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A relatively simple crust–core model for heat and mass transfer during potato frying in a domestic fryer is de-
veloped. The model combines features of previous existing core–crust models with the scope to reduce the
number of external parameters, to reduce the computational effort and to restrict the output variables to
those experimentally measured, without sacrificing their ability to describe the process. The dynamics of
the oil bath temperature is explicitly modeled. Comparisons show a fair agreement between theoretical
and experimental oil and potato temperatures evolution in all the examined cases. However, the degree of
agreement regarding vapor fluxes depends on frying conditions indicating thus the limited capacity of
crust–core models to describe potato deep fat frying. The deviation between the theoretical and experimental
data suggests the way of improvement towards a model that should include the effect of surface water evap-
oration and of a water diffusion zone with finite thickness that separates potato core and crust.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Many researchers have worked on the modeling of frying during
the last decades. Nevertheless, this remains a major challenge due
to the complex nature of the process. The complexity arises from
the coexistence of three phases and the compliant and transformable
nature of the solid phase (food). The simplest models are crust–core
models that consider deep fat frying as a sharp moving boundary
problem – described by combined mass and heat transfer phenomena
–where an initially nonexistent crust region develops at the food sur-
face and increases in thickness inwards during frying at the expense
of the core region which recedes with frying time (Fasano &
Mancini, 2007; Hubbard & Farkas, 2000a, 2000b). Farid (2001) pre-
sented a simple analytical model, which describes by a single equa-
tion the dehydration processes that take place during the frying of
food. This model provides easy prediction of the drying rate for
most frying processes but fails to describe the final rise of the center
temperature of fried food since the important role of moisture diffu-
sion is ignored. Farid and Kizilel (2009) recently improved this ana-
lytical model by including a moisture diffusion region surrounded
by a wet core and a dry crust region, leading to a satisfactory predic-
tion of the final rise of the center temperature of the fried food.

There are several frying models in literature with different degrees
of sophistication. The most sophisticated frying models are based on
the theory of heat and mass transfer in porous media (Halder, Dhall,
& Datta, 2011). The sophistication of these models goes as far as to in-
clude the volume transformation (potato shrinkage effect) at several

levels of approximation: from complete consideration into the gov-
erning equations (Yamsaengsung & Moreira, 2002a, 2002b) to com-
plete ignorance recalling the lack of corresponding data (Ni, Datta, &
Torrance, 1999). In one approach the porous media theory for heat
and mass transfer is applied through several simplifications at several
regions, each one containing less than three phases (Farkas, Singh, &
Rumsey, 1996a, 1996b). In this view the location of the boundaries
between the regions belongs to the unknowns of the problem. Anoth-
er more sophisticated and generalized approach is to include the
whole domain in the potato as a unique region with coexistence of
the three phases. In this case the boundaries between the regions
are not explicitly described by the model but they can be implicitly
derived from the spatial phase distributions resulting from the solu-
tion of the model (Datta, 2007a, 2007b).

The main drawback of this kind of models is that they contain a
large number of unknown phenomenological parameters referring
mainly to the interaction between the different phases and to consti-
tutive laws of transport phenomena. Further, the results of these
models for the experimentally measured quantities are not dramati-
cally different from the results of much simpler models. So, whereas
generalized porous media models can offer better physical insight to
the process, they are not really helpful from an engineering point of
view since they contain many parameters that cannot be estimated
from experimental measurements.

In an effort to interpret experimental evidence obtained during a
project – funded by the European Space Agency – for the definition
of critical points for the design and optimization of the frying process
under altered gravity conditions (microgravity and hypergravity) we
constructed a simplified crust–core model based on conservation
laws that permits assessment of the mechanisms of frying. The exper-
iments refer to frying in a domestic fryer with different potato-to-oil
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ratios (i.e. frying loads: 1/7 kgpotatoes/Loil and 1/35 kgpotatoes/Loil,
Loil=1.9 L) and different initial oil temperatures (Toil,0=150 and
180 °C), that resemble industrial and catering frying conditions
(Lioumbas, Kostoglou, & Karapantsios, 2011). This work constitutes
a first step towards the development of a predictive engineering
model for practical potato frying process. In particular, a classical
crust–core modeling approach is tested here against experimental
data revealing the weak points of this approach and the improve-
ments it needs. The model development is described in detail in the
next section followed by an extensive comparison between experi-
mental and modeling results and the corresponding discussion.

2. Model development

2.1. Model formulation

In the present study we develop a model in the form of a system of
differential equations with a twofold objective:

• To compare the experimental results (Lioumbas et al., 2011) with
those obtained by solving the above equations in an effort to eluci-
date the complex phenomena that occur during frying.

• To provide a simple mechanistic model that can easily be used in
applications associated with large scale deep-fat frying (i.e. indus-
trial scale frying or/and catering applications). The model has the
potential to estimate the temperature profiles inside both the oil
and the potato and also the vapor flux values for a variety of
conditions.

A few assumptions were made during the development of the
model equations. First, potato shrinkage is neglected. Second, it is as-
sumed that two distinct zones are formed beneath the potato surface
as frying process evolves, one zone contains no water (completely
dry) the width of which increases with time (crust) and another
zone is saturated with water (core). The position of the interface be-
tween the two zones is considered as an unknown parameter of the
problem as also others considered in the past (i.e. Farid & Chen,
1998). The model does not explicitly consider a mass conservation
equation for water but the water content is implicitly computed
through its relation to the crust volume. The main improvement in
the present set of equations compared to previous models is the in-
clusion of a finite heat capacity term and a heat source in the oil
bath and the cylindrical geometry of the fried medium. In order for
the model to take into account the sensible heating of the frying me-
dium, we assumed that the frying process can be divided into two
periods:

• Preheating period (Period I). This period starts at the moment the
potato enters the hot oil. For as long as the potato's surface temper-
ature is smaller than the water boiling point, Ts, we consider that
the development of a crust has not started yet. The oil–potato
heat transfer coefficient corresponding to this is period is defined
as ho. It must be noted that our model does not take into account
the experimentally observed (Lioumbas et al., 2011) evaporated
surface water.

• Falling rate of moisture loss period (Period II). During this period
where the potato's surface temperature attains values larger than
Ts, the development of a fully dehydrated region (crust) initiates.
The sharp interface between the dry crust and the water saturated
core region proceeds towards the center of the potato. The oil–potato
heat transfer coefficient, hf, is increased due to the vigorous agitation
of oil induced by water evaporation (intense boiling).

The potato is assumed to have a circular cross section (Fig. 1) and
infinite length (high aspect ratio). This assumption leads to an impor-
tant reduction of the computational requirements of the mathemati-
cal problem rendering 1-D treatment possible. The cylindrical
geometry is much more representative of the potato stick geometry

than the slab geometry usually considered since in both the two for-
mer geometries the flux area decreases towards the center of the
potato.

2.2. Governing set of equations

The governing set of equations used during Period I, where the
potato's surface temperature, T, attains values smaller than the
water boiling point (T(0,t)bTs) is listed below:

Heat conduction inside the potato

∂T
∂t ¼ 1

ρcocp;co

1
r
∂
∂r kcor

∂T
∂r in ≤r≤R

ð1Þ

Heat transfer from oil to potato surface

−kco
dT
dr

¼ ho T−Toilð Þ at r ¼ R

ð2Þ

Oil bath heat balance assumed perfectly mixedð Þ

Vρoilcpoil
dToil

dt
¼ Aho T−Toilð Þ þ Q

ð3Þ

Symmetry boundary condition
dT
dr

¼ 0at r ¼ 0 ð4Þ

where T is the temperature in the potato, r is the radial coordinate, R
is the potato radius, kco, ρco, cp,co and kcr, ρcr, cp,cr are the thermal con-
ductivity, density and specific heat capacity of the saturated potato
(core) and crust respectively, V is the oil volume in the bath, ρoil,
cpoil are the density and specific heat capacity of oil respectively and
Q is the power supplied by the heater.

The above system is solved with initial conditions T=Tin and Toil=
Toil,o to give the temperature distribution in the potato. When the max-
imum temperature located at r=R reaches the boiling temperature, the
water in the potato starts evaporating and a dry crust is generated. Then
the interface between crust and saturated region proceeds towards
the center of the potato. Let us call the position of this interface Ry and

Fig. 1. Schematic of the geometry of a potato stick in the present model.
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Y=R−Ry the crust thickness (Fig. 1). The governing set of equations
used during Period II, where T attains values larger than Ts is:

Heat conduction inside the potato coreð Þ
∂T
∂t ¼ 1

ρcocp;co

1
r
∂
∂r kcor

∂T
∂r in 0≤r≤Ry

ð5Þ

Heat conduction inside the potato crustð Þ
∂T
∂t ¼ 1

ρccp;cr

1
r
∂
∂r kcrr

∂T
∂r in Ry≤r≤R

ð6Þ

Heat transfer from oil to potato surface

−kcr
dT
dr

¼ hf T−Toilð Þat r ¼ R

ð7Þ

Oil bath heat balance assumed perfectly mixed conditionsð Þ

Vρoilcpoil
dToil

dt
¼ Ahf T−Toilð Þ þ Q

ð8Þ

Temperature continuity at crust=core interface

T ¼ Ts at r ¼ Ry

ð9aÞ

Symmetry boundary condition
dT
dr

¼ 0at r ¼ 0 ð9bÞ

where hf is the heat transfer coefficient that includes the effect of bub-
bling. The position of the crust edge is governed by the equation:

ρεΔΗvap
dY
dt

¼ −kco
∂T
∂r

� �
r¼R−

y

þ kcr
∂T
∂r

� �
r¼Rþ

y

ð10Þ

where the above plus andminus derivatives refer to the crust and satu-
rated regions, respectively. The product ρε denotes the apparent water
density in the saturated region. The quasi-steady temperature profile
for the crust region can be found by ignoring thermal inertia in this region
as also proposed by Farid (2001):

T ¼ Ts þ
Toil−Tsð Þ ln r=Ry

� �
kcr
hf R

þ ln R=Ry

� � ð11Þ

In the particular case of initial temperature Tin=Ts the tempera-
ture profile is given from Eq. (11) for the crust region and T=Ts for
the core region. For TinbTs there is a developed temperature profile
in the core region at the moment of crust generation and the further
development of this profile requires the solution of the transient heat
transfer equation. Detailed consideration of the core temperature
profile may not have large influence on the crust evolution but it is
important if the temperature evolution in a particular location is of
interest (this is what is measured experimentally). The mathematical
problem assuming a quasi-steady temperature profile in the crust re-
gion and constant values for parameters kco and hf as discussed above,
takes the form:

Equation forToil Vρoilcpoil
dToil

dt

¼ −A
1
hf

þ R
kcr

ln
R
Ry

 ! !−1

Toil−Tsð Þ þ Q ð12Þ

Crust growth equation ρεΔΗvap
dY
dt

¼ −kco
dT
dr

� �
r¼R−

y

þ 1
hf

þ R
kcr

ln
R
Ry

 ! !−1

Toil−Tsð Þ ð13Þ

Eqs. (12) and (13) are simplifications of Eqs. (8) and (10)
respectively.

In order to nondimensionalize the final set of equations the fol-
lowing dimensionless variables are introduced (14):

�T ¼ T−Tin
Ts−Tin

Bio ¼ hoR
kco

�k ¼ kco=kcr

�T oil ¼ Toil−Tin
Ts−Tin

Bif ¼ hf R
kco

�Ry ¼ Ry=R

�T oil;o ¼ Toil;o−Tin

Ts−Tin
C ¼ RAρs cp;co

Vρoil cpoil
�Y ¼ Y=R

τ ¼ αt
R2 D ¼ ρscp;co Ts−Tinð Þ

ρεΔΗvap

�Q ¼ QR2

Vkco Ts−Tinð Þ
ρsCp ;co

ρoilCpoil
�r ¼ r=R

The parameters Bio, Bif are the Biot numbers before and after the
core water evaporation, respectively. The parameter C is the ratio of
potatoes-to-oil total heat capacities. The parameter D is the ratio of
sensible heat needed to raise the potato temperature to the latent
heat of its water content.

The dimensionless problem takes the form:

i) Period I (Before crust formation):
The initial conditions are �T ¼ 0, �T oil ¼ �T oil;o

∂�T
∂τ ¼ 1

�r
∂
∂�r

�r
∂�T
∂�r 0≤�r≤1 ð15Þ

−d�T
d�r

¼ Bio �T−�T oil

� �
at �r ¼ 1 ð16Þ

d�T
d�r

¼ 0 at �r ¼ 0 ð17Þ

d�T oil

dτ
¼ CBio �T−�T oil

� �þ �Q ð18Þ

The Eqs. (15), (16), (17), and (18) are the equivalent of Eqs. (1),
(2), (4), and (3) respectively.

ii) Period II (At the moment τc at which �T 1; τcð Þ ¼ 1 crust appears):
The definition domain of conduction equation is now0≤�r≤�Ry. The
boundary condition (16) is replaced by �T ¼ 1 at �r ¼ �Ry. The
Eq. (18) is replaced by

d�T oil

dτ
¼ C

1
Bif

þ �Ry
�k ln 1=�Ry

� � !−1

1−�T oil

� �þ �Q ð19Þ

The equation for evolution of �Ry is

d�Ry

dτ
¼ −D

1
Bif

þ �Ry
�k ln 1=�Ry

� � !−1

1−�T oil

� �
− d�T

d�r

� �
�r¼�R−

y

" #
ð20Þ

The Eqs. (19) and (20) are the equivalent of Eqs. (12) and (13)
respectively.
The moving boundary problem defined above can be solved using a
fixed grid (like in Fasano and Mancini, 2007) but in general moving
grids are preferable for this type of problem because they can cap-
ture exactly the boundarymotion (Purlis & Salvadori, 2010). The im-
mobilization of the computation domain is performed by applying
the transformation z=r/Ry where z is the new spatial variable.
This technique is typically used in phase growth processes

187J.S. Lioumbas et al. / Food Research International 46 (2012) 185–193
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(Divinis, Kostoglou, Karapantsios, & Bontozoglou, 2005). The con-
duction equation in the transformed domain takes the form

∂�T
∂τ ¼ 1

z�R2
y

∂
∂z z

∂�T
∂z þ ∂�T

∂z
z
�Ry

d�Ry

dτ
in0bzb1 ð21Þ

with boundary conditions d�T=d�r ¼ 1 at z=0 and �T ¼ 1 at z=1.

Conventional second order finite difference discretization at equi-
distant points is applied to the above equation. The employed number
of discretization points is 100. The fixed grid to the transformed do-
main corresponds to a moving grid in the physical domain resulting
automatically from the spatial variable transformation. The Euler
method is employed for the time integration of the system of Eqs.
(19), (20), and (21). A very fine time step is used (of the order of mil-
liseconds) to ensure convergence to the exact solution. Several mesh
sensitivities tests in both temporal and spatial domain were per-
formed for choosing the appropriate discretization intervals.

3. Evaluation of boiling convective heat transfer coefficient

Before analyzing the data based on the numerical model devel-
oped in the present work, a discussion precedes on the implications
suggested by applying a simplified analytical model to the data. Boil-
ing convective heat transfer coefficient, h, is considered in many
phase change processes, as the key parameter to characterize the pro-
cesses. Thus, it is not surprising that h has been used in the past by
many studies (Sahin, Sastry, & Bayindirli, 1999; Costa, Oliveira,
Delaney, & Gekas, 1999; Hubbard & Farkas, 2000b; Farinu & Baik,
2007) to describe the high heat transfer rates during frying. The com-
mon practice for the estimation of h is based chiefly on the experi-
mental determination of the temperature profiles inside the potato
flesh and in the oil bath. These temperature profiles are combined
with weight loss (moisture loss) measurements. The acquired exper-
imental data are then employed in simplified analytical or more com-
plicated energy and mass balance equations.

Aiming to provide a quick prediction of the extent and rate of fry-
ing, Farid (2001) combined the Newton law (for describing heat con-
vection from the oil to the potato surface) with the Fourier law (for
describing heat conduction inside the potato crust) and expressed
the flux of water evaporation at a receding interface (front) during
frying as follows:

F tð Þ ¼ 1
A
dmw

dt
¼ − Toil tð Þ−Ts

ΔΗvap
1

h tð Þ þ δ tð Þ
kcr

� � ð22Þ

Ts and ΔΗvap denote the water boiling temperature (100 °C) and
the water latent heat (2260 J/g) at 1 bar respectively, h stands for
the convective boiling coefficient between the potato surface and
the oil, δ stands for the thickness of a hypothetical region – proposed
by the above model – with sharp moving boundary where evapora-
tion exclusively takes place (crust) and kcr stands for the thermal con-
ductivity of this region. It is noted that Toil, F, h and δ are functions of
time, t.

In Eq. (22), Toil, δ and F can be experimentally determined from the
data of water loss reported by Lioumbas et al. (2011) corresponding
to a single potato stick. Given that the volume of a potato stick, Vo,
is well defined (Vo=9.8×9.8×40mm=3841.6 mm3) and based on
the premise that the water content of potato is approximately equiva-
lent to the initial potato porosity, ε, the volume of the evaporated
water (water density, ρw) during frying, Vw, can be calculated with the
help of Eq. (23) and the experimental data:

Vw¼
mw tð Þ
ερw

¼ Vo− 9:8−2δx tð Þð Þ2 40−2δx tð Þð Þ ð23Þ

On this account, we can approximate hwith the help of Eq. (22), if
kcr, is known.

Several authors have studied how the thermal conductivity, k, of
food materials evolves during thermal dehydration processes; a de-
crease in thermal conductivity with process time and temperature
was observed, which in most cases, was related to moisture loss
(Rice & Gamble, 1989). Arifin (1993) found a thermal conductivity
of 0.12 W/mK for the crust, kcr, with 4.2% (w.b.) moisture content.
Later, a value of kcr=0.14 W/m K was used for modeling in the
study of Farid and Chen (1998). Califano and Calvelo (1991) experi-
mentally determined the apparent thermal conductivity during heat-
ing of a potato slab, by measuring the temperature at the center of the
product. These authors showed that during frying the thermal con-
ductivity of potato increases with temperature, from 0.55 W/m K at
50 °C to 0.95 W/mK at 100 °C. Donsi, Ferrari, and Nigro (1996) after
measuring the thermal conductivity of potato samples with different
moisture contents concluded that thermal conductivity is linearly re-
lated to moisture loss. Sahin et al. (1999) stated that the thermal con-
ductivity of food materials depends on their porosity, structure and
chemical constituents. Recently, Ziaiifar, Heyd, and Courtois (2009)
measured for the first time both the crust and the core thermal con-
ductivity, kco, of single potato samples fried at isothermal conditions
(170 °C). It must be noted that these authors measured the crust's
and the core's thermal conductivity separately after removing the
crust from the core's flesh at a temperature range from 20 to 32 °C,
which is far from the frying conditions and they concluded that:

• kcr gradually decreases with frying time, from an initial maximum
value of 0.4 W/m K to eventually a minimum value of 0.1 W/mK.

• kco increases during the first period of frying (from ~0.40 to 0.60 W/
m K) and then decreases to 0.45 W/(mK).

4. Results and discussion

Information presented in Section 3 shows that the thermal con-
ductivity of both the crust and the core evolves during frying. There-
fore, we try next to estimate h values for our experiments with the
help of Eq. (22) by assuming a wide range of kcr values between
0.14 and 1.00 W/mK (step: 10−3 W/mK) which covers all the pro-
posed in literature values, for both kcr and kco.

The heat transfer coefficient is plotted versus frying time for the
aforementioned kcr values range, for two frying loads and two initial
frying temperatures in Figs. 2 and 3. The vapor flux values are also
presented (second y-axis, thick black line) aiming to elucidate the
coupling between mass and heat transfer. The h-profiles computed
by the simple quasi steady state model behave qualitatively better
at smaller kcr values, for the higher initial oil temperature (h values
close to the ones predicted in literature e.g. Hubbard & Farkas,
2000a and 2000b) and at larger kcr values for the lower initial oil tem-
perature. This indicates that the proposed simple analytical model:

• Can reasonably estimate h values, when the oil temperature profiles
are high (i.e. larger than 140 °C, Fig. 2). In this case, kcr values are
similar with the commonly accepted kcr values (i.e. ~ 0.14 W/mK).
This implies a physical picture where the intensive boiling that
takes place on the potato's surface during high initial oil tempera-
tures, results in a rapid formation of a rigid porous crust, with low
k values that mostly controls the frying process.

• Cannot be successfully applied for the estimation of h values, when
the oil temperature profiles are low (i.e. lower than 140 °C, Fig. 3).
In this case, in order to have reasonable results, kcr should attain
larger values than the ones proposed in literature for kcr and similar
to those corresponding to the thermal conductivity of the core at
100 °C (i.e. 0.95 W/mK). The latter supports the notion that at low
frying temperatures evaporation occurs over a partially dehydrated
zone near the potato's surface rather than at the boundary of a
totally dehydrated crust.

188 J.S. Lioumbas et al. / Food Research International 46 (2012) 185–193
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The values of the physical parameters used in the present model
are shown in Table 1. Some of these parameters such as the heat
transfer coefficients and the thermal conductivities are chosen in
the range suggested in literature. However, their exact values are
not a result of a strict fitting procedure but are based on the require-
ment for an explainable deviation between experimental and theo-
retical results that will be presented below. It is well understood
that the heat transfer coefficient, hf, is not constant during frying
but depends on the instantaneous degree of bubbling and thus on
the instantaneous evaporation rate (Costa et al., 1999). Nevertheless,
this dependence is complex and unknown and as a first step it is use-
ful to assume a constant value for hf. Of course, this constant value is
different from experiment to experiment depending on the average
evaporation rate of each experiment.

All the models developed so far for the prediction of various char-
acteristics during the frying process, consider that either the thermal
conductivity, k, of the fried product takes a constant value and does

not depend on frying conditions (Hubbard & Farkas, 2000a; Farid,
2001; Yamsaengsung & Moreira, 2002a, 2002b) or h has a constant
value (Farid & Kizilel, 2009). Yamsaengsung and Moreira (2002a), as-
sumed that the temperature of the product does not increase until it
reaches a very low-moisture content because of the large latent heat
contribution compared to the rate of heat transfer from the oil to the
food surface and so neglected the convective heat transfer term dur-
ing this period. Halder et al. (2011) took into account that h varies
with time but they used the experimentally determined by Hubbard
and Farkas (2000a) h values, ignoring the influence of frying condi-
tions (e.g. the oil bath temperature profile) on h values.

Regarding kcr and kco values, we also make the assumption that
they attain constant values during the frying process which do not
depend on frying conditions. The thermal conductivities values are
taken from literature as follows: kcr=0.14 W/mK (Farid & Chen,
1998) and kco=0.95 W/mK (Califano & Calvelo, 1991). Although it
is easy to include temperature dependent physical properties in the
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mathematical model, the way in which the model used and the un-
certainty in the parameters' values makes it unnecessary. Interesting-
ly enough, it was found that the specific taken from literature
conductivity values give the best agreement between model and

experimental results. The moisture content, ε, is experimentally de-
termined while the density, ρ, and the heat capacity, Cp, for the oil
and the saturated potato are considered as temperature independent.
The total power supplied to the heater, Q, is estimated from the pro-
portional controller characteristics. The oil temperature evolution is
very sensitive to the value of Q (which cannot be directly measured)
so this value is estimated by matching the corresponding theoretical
and experimental curves. The Q values differ among the experiments
due to the different effort of the controller to keep the temperature
set point in each experiment.

In Figs. 4 and 5, which correspond to two different initial oil tem-
peratures Toil=180 and 150 °C respectively, the model predictions
are compared with experimental values regarding the oil bulk tem-
perature profiles, the temperature profiles at the center of the potato
stick and their derivatives. A fair agreement exists for all parameters.
Particularly for Tpc and dTpc/dt profiles the agreement is even better
(not in absolute values but as a fraction of the total variable change)
whereas for Toil the experimental values are overestimated by the
model for some initial period of time. The latter should be attributed
to the fact that the model does not take into account the surface water
evaporation during the first seconds of frying — Period I (e.g. the
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Table 1
Values of the parameters input to the model.

Initial oil temperature, °C 180 150

Frying load, kgpotatoes/Loil 1/7 1/35 1/7 1/35

Parameter
ho, W/m2K 285 285 150 150
hf, W/m2K 650 750 400 500
Qh, W 1800 500 1300 320
kco, W/mK 0.95
kcr, W/mK 0.14
ε, moisture fraction 0.80
ρpotato, gr/m3 1000
ρoil, gr/m3 900
Cp, potato, J/grK 3000
Cp, oil, J/grK 1970
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overestimation corresponds to the surface water phase change en-
thalpy). Given that both the Tpc and the dTpc/dt values are satisfactory
predicted by the model, it is suggested that the temperature profile
at the center of the potato is not significantly influenced by the evap-
oration of surface water.

It has been already stated that the present model (as all previous
models) does not include the surface water evaporation process. Of
course it is difficult to distinguish what is surface potato water and
what is bulk potato water from a physical point of view. Yet, their dis-
crimination is clear considering the vapor flux profiles. If evaporation
had occurred exclusively in the bulk potato water, then the vapor flux
would have never been increasing with time since the intra-potato
water evaporation process and the subsequent crust formation
would have definitely increased the resistance to heat transfer. On
the other hand, surface water can evaporate faster as temperature
rises due to the receding water degassing effect leading to a progres-
sive faster vapor flux. So, the experimental vapor flux profiles in
Figs. 6 and 7 are fully compatible with the concept of surface water
boiling. A detailed description of the methodology followed to mea-
sure the vapor flux can be found elsewhere (Lioumbas et al., 2011).
Karapantsios, Kostoglou, Divinis, and Bontozoglou (2008) have
shown that gas/vapor bubbles can form even at temperatures lower
than the boiling point due to degassing and it would be very

interesting if this could be experimentally confirmed for the case of
frying potatoes. In particular, local heating renders water supersatu-
rated with respect to dissolved gasses (in equilibrium at atmospheric
temperature). So, gas nuclei appear and then grow to bubbles. These
bubbles contain water vapor in a volume fraction determined by the
vapor pressure of water which is an increasing function of tempera-
ture. So, as temperature increases the number of bubbles and their
vapor content increase, too.

The evaporation of surface water at sub-boiling temperature im-
plies that ho does not correspond to a natural convective heat transfer
in the absence of bubbling, but to a slow bubbling induced coefficient.
This is why it is allowed to vary from experiment to experiment as
one can see in Table 1. The variation of the two heat transfer coeffi-
cient (i.e. ho and hf) from experiment to experiment shown in
Table 1, is substantiated by the physics of the problem since the coef-
ficient gets higher values for conditions of higher evaporation flux
(higher temperature).

As soon as the total amount of the available surface water evapo-
rates and the falling rate period — Period II initiates, the potato's sur-
face temperature attains values above the water boiling point and a
crust starts to form at the potato's surface (Purlis & Salvadori, 2010;
Hubbard & Farkas, 2000a, 2000b). During Period II, the model takes
into account the formation of a dried crust which exclusively contrib-
utes to water evaporation. Furthermore, the model predicts that the
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vapor flux values reduce with time due to the resistance of the crust
to heat transfer. In reality, the water is not expected to evaporate
abruptly at the crust–core interface but to diffuse towards the crust,
resulting to a partial dehydrated transition zone of finite thickness
which exists between the crust and the core. Sophisticated porous
media models (Datta, 2007a and 2007b) describe implicitly this tran-
sition zone (through the complete spatial profiles of the phases) in
the expense of a large number of physical parameters. Recently,
Farid and Kizilel (2009) avoided this complexity by proposing a phe-
nomenological model which requires only one parameter for the de-
scription of this zone thickness. The above models accept that the
thickness of the partially unsaturated zone between the core and
the crust gets smaller as the temperature distribution in the crust
gets higher values. As it can be seen in Figs. 6 and 7 the existence of
surface water is not the only reason for the discrepancy between
the theoretical and experimental flux evolution curves. In particular,
the time dependence of the present theoretical curves:

• Deviates from the experimental curves during Period IIα. This is due to
the oversimplified assumption of themodel that the transition from the
dry (crust) region to the saturated (core) region occurs abruptly. More
specifically, the model predictions underestimate the experimental
vapor fluxes values at high temperatures (Fig. 6a, b) and overestimate
them at low temperatures (Fig. 7a, b). This implies that as the oil bulk
temperature increases, the contribution of the finite diffusion zone to
the total amount of the evaporated water decreases. On the contrary,
as the oil bulk temperature decreases the role of this diffusion gets
more important for water evaporation. This leads to a smaller crust
thickness and to a more uniform vapor flux. It is interesting that the
low oil temperature in Fig. 5a that corresponds to evaporation flux of
Fig. 7a results to a thick diffusion zone. This thick zone is responsible
for an almost constant in time evaporation flux (absolutely incompati-
ble with the pure crust model of the present study).

• Satisfactory predicts the experimental vapor flux values during Period
IIβ. According to the discussion of the above paragraph, as the finite
diffusion zone gets thicker the flux reduction becomes weaker. At
large times the ratio of the diffusion zone thickness over the crust
thickness becomes small so neglecting the diffusion zone is no more
important and this is the explanation for the coincidence of the exper-
imental and theoretical curves at large times in Fig. 7a.

To improve the predicting capacity of this model one should in-
clude terms describing the existence of surface water and the exis-
tence of a transition zone between the crust and the core regions.

5. Conclusions

In the present work, a crust–core type of model is examined for
the simulation of potato frying process in a domestic fryer. The fair
agreement between the experimental results and predicted values
under certain conditions reveals that the model can be used for a
rough estimation of heat and mass transfer characteristics in frying
applications. The deviation from the experimental data under other
conditions suggests the steps to be followed in model development
towards a fully predictive model. Specifically, the implication of a
simplified analytical model for the prediction of the convective heat
transfer coefficient and the comparison of experimental results with
predictions of the present numerical model reveal that:

• A simple analytical quasi-state model based on the assumption of a
sharp moving interface can be applied for rough estimation of the
boiling heat transfer coefficient only at high oil temperatures (i.e.
higher than 140 °C).

• The ratio of the potato-to-oil quantities is of equal importance to
the ensuing frying conditions with the initial oil temperature.
Therefore, any predictive model for the design/optimization of the
frying process must take into account the overall heat balance in

the oil bath. The oil temperature evolution must be an output and
not an input variable for such a model.

• The numerical model developed here based on the crust–core ap-
proach, is capable to describe the temperature evolution in the potato
for all oil temperatures. However, the success in describing moisture
evolution is restricted to the higher range of the examined
temperatures.

• Future deep fat frying modeling efforts should take into account both
the evaporation of surfacewater and the existence of a partially dehy-
drated zone and its variability with frying conditions.

Nomenclature
A external area of potato
Bif Biot number after the core water evaporation
Bio Biot number before the core water evaporation
C ratio of potatoes-to-oil total heat capacities
cp, heat capacity
D ratio of sensible heat needed to raise the potato tempera-

ture to the latent heat of its water content
F flux of water evaporation at a receding interface
ho heat transfer coefficient corresponding to Period I
hf heat transfer coefficient corresponding to Period II
k thermal conductivity
m w mass of evaporated water
Q power supplied by the heater
R potato radius
r radial coordinate
Ry the interface between crust and saturated region
T temperature in the potato
Tin initial potato's surface temperature
Toil,o initial oil temperature
Ts Water boiling point
V oil volume in the bath
Vo initial volume of a potato stick
Y crust thickness
z non-dimensional spatial variable
ΔHvap water latent heat

Greek letters
α thermal diffusivity of core
δ thickness of a hypothetical region with sharp moving

boundary
ε moisture fraction
ρ density

Subscripts
co saturated potato (core)
cr crust
oil oil
w water
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