considered for the left walls 
of the fryer:

The h∞ was obtained by Eqs. 11, 12, and 13 (Purlis 2012):

The temperature B.C. as a function of fryer temperature was considered due to 
the on/off automatic cycling of the element, as shown in Fig. 2a.

Mass Transfer (Vapour Distribution) in the Frying Oils  The entrance of moisture in 
the form of vapour to the oil was modeled using (Carrieri et al. 2010, 2009):
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Fig. 2   Temperature cycling in the fryer element at ratio of 1:15 (a). Configuration of fryer element (blue 
colour) at the bottom of the fryer (b)
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The boundary condition was considered mass flux (Eq. 15):

The hm,a was calculated using (Cengel 2006):

Heat Transfer in the Potatoes   The temperature distribution in the food was obtained 
using (Carrieri et al. 2010, 2009):

where λ was expressed as (Bassama et al. 2012):

Also, the evaporation rate (Kw) was calculated using (Carrieri et  al. 2009; De 
Bonis and Ruocco 2008):

In Eq. 19, the K0 was determined empirically (Feyissa et al. 2011, 2012; Ousegui 
et al. 2010). The Ea values calculated using Eq. 20 (Feyissa et al. 2011), and Tref is 
the boiling point of the water.

where Mw is the water molecular weight.
The temperature continuity B.C. (Eq.  21) was imposed for all oil/potato inter-

faces (Dehghannya et al. 2011):

Moreover, the moving B.C. (Stefan’s problem) was used with an interface tem-
perature of 105 °C (Carrieri et al. 2009; Ghaderi et al. 2018).

Moisture (Liquid Water) Loss Distribution in the Potatoes  The moisture removal 
from the potatoes in liquid form was modeled using (Carrieri et al. 2010):
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The primary moisture content of potatoes was 82% (wet base). The no-flux B.C. 
was used, meaning that the removal of liquid water was not allowed from the prod-
uct’s surface (Ghaderi et al. 2018):

Moisture (Water Vapour) Loss Distribution in the Potatoes  The moisture removal 
from the potatoes in vapour form was modeled using (Carrieri et al. 2010):

The mass continuity boundary condition was considered:

Oil Uptake in the Potatoes  Oil uptake into the potatoes was modeled using (Carrieri 
et al. 2010):

The mass flux boundary condition was considered:

The Chilton–Colburn analogy (Ventura et  al. 2013), applying the findings of 
Yıldız et al. (2007), was used to calculate the hm,o as follows:

where Dm,o and αo are the oil mass and thermal diffusivity obtained by Rojas et al. 
(2013).

Model Parameters

The model parameters and variables are presented in Table 1. When the temperature of the 
potatoes reached a boiling point (105 °C), the moisture evaporated, and a crust was created 
(Carrieri et al. 2009). Distinct thermophysical properties of the crust and core were consid-
ered in the modeling (Farid and Chen 1998) similar to Farkas et al. (1996). The properties 
used in Eqs. 11, 12, and 13 were obtained from the literature (Cengel 2006).

Numerical Solution

A 3D transient transport phenomena during frying was modeled using COM-
SOL Multiphysics™ (version 5.4), based on finite elements. A mesh sensitivity 
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examination was used to evaluate the influence of the mesh density on the predicted 
results. Therefore, various simulations with progressively finer meshes were con-
sidered until the mesh variation did not affect the results. A higher mesh density 

Table 1   Input parameters used in the simulations

Parameter Symbol Value/expression Unit Source

Density
  Potato crust ρp 386 kg m−3 Farid and Chen (1998)
  Potato core ρp 1132 kg m−3 Farid and Chen (1998)
  Sunflower oil ρo 956.79–0.127T kg m−3 Rojas et al. (2013)
  Soybean oil ρo 1039.2–0.3975T kg m−3 Rojas et al. (2013)
  Canola oil ρo 990.07–0.2374T kg m−3 Rojas et al. (2013)

Specific heat capacity
  Potato crust Cp,p 1790 J kg−1K−1 Farid and Chen (1998)
  Potato core Cp,p 3450 J kg−1K−1 Farid and Chen (1998)
  Sunflower oil Cp,o 3.1246T + 1262.7 J kg−1K−1 Fasina and Colley (2008)
  Soybean oil Cp,o 2.9061T + 776.29 J kg−1K−1 Fasina and Colley (2008)
  Canola oil Cp,o 3.0993T + 1242.7 J kg−1K−1 Fasina and Colley (2008)

Thermal conductivity
  Potato crust k 0.1 W m−1K−1 Farid and Chen (1998)
  Potato core k 0.95 W m−1K−1 Lioumbas et al. (2012)
  Sunflower oil ko 4 × 10−05T + 0.1494 W m−1K−1 Rojas et al. (2013)
  Soybean oil ko 6 × 10−05T + 0.1348 W m−1K−1 Rojas et al. (2013)
  Canola oil ko 9 × 10−05T + 0.1394 W m−1K−1 Rojas et al. (2013)

Viscosity
  Sunflower oil µo 4.7738e−0.016T Pa s Fasina and Colley (2008)
   Soybean oil µo 4.4722e−0.016T Pa s Fasina and Colley (2008)
  Canola oil µo 3.3855e−0.015T Pa s Fasina and Colley (2008)

Thermal expansion coefficient
  Sunflower oil β 8.07 × 10−4 K−1 Nita and Osman (2015)
  Soybean oil β 8.06 × 10−4 K−1 Nita and Osman (2015)
  Canola oil β 7.4 × 10−4 K−1 Nita and Osman (2015)

Diffusion coefficient
  Water in potato Dw 2.2 × 10−8 m2 s−1 Granda (2006)
  Vapour in potato and oil Dv 2.6 × 10−6 m2 s−1 Thussu and Datta (2012)
  Oil in potato Do 2.1 × 10−9 m2 s−1 Bansal et al. (2014)
  Heat transfer coefficient h∞ Equation 11 W m−2K−1 Cengel (2006)
  Mass transfer coefficient hm Equation 16 m s−1 Cengel (2006)
  Rate of evaporation Kw Equation 19 s−1 Carrieri et al. (2010)
  Gravitational acceleration g 9.81 m s−2 Cengel (2006)
  Water molar mass Mw 0.018 kg mol−1 Hădărugă et al. (2016)
  Water evaporation latent 

heat
λ Equation 18 J kg−1 Bassama et al. (2012)
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was selected in the proximity of the potato strips. The simulation domain was 
25.5 × 25.5 × 7.5 cm3. The mesh consisted of 273,482 elements (mostly tetrahedral), 
with a minimum element quality of 0.125. The mean mesh quality, volume ratio, 
and volume were 0.654, 4.01 × 10−4, and 3860 cm3, respectively. The mesh qual-
ity and mesh element size are demonstrated in Fig. 3 for a frying load of 1/15. The 
experimental and predicted temperature data were monitored at 1-s intervals. The 
computation time for simulating the 6-min frying was 115 min by applying a com-
puter system with two processors (Intel® Xeon® CPU, E5-2630 10-core, 2.20 GHz, 
64 GB RAM).

Statistical Analysis

The R2 and P% (mean relative error) were used to compare the experimental and 
simulated values. A mean relative error lower than 10% indicates goodness of fit 
(Polat et  al. 2015). Analysis of variance was performed using SAS 9.4, and Dun-
can’s test was used to investigate significant differences at the 5% probability level.

Results and Discussions

Oil Velocity Distribution

The oil velocity distributions for the various frying oils are shown in Fig.  4. The 
average velocities for the sunflower, soybean, and canola oils were 0.0018, 0.0020, 
and 0.0017 m s−1, respectively. Although the type of oil did not have a signifi-
cant effect on the average oil velocity, the velocity distributions were not identical 
(Fig.  4). The difference among the velocity distributions of various oils indicated 
that the oil type could somehow affect the velocity of the oil flow owing to differ-
ences in density, viscosity, and thermal expansion coefficient, each of which contrib-
utes to the momentum equation and leads to some variations in the oil velocity dis-
tributions. The mean velocity of soybean oil was higher than those of the other two 
oils. The thermal expansion coefficients of soybean and sunflower oils are approxi-
mately the same. Because the density of soybean oil is higher and its viscosity is 
lower, the average velocity for soybean oil was higher than those of the other oils. 

(a) (b)

Fig. 3   Mesh quality (a) and mesh element size (cm) (b) used in the simulations
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Although canola oil has a higher density than the other two oils, its thermal expan-
sion coefficient is lower, and its viscosity is higher, so its higher density cannot 
compensate for the high viscosity and low thermal expansion coefficient. Therefore, 
canola oil had the lowest average velocity.

Considering the velocity distributions (Fig. 4), there was a higher velocity in 
the areas of the heating element in all the frying oils owing to a higher buoyancy 
force when the temperature was applied through the component. The heteroge-
neity of the oil velocities was confirmed by the oil temperature distributions, as 
explained in detail in the “Temperature Distribution in Oil” section. The results 
showed that the oil velocity in the areas near the batch of potatoes was minimum, 

(a)

(b)

(c)

Fig. 4   Velocity distribution and arrow volume in 60 s (left) and 360 s (right) for canola (a), soybean (b), 
and sunflower (c) oils
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whereas higher velocities were observed in the top parts of the fryer. The potatoes 
in the fryer base affected the flow behaviour of the oil and hindered its easy flow. 
Moreover, the high evaporation of moisture in these areas affects the buoyancy 
force of the oil. The oil velocity was indirectly validated using the experimental 
oil temperature data because of the impossibility of measuring the experimental 
velocities inside the batch fryer, as described by Dehghannya et al. (2008).

Temperature Distribution in Oil

The temperature distribution profiles of sunflower, soybean, and canola frying oils 
are shown in Fig. 5. There was no considerable difference between the temperature 

(a)

(c)(b)(b)

(c)

Fig. 5   Simulation of the oil temperature distribution in canola (a), soybean (b), and sunflower (c) after 
360 s in multislice (right) and contour (left) views
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distributions of the three oils with respect to their minimum and maximum tem-
peratures. However, similar to the velocity distributions, non-uniform temperature 
distributions were also observed in the three frying oils. The temperature in all three 
oils was the lowest at the fryer’s base, whereas the temperature near the heating ele-
ment was the highest (Fig.  5). The reason for the high-temperature decline at the 
fryer’s base was the high evaporation of water from the potato batch strips, which 
was not remunerated by the oil flow. Therefore, the temperature sharply decreased 
in these areas. A similar phenomenon was observed in the heating element, where 
the increase in temperature could not be immediately transferred by the oil flow to 
different fryer parts. Possible justifications for the nonuniformity of the oil tempera-
ture distributions throughout the fryer may be due to the effect of vapour bubbles on 
stirring oil and the laminar flow assumption for the frying process, in which only the 
buoyancy force leads to moving oil (Ghaderi et al. 2018).

According to Fig. 6a–c, for all frying oils, the highest difference between the pre-
dicted and experimental data was found at point 3 (T3). This was due to the high 
evaporation of moisture as well as the predicted low velocity of the oils in this area 
(Fig. 4), where this temperature drop was not compensated by the heating element. 
When the potatoes came into contact with the oil, the oil temperature decreased 
(Fig. 6a–c). This decrease in oil temperature has also been reported in other studies 
(Lioumbas et al. 2012; Vitrac et al. 2003). The temperature drop was very intense in 
the first few seconds at fryer base (T3), and the oil temperature decreased by approx-
imately 15%, after which it was somewhat compensated by the oil flow.

(b)(a)

(c) (d)

Fig. 6   Changes in experimental (Exp) and simulation (Sim) temperature of the frying oils at three dif-
ferent positions T1 (a), T2 (b), T3 (c), and comparison of the experimental and simulation data for sun-
flower (d)
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The experimental oil temperatures at three different points in the fryer showed no 
considerable differences between the various oils. Lioumbas et al. (2012) reported 
the same temperature profile for two types of olive oil and palm oil under different 
frying conditions. They attributed the result to the similarity in the viscosities of the 
two oils and did not consider other parameters. In addition, the experimental data 
illustrated that the temperatures of the three distinct points of fryer (T1, T2, and T3) 
was nearly identical, as shown in Fig. 6d, for example, for sunflower oil, mainly due 
to the agitation resulting from vapour bubbles. However, the simulated temperature 
data for the corresponding points were heterogeneous. The average temperature of 
the three points in the simulated and experimental data was approximately the same, 
with a standard deviation of ± 2 °C. The slight difference between these data indi-
cates that the applied temperature of the heating element was reasonable.

Temperature Distribution in the Potatoes

The center temperature of the potato strips fried in the three types of oils demon-
strated that the oil type did not significantly affect the temperature variation trend 
(Fig. 7). A minor decrease in the experimental center temperature of the potatoes 
occurred after 120 s which can be ascribed to crust formation when the transfer of 
heat to the potato center decreased. Because this occurs when the evaporation is 
at its maximum state, the decline in heat transfer leads to insufficient heat being 
transferred to the center to maintain a high temperature to keeping the former ten-
dency. Therefore, the center temperature decreased. The temperature of the constant 
period for all treatments was approximately 96 °C, which was steady until the end of 
the process owing to the continuation of the evaporation process. Furthermore, the 
locations of the potatoes at four distinct fryer points did not show a substantial influ-
ence on the center temperature, as shown, for example, for two points (T10 and T12). 
In general, Fig. 7 shows that the empirical center temperatures were predicted well 
with the simulation data for all three types of frying oils (P < 3%, R2 = 0.98). Only 
a slight difference was observed in the heating-up time when the rising rate of the 
empirical temperature increased. Similar findings have been reported by Lioumbas 
et al. (2012).

(b)(a)

Fig. 7   Effect of the oil type on experimental (Exp) and simulation (Sim) temperature of the potato center 
at two locations of T10 (a) and T12 (b)
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In addition, the change in oil type led to variations in the surface temperatures 
(Fig. 8). Considering all frying oils, the upper surface of potato 1 (P1) showed the 
lowest temperature (T7), where a tiny oil layer (a few millimetres) streamed over the 
product. Regarding the low thickness of the oil and the cooling impact of the head-
space air (Carrieri et al. 2010), the temperature at point T7 was around the center 
temperature. In contrast, the results showed that a specific frying oil did not exhibit 
the highest surface temperature in any of the thermocouples. For example, sunflower 
oil showed the highest temperature in thermocouple 9 (T9), whereas canola oil 
showed the highest temperature in thermocouple 6 (T6). This result could be related 
to the proximity of the thermocouples to the heating element. A comparison of the 
experimental and simulated surface temperatures showed relatively good agreement 
(P = 8%, R2 = 0.75). The relatively low R2 could be due to the sensitive positions and 
placement of the thermocouples at a 1-mm distance under the surfaces of the pota-
toes. The thermocouple position and diameter can substantially influence the tem-
perature measurement. Overall, the temperature differences between thermocouples 
at distinct surfaces of the potatoes can be attributed to the proximity of the potato to 
the heating element, orientation of the potato surface relative to the oil flow, effect 
of vapour bubbles in stirring the oil, creation of an insulation layer, and movement 

(b)(a)

Fig. 8   Effect of the oil type on experimental (Exp) and simulation (Sim) surface temperature at two loca-
tions of T6 (a) and T11 (b)

Fig. 9   Effect of the potatoes position on experimental (Exp) and simulation (Sim) temperature of the 
potatoes center (a) and surface (b)
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of the thermocouple in this thin layer (Cebula 2016; Chen and Moreira 1997; Farid 
and Chen 1998; Farinu and Baik 2008).

The effect of the position of the potatoes on the temperature of the center and the 
surface in a specific frying oil, for example, canola (Fig. 9), confirmed the results 
illustrated in Figs.  7 and 8, indicating that the location had no sizable influence 
on the center temperatures, although the surface temperatures were significantly 
affected.

Furthermore, Fig.  10 shows that water evaporation began after approximately 
40 s of frying. Until this time, no significant evaporation was observed owing to 
the lack of sufficient thermal flux to the center. In addition, almost 30% of the total 
water evaporated during approximately 90 s in the center, whereas 70% required 
approximately 270 s to evaporate. This decrease in evaporation rate (Kw) can be 
attributed to the reduction in water and thermal flux to the center due to the forma-
tion of a crust with low thermal conductivity. The reason for the relatively constant 
temperature of the center in all frying oils (Fig. 7) can also be interpreted according 
to the Kw (Fig. 10). As long as moisture is present in the center of the potatoes, the 
center temperature remains at the evaporation temperature, regardless of the type of 
oil, and after most of the water in the center has evaporated, the temperature of the 
center gradually rises towards the oil temperature.

The final temperature distributions of the central longitudinal cut potatoes after 
360 s of frying with different frying oils showed that, generally, the center tempera-
tures were not influenced by the oil type (Fig. 11). However, the surface tempera-
tures were slightly affected by the oil type, especially the potato vertices. In addition, 
the temperature decreased from the edge to the center. Moreover, the temperature of 
all points of the potatoes, except 3 mm near the surface, was lower than 110 °C, 
indicating the remaining water in these areas. The temperature distributions in the 
potato strips were not symmetric, and the different sides showed various tempera-
ture distributions (Fig. 11). Axisymmetric heat diffusion has also been reported by 
Sahin et  al. (1999) regarding the varied coefficients of heat transfer at the bottom 
and top of potatoes.

1

(b)(a)

Fig. 10   Changes in the center temperature (Sim) of the potatoes vs. the evaporation rate over time for dif-
ferent oils (a) and changes in the center temperature (Sim) of the potatoes vs. moisture content over time 
for different oils (b)
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Moisture Removal and Oil Uptake in the Potatoes

The ultimate moisture and the oil uptake of the potatoes fried in three types of sun-
flower, soybean, and canola oils were 1.74, 1.75, 1.67 (d.b), and 0.17, 0.18, 0.2 (d.b), 
respectively. The type of oil had no substantial impact on the moisture removal and 
oil uptake. Similar results were obtained by Shallal et  al. (2014) and Kim et  al. 
(2010).

(c)

(a) (b)

(d)

Fig. 11   Temperature isosurface view of the potatoes fried after 360 s in the canola (a), soybean (b), and 
sunflower (c) and volumetric view of the potato strip fried in soybean oil after 360 s

(b)(a)

Fig. 12   Experimental (Exp) and simulation (Sim) moisture content of the potatoes fried in different oils 
(a) and in four fryer positions for soybean oil (b)
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Moisture Removal in the Potatoes

The moisture content of the potatoes fried in sunflower, soybean, and canola oils 
were 1.82, 1.85, and 1.81 (d.b.), respectively (Fig. 12). Oil type did not considerably 
influence the moisture content of the potatoes. Similar findings were reported by 
Lioumbas et al. (2012), who showed that palm and olive oils had similar effects on 
the product moisture content. The empirical and simulated data showed good cor-
relation (R2 = 0.98 and P = 7.5%) (Fig. 12a). In addition, no considerable difference 
between the moisture contents of the samples was found for the four potato positions 
(Fig. 12 b). The slight overestimation of the simulation data could be because the 
potato strips were kept at ambient temperature for a few minutes to drain the surface 
oil before being placed in the oven to measure the moisture content. The cooling 
period reduced the moisture content of the samples. In addition, the absence of a 
substantial influence of the type of oil on the temperature of the potatoes (Figs. 7 
and 8) indicates a lack of significant effect of the type of oil on the moisture content 
(Fig.  12). This is because moisture evaporation is affected by temperature and its 
result is reflected directly in the moisture content.

The moisture distribution in the central longitudinally cut potatoes for various 
frying oils is shown in Fig. 13. These findings reinforced that the type of oil did not 
influence the moisture content of the samples. In addition, the moisture content at 
the corners and vertices was minimal, matching the maximum temperatures in these 

(c)

(a) (b)

(d)

Fig. 13   Moisture isosurface view of the potatoes fried after 360 s in the canola (a), soybean (b), and sun-
flower (c) and volumetric view of the potato strip fried in sunflower oil (d)
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regions (Fig. 11). Approximately 65% of the moisture remained in the central part 
of the potato strips, where it prevented the temperature from increasing above the 
boiling point (Fig. 11). In addition, the changes in moisture distribution over time 
showed that the moisture content of the potatoes decreased, and the distribution of 
moisture at any given time was different (Fig. 14). Over time, the center moisture of 
the potatoes moved to the surface and then transferred to the oil. At the termination 

(c)

(a) (b)

(d)

Fig. 14   Moisture isosurface view of the potatoes fried at 90 (a), 180 (b), 270 (c), and 360 s (d) in soy-
bean oil

(b)(a)

Fig. 15   Experimental (Exp) and simulation (Sim) oil content of the potatoes in three frying oils (a) and 
in four fryer positions in sunflower oil (b)
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of frying, the moisture content of the edges was approximately 35%, illustrating that 
water remained in the potato center and even in the near-surface regions.

Oil Uptake in the Potatoes

Oil type did not have a considerable impact on oil absorption. Oil uptake increased 
over the frying time (Fig. 15), and the location of the potatoes did not have a sub-
stantial influence on the oil content (Fig.  15b). A weak agreement between the 
empirical and simulated data was observed (P > 25%, R2 > 0.9). An increase in the 
oil uptake during the cooling period caused by vapour condensation and partial suc-
tion of the surface oil could be a reason for the overestimation of the oil content 
(Dana and Saguy 2006).

Figure 16 shows the oil distribution of potatoes fried in the three types of oils 
with no considerable difference between the adsorbed oils. The maximum amount of 
absorbed oil was predicted on the outer surfaces of the potatoes, whereas the internal 
parts were almost oil-free. The edges and vertices of the potatoes showed more oil 
content owing to oil uptake from two or three directions (Fig. 16d). Figure 17 shows 
the oil uptake of fried potatoes in soybean oil. Oil uptake was limited to the crust 
areas, as oil absorption is a surface phenomenon (Tangduangdee et al. 2004). Bou-
chon et al. (2003) also reported similar results. In the simulations, the oil absorbed 
into the food at the end of frying was estimated to be 2 mm from the surface.

(c)

(a) (b)

(d)

Fig. 16   Isosurface view of the oil uptake of the potatoes fried after 360 s in the canola (a), soybean (b), 
and sunflower (c) and volumetric view of potato fried in sunflower oil (d)
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According to Figs.  15 and 17, most of the oil uptake for all three types of oil 
occurred in the first 90 s of the frying process, and as the frying continued, very 
little oil was absorbed. This decrease in oil absorption can be ascribed to variations 
in the evaporation rate (Fig.  10) and crust formation (Fig.  18) in potatoes (Costa 
et  al. 1999; Farid and Chen 1998). In Fig.  7, the center temperature of the pota-
toes reached a maximum after approximately 90 s. Additionally, the evaporation rate 
(Fig. 10) showed that the intensity of the evaporation rate in the central part of the 
potatoes increased after approximately 90 s. If vapour formation is maintained at a 

(c)

(a) (b)

(d)

Fig. 17   Oil uptake in the potatoes fried in soybean oil at times 90 (a), 180 (b), 270 (c), and 360 s (d)

(a) (b)

Fig. 18   Simulation of the crust formation in canola (a) and sunflower (b) oils after 360 s
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suitable level, it could act as a sound barrier against oil diffusion into the inner parts 
of the potatoes. Besides, in terms of crust formation, most of the crust was formed 
on all sides of the potatoes during the first 90 s (data not shown). In other words, the 
gradual formation of the crust behaves as a barrier against oil uptake; therefore, the 
slope of oil uptake decreased over time (Fig. 15). In summary, the higher evapora-
tion rate and crust formation synergistically decreased oil uptake after 90 s. Crust 
formation prevents oil uptake and diffusion into the central part. In addition, vapour 
production intensifies the effect of crust formation because the direction of the 
vapour flow is opposite to the diffusion of oil. These findings are in accordance with 
those of Pinthus et al. (1995) and Durán et al. (2007), who reported that oil absorp-
tion decreased with crust formation. However, there was no considerable difference 
between the thicknesses of the formed crust (Fig. 18) for the various frying oils. The 
same behaviour was observed for the evaporation rates (Fig. 10).

Sensitivity Analysis

The evaporation rate constant (K0) is considered a practical and fundamental param-
eter in simulations of food processes to perform reasonable predictions comparable 
to experimental data (Ousegui et al. 2010). Therefore, a sensitivity analysis based on 
the effect of three different K0 values of 5 × 10−3, 5 × 10−4, and 5 × 10−5 s−1 was per-
formed on the surface and center temperatures, moisture content, and oil uptake of 
the potatoes. As shown in Fig. 19, the center and surface temperatures declined with 
an increase in the K0. This was because, when the evaporation rate increases, more 

Fig. 19   Effect of the evaporation rate constant on center temperature (a), surface temperature (b), mois-
ture content (c), and oil content (d) of the potatoes
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water evaporates, and the energy needed for this evaporation prevents the tempera-
ture from rising beyond a specific limit.

However, with the decrease in the K0, because the evaporation rate decreases, 
the energy received by the potatoes is greater than the energy required for evapo-
ration. Therefore, the center and surface temperatures are increased until, in this 
K0, an equilibrium is launched between the energy received and the water evapo-
rated. This results in an equilibrium temperature that differs for different K0. In 
addition, the reason for the immediate temperature increase after approximately 
180 s at the K0 of 5 × 10−5 s−1 was the use of the moving boundary (Stefan) prob-
lem in the simulation when the temperature of a point in the potatoes exceeded 
105 °C. This point was considered a crust, and since the crust had a lower heat 
capacity (1790 vs. 3450 J kg−1 K−1) and a lower density (386 vs. equal to 1132 kg 
m−3) relative to the core, a rapid rise in the center temperature was observed. In 
other words, a rise in temperature occurs when the heat flux remains constant and 
the heat capacity and density decrease.

Moreover, the moisture content and oil uptake of potatoes were consider-
ably influenced by increasing or decreasing the K0. The reason for the drop in 
oil uptake with the increase in the K0 is the drop in moisture content, and con-
sequently, a rise in the percentage of dry matter. Because oil uptake is reported 
based on dry weight, the oil content will eventually decrease. The sensitivity 
analysis showed that all the variables used in the simulation, particularly, K0, sig-
nificantly affected the simulation results. Therefore, proper values of the variables 
should be selected to achieve reliable outcomes.

Conclusion

The proper design of deep-fat frying contains various features of quality and 
operation that should be considered simultaneously. In this study, coupled mod-
eling of the transfer phenomena was developed to investigate the effects of dif-
ferent frying oils (canola, sunflower, and soybean). Overall, although the applied 
frying oils each had different thermophysical properties, this difference was not 
significant enough to have a substantial impact on temperature, moisture removal, 
and oil absorption. In other words, if one attribute in oil was higher than that in 
the other oils, the same oil was lower in terms of another feature. Therefore, these 
differences in the various characteristics caused non-considerable differences in 
the results. Overall, although considering the moving boundary (Stefan) problem 
and the time-dependent temperature of the fryer’s heating element considerably 
increased the accuracy of the simulation, the comparison of the experimental and 
simulation data showed that the vapour bubbles caused by moisture evaporation 
and the cooling phase after frying can significantly influence the reliability of the 
model. The results of this study could be useful for understanding process param-
eters, enhancing the quality of fried products, controlling the process, and design-
ing frying apparatus.
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