Evaporation Front Compared with Crust Thickness
in Potato Deep-Fat Frying
Abstract: The various theoretical approaches that have been proposed for modeling heat and mass transport during
deep-fat frying of potatoes provide a rather ambiguous view of the relation between the propagation of the evaporation
front inside the food and the evolution of crust thickness. This can be partly attributed to the unavailability of detailed
experimental information concerning the temperature field inside the developing crust to validate the models. The
objective of the present work is to experimentally study the relation between crust thickness evolution and evaporation
front propagation and how this varies with frying conditions. To achieve this goal, a special device has been constructed
that permits (1) only 1 side of a potato stick to be exposed to hot oil, and (2) accurate and stable placement of
miniature thermocouples in prescribed positions under but very close to the potato surface. Temperature recordings
inside the developing crust allowed identification of different heating regimes during frying and a rough estimation
of the evaporation front propagation. In addition, crust thickness was determined at intermittent time intervals by 2
independent methods (1) microphotography and (2) a micrometer. Comparison of the evaporation front propagation
with crust thickness evolution indicates an interrelationship roughly up to the end of the boiling regime (bubble-end
point). After this moment, the propagation of the evaporation front is faster than the evolution of crust thickness.
Keywords: crust thickness, evaporation front, frying, potato, temperature measurement

Practical Application: Understanding the role of parameters that determine crust formation is of paramount importance

since crust characteristics such as thickness and texture dictate the sensory perception of fried foods. This study aims
to quantify the relationship between such parameters (that is, crust evolution and the propagation of the evaporation
front inside the food) and to examine how frying conditions (oil temperature and frying duration) affect it. In addition,
the present findings may be of particular value to deterministic modeling efforts on the coupled heat and mass transfer
phenomena during deep-fat frying.

Introduction

ignore mass transport for the sake of simplicity (end up to analytical
expressions).
(2) The distributed evaporation formulation (Ni and Datta 1999;
Yamsaengsung and Moreira 2002; Halder and others 2007a,2007b,
2011) assumes that water evaporates over a partial dehydrated transition zone that exists between the crust and the core. Sophisticated
porous media models by Datta and co-workers describe implicitly
this transition zone (through the complete spatial profiles of the
phases) at the expense of a large number of physical parameters.
Farid and Kizilel (2009) avoided this complexity by proposing a
phenomenological model that requires only one parameter for the
description of this zone thickness. The above models accept that
the thickness of the partially dehydrated zone between the core
and the crust gets smaller as the temperature distribution in the
crust attains higher values.
Several researchers have experimentally determined temperature profiles at various positions inside frying foods (some popular
studies are presented in Table 1). However, the above theoretical models have been validated chiefly against the experiments of
only 2 independent research groups. This is because these 2 groups
MS 20110511 Submitted 4/22/2011, Accepted 10/1/2011. Authors are with provided temperature recordings so close to the crust. Specifically,
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thick stick (25.4 mm) of a reconstructed potato assuming that its

During potato stick frying, 2 distinct zones evolve: the crust and
the core. The crust is a progressively thickening layer with thermal
and physical properties similar to that of an insulating material
(Farkas and others 1996). It can be viewed as a porous matrix that
serves as a conduit for energy flow and vapor loss between the food
surface and the core region (Hubbard and Farkas 1999). A naive
classification of theoretical efforts for modeling crust development
recognizes 2 different approaches.
(1) The sharp-boundary formulation (Farkas and others 1996;
Farid and Chen 1998; Southern and others 2000; Farid 2001),
which considers the crust as a totally dry region with temperature
above the water boiling point (100◦ C), while water evaporation
takes place exclusively at a sharp crust-core interface (evaporation
front) that moves slowly toward the center of the food. With the
exception of Farkas and others (1996) who combine heat transport
with vapor flow in the crust, most other moving boundary models
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thermal behavior resembles the behavior of natural potato during deep-fat frying. Only one of their measuring positions can
be considered reasonably close to the oil–potato surface (that is,
0.5 mm). Moreover, the employed thermocouples were too large
(tip diameter 0.81 mm) to provide local information inside the
crust without disturbance. In addition, these authors admit the
difficulty to place the thermocouples accurately in the sample and
to ensure that they do not shift during frying. The 2nd group
(Southern and others 2000) provided temperature measurements
at the center of a 2-mm thick potato chip, obtained by a 0.6 mm
(tip diameter). These authors also admit that both the location of
the thermocouple in the chip and the size of the thermocouple
can have a considerable effect on measurements.
The sharp-boundary 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 diffusion is ignored. Farid and Kizilel (2009) improved
this analytical model by including a moisture diffusion region
surrounded by a wet core and a dry crust region, leading to a
satisfactory prediction of the final rise of the center temperature
of the fried food. On the other hand, the distributed evaporation
model by Datta and co-workers was compared only with the
experimental results of Farkas and others (1996), regarding the
temperature distribution obtained at 0.5 mm beneath the food
surface of a thick food item (that is, 25.4 mm).
Placing accurately a very thin thermocouple at a well-defined
position under the potato surface and keeping it there during frying as crust develops is a challenging task. The unavailability in
past years of miniature, but yet robust, thermocouples along with
extensive potato shrinkage phenomena did not allow researchers
to measure accurately local temperatures inside the crust. As a
result, efforts to understand the relation between the developing
crust and the propagating evaporation front were hindered. This
work intends to elucidate this relation by providing for the 1st
time simultaneous temperature recordings at several stable positions inside the crust. These temperature profiles are compared
with direct measurements of crust thickness. The accomplishment
of the above objectives requires an experimental device that
(1) permits the accurate and stable placement of miniature thermocouples in distinct positions under—but very close to—the
potato surface.

(2) allows only one side of a potato sample to be exposed to
hot oil while the other sides being kept insulated in order to
(a) simplify the geometry of heat transfer (thermal penetration)
and mass transfer (vapor loss) resembling the case of heating of
an infinite slab, (b) avoid disturbances from bubbles arising from
the other—than the top surface—parts of the potato sample, and
(c) elongate the duration of frying by reducing heat transfer from
the insulated sides of the potato.
(3) reduces potato shrinkage.
A device with the above features as well as extensive sophistication regarding remote operation, data transmission, and control (Figure S1 and S2) has been constructed for the needs of a
project funded by the European Space Agency (ESA). The project
is about the definition of critical points for optimization of the
frying process under altered gravity conditions (microgravity and
hypergravity). The results of the present work will elucidate the
relation between the propagation of evaporation front and crust
development and will also serve as reference for the altered gravity
experiments that are underway.

Materials and Methods
Frying equipment and experimental parameters
The special device that allows on-line temperature measurements at 3 different positions under the potato surface is schematically displayed (only basic parts) in Figure 1. A potato stick
(Agria variety, average moisture content 80% w.b. with dimensions
9.8 × 9.8 × 20.0 mm3 ) is placed inside an insulating double
R
trough unit, one trough inside the other, both made of TEFLON
(ENFLO; Figure 2). Our intention is to apply long enough width
and depth dimensions (that is, approximately semiinfinite domains)
that will allow the reduction to an approximately one-dimensional
problem excluding the complexities induced by the potato’s side
surfaces, edges, and corners. The potato sample is placed inside
the inner Teflon trough in such a way that its only surface exposed
to the oil is flush with the top of the trough. The side surfaces of
the potato are prevented from contacting the oil by fixing tightly
the potato inside the Teflon trough (Eufab, Elektrohydraulischer
Wagenheber; Figure 2). The double-trough unit is supported by
a hollow metallic arm used also as pathway for the thermocouples wires. An electro-hydraulic jack is employed to lift smoothly

Table 1–Indicative studies that have measured temperature profiles inside the fried medium.
Study

Thermocouple distance
below the food surface

Tip diameter

Fried medium

Frying conditions

Farkas and others (1996)

0.5, 4.2, 8.5, and 12.7 mm

0.81 mm

160, 180 ◦ C

Moreira and others (1995)

Chip center

0.16 mm

Farid and Chen (1998)

Chip center

0.6 mm

Sahin and others (1999)

1 mm below the top and the
bottom surface
Chip center
0.7, 2.1, 3.2, 3.7, 4.2 mm

Not specified

1 mm below the surface and
at the potato center
1 mm below the top and the
bottom surface and at the
center
0.5, 1.0, and 1.5 mm

0.5 mm

Rehydrated dried potato mixture.
Disk (height: 25.4 mm, diameter
82.6 mm)
Tortilla flour/water mixture chips
2-mm thick/diameter not
specified
Potato chip, 3-, 4-, 5-mm thick
chips diameter not specified
Potato rectangular-shaped piece
50 × 50 × 5 mm3
Potato chip 2-mm chips 50-mm dia
Potato cylinder diameter: 1 cm,
length: 8 cm
Potato cylinder diameter: 1.2 cm,
length: 5.1 cm
Sweet potato flour/water mixture
disks diameter: 2.5, 3.5, 4.0 cm,
width: 1 mm
Potato stick, 9.8 × 9.8 × 20 mm3

Southern and others (2000)
Kalogianni (2007)
Bouchon and Pyle (2005)
Farinu and Baik (2007)
Present work
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0.6 mm
0.4 mm

0.5 mm
0.2 mm

190 ± 5 ◦ C
180 ◦ C
150, 160, 170, 180, 190 ◦ C
170, 180, 190 ◦ C
180 ◦ C
155, 170, 185 ◦ C
150, 160, 170, 180 ◦ C
150, 160, 170, 180 ◦ C
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Temperature measurement
In order to acquire temperature measurements at positions 0.5,
1.0, and 1.5 mm below the exposed potato surface (Figure 2), 3
miniature hypodermic probe thermocouples, with a tip diameter
of 0.2 mm, (HYPO-OMEGA) were used. These thermocouples are particularly robust for their small size and have a fast
response time (time constant: 0.05 s). The metallic arm holds
the thermocouples stably at their prescribed (±0.03 mm) positions. The thermocouples wires after exiting the hollow metallic
arm are connected to a data acquisition unit (Data Acquisition
Modules—ADAM, 4018, sampling rate 1 Hz). The temperature
at the potato–oil interface and the temperature of the bulk oil,
T oil , were monitored by 2 T-type (OMEGA) thermocouples (Ø
1.0 mm). It must be noted that the thermocouple placed at the
Figure 1–Basic parts of experimental set-up: (1) hydraulic jack for smoothly
potato–oil interface does not measure the actual temperature of the
lifting the hot plate, (2) hot plate, (3) glass beaker with hot oil, (4) metallic
arm for holding double Teflon trough unit with potato and thermocouples, potato surface as it is partially affected by the bulk oil temperature.
Nevertheless, this measurement provides qualitative information
(5) data acquisition unit, (6) temperature controller.
for the onset and progress of frying (see below).
Crust thickness measurement
The crust is defined as the top, completely dry layer of a fried
potato that exhibits different texture (color, rigidity, coarseness)
and structure (porosity, pore size) from the rest of the potato flesh
(core). This definition has been widely used by many researchers
(for example, Ziaiifar and others 2010). One may easily extrapolate
from this basic definition to realize that the visually identified
crust has distinct thermal and mechanical properties. But such an
identification is beyond the scope of this work.
The thickness of the crust was determined by 2 individual methods: (1) by image analysis of microphotographs and (2) by a micrometer. Both methods are accurate down to ±0.01 mm. Potato
samples meant for crust thickness measurement were taken out of
the fryer at specific instants: 300, 500, 1000, 1500, and 2000 s
when frying at 150 ◦ C and 100, 200, 400, 700, and 1000 s when
frying at 180 ◦ C. As soon as the fried potato stick was removed
from hot oil, it was cut in 2 halves with the help of a surgical scalpel
(Swann – Morton, Blade No. 15). During the cutting procedure,
which lasted maximum 1 min, special care was taken to avoid the
crust structure deformation. Then, one-half was measured with a
micrometer by carefully separating the core from the crust with a
scalpel (maximum time duration 2 min). The crust of the other
half piece was placed on paper towels for 1 min and then under
a microscope (Axiostar Plus) equipped with a color digital camera (Canon EOS-350D). The total duration (from the removal
of the sample from the oil) for the crust thickness measurement
was less than 5 min. Thickness measurements were carried out at
Figure 2–Double Teflon trough unit for potato stick and thermocouples
placement: (1) space for potato, (2) thermocouples, (3) hollow metallic 10 different crust sections of 5 different potato samples in order to
increase the confidence of the calculated statistics.
arm, (4) inner Teflon trough unit, (5) outer Teflon trough unit.
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the hot plate (625 W nominal power) with the glass beaker that
contains the oil (500 mL of extra virgin olive oil; density and viscosity at 20 ◦ C 0.895 g/cm3 and 83 Pa·s, respectively). The glass
beaker is raised until the oil/air surface is 1 cm above the exposed
potato’s surface. This distance is long enough to ensure that the
generated bubbles do not interact with the surface while being
attached to the potato surface. Experiments were conducted at 4
different initial oil temperatures, T oil (that is, 150, 160, 170, and
180 ◦ C) and were repeated 5 times to check for reproducibility.
This temperature range is recommended for commercial deep-fat
frying (Gertz and Matthaus 2006).
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Temperature distributions
Figure 3 and 4 present indicative temperature profiles, T p , acquired at 0.5, 1.0, and 1.5 mm below the potato surface, (T 0.5 ,
T 1.0 , and T 1.5 , respectively) during frying at 150 ◦ C (Figure 3A),
160 ◦ C (Figure 3B), 170 ◦ C (Figure 4A), and 180 ◦ C (Figure 4B).
It was decided to present indicative temperature profiles from
individual runs instead of average profiles computed from repeatability runs. Apart from being strict, this avoids smoothing of local
features due to inherent variability of samples (Figure S3). The
temperature profiles measured in contact with the oil–potato interface, T s , and that of the bulk oil, T oil , are also presented in
Figure 3 and 4. The T oil profiles are chosen to be slightly nonisothermal, in order to simulate conditions usually encountered at
catering applications (Lioumbas and others 2011a) (that is, kilogram
potatoes to oil volume ratio approximately 1/35 Kgpotatoes /L oil ).

As soon as the double-trough unit is immersed in the hot oil,
the Heating Regime of frying begins. This is the period that the
potato heats up from ambient to boiling temperature. During this
period, T oil gradually decreases whereas, T s gradually increases.
During the Heating Regime, all 3 temperature readings under the
potato surface increase with time. The closer a thermocouple is
located to the surface, the faster it thermalizes. This is an indirect
evidence that the 3 thermocouples stay fixed at their prescribed
positions. The duration of the Heating Regime decreases, as the
initial T oil increases as a result of the higher heat supply to the
potato.
The Boiling Regime of frying begins (designated by the vertical gray stripe in the plots) the moment the 1st vapor bubble
emerges from the potato surface due to surface water evaporation (Hubbard and Farkas 1999). This regime ends when bubbles at the potato surface are so scarce and their growth so slow
that do not give the impression of boiling anymore (bubble end
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Figure 3–Temperature profiles at 3 distances below the potato surface
(0.5, 1.0, 1.5 mm) during frying at 2 initial oil temperatures: (A) 150 ◦ C
and (B)160 ◦ C. Also shown: the temperature measured in contact with the
oil–potato interface (for qualitative use only) and the temperature of bulk
oil. The gray stripe denotes period of intense boiling during frying.
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Figure 4–Temperature profiles at 3 distances below the potato surface
(0.5, 1.0, 1.5 mm) during frying at 2 initial oil temperatures: (A) 170◦ C
and (B) 180 ◦ C. Also shown: the temperature measured in contact with the
oil–potato interface (for qualitative use only) and the temperature of bulk
oil. The gray stripe denotes period of intense boiling during frying.
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point). The Boiling Regime can be further divided in 2 separate
periods.
(1) Period I starts the moment T s suddenly climbs up. The
sudden rise of T s coincides with the visually observed onset of
boiling. Period I was characterized as Surface Boiling Period by
Farkas and others (1996). Boiling creates intense agitation of the
oil layers over the potato surface and leads to increased convective
heat transfer from the oil to the potato. This enhances surface

200

water boiling. The increased convective heat transfer caused by
surface boiling is felt also inside the potato flesh by conductive
heat transfer as a steep increase in all 3 T p values.
(2) After some short time has elapsed, the steep increase in T s
(and T p ) suddenly decelerates because of the depletion of surface
water and the initiation of crust development (Period II). From
this moment on, T 0.5 profiles increase only gradually, roughly until the end of Period II. For all oil temperatures, T 0.5 stays for some
time at approximately 100 ◦ C indicating boiling conditions at
0.5 mm below the potato surface. The time length of this plateau
gets considerably shorter as the initial oil temperature increases
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(in fact, at higher T oil, it is hardly distinguishable). This is a consequence of the higher heat fluxes at high T oil , which generate a
fast propagating evaporation front inside the potato that consumes
the available water so rapidly that local temperatures very quickly
exceeds 100 ◦ C.
Close to the end of the Boiling Regime, when T 0.5 exceeds
100 ◦ C, T 1.5 takes values approximately 100 ◦ C for the lower oil
temperatures and approximately 95 ◦ C for the higher oil temperatures. In addition, at higher T oil , T 1.0 approaches more T 0.5
running away from T 1.5 . In other words, at high oil temperatures,
heat penetrates faster into the top 1-mm layer of the potato but
affects much less the layer at 1.5-mm depth from the potato surface. If for the moment one assumes that the evaporation front
represents the crust thickness, then the crust seems to develop
faster and thicker at high oil temperatures. However, as will be
shown below, at high oil temperatures, the crust is only a little
thicker than at low oil temperatures but is much more compact.
So, it is more the structure (porosity, pore size) of the crust rather
than its thickness at high oil temperatures that insulates better the
inner parts (for example, 1.5 mm) of the potato and hinders water
evaporation from deeper sections.
The last stage of frying is often described as the non-Boiling
Regime. In this stage, vigorous boiling has ended but some individual bubbles still grow slowly here and there on the potato surface.
It is reminded that for nucleate boiling to occur in the form of
vigorous bubble columns above a hot solid, it is not enough to
reach the boiling point of the liquid but the heat flux must also
be above a critical value. For water at 1 atm, this value is around
104 W/m2 (VDI-Wärmeatlas 2002). For nucleate boiling in the
form of individual bubbles, the critical heat flux is an order of

magnitude smaller. Therefore, what is observed at the non-Boiling
Regime may be simply attributed to reduced heat fluxes inside the
potato. In this regime, T 0.5 and T 1.0 rise well above 100 ◦ C that indicates that there is no unbound moisture available at these depths
and so a crust can develop there. In addition to crust formation,
cease of vigorous boiling at the oil/potato interface being followed
by temperature rise of the outer parts of the potato reduces the
convective heat transfer from the oil to the potato. Apparently,
some water continues to evaporate deeper inside the potato but
since heat has to travel through the evolving low thermal conductivity crust to reach these water layers and the created vapor
has to travel all the way back to the surface, the whole process
slows down. This is confirmed by the T 1.5 profile that stays at
approximately 100 ◦ C for considerably long time after the end of
vigorous boiling indicating that water still exists at this depth and
that the crust has not grown so thick yet.
The temperatures measured at each of the prescribed thermocouple location are cross-plotted for all different T oil values in
Figure 5. The consistent trend of temperature profiles with respect to increasing T oil shows that
r the miniature thermocouples were accurately placed in the prescribed positions in all runs.
r the inherent variability of the physical product (potato)
among runs does not affect significantly the temperature
profiles.
The blue and red dots on the curves designate the respective
beginning and end of the Boiling Regime. As T oil increases, boiling
begins sooner and the duration of Boiling Regime is shorter. Nevertheless, the temperature values at the beginning and end of the
Boiling Regime are alike, as expected.

Figure 8–Typical images of potato cross-sections during frying at 150 ◦ C, at different time instants.
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Evaporation front
The idea of an evaporation front that propagates inside a porous
medium saturated with liquid is old, for example, Mikahilov
(1975). Given that the maximum pressure at the crust–core interface during frying is estimated to be very close to 1 atm
(approximately 800 Pa; Ni and Datta 1999), we designate as
evaporation front the location inside the potato where the temperature is 100 ± 0.5 ◦ C. The ±0.5 ◦ C band incorporates experimental uncertainty as well as deviations due to local phenomena.
For instance, if a temporary close porous matrix develops around
thermocouples, the local pressure will slightly rise and so will the
temperature. On the contrary, intense ejection of vapor streams or
condensation may yield short-living slight underpressure.
Knowing the exact location of the 3 thermocouples inside the
potato, it is possible to estimate the propagation of the evaporation
front by plotting the distance of every thermocouple from the
surface of the potato against the time that temperature stays at
100 ± 0.5 ◦ C for every location. The employed temperature
band (± 0.5 ◦ C) yields a corresponding time band in the plots.
In order for the above estimation to have some value, shrinkage
must be insignificant. It is seen that in the experiments with the
double Teflon trough unit, shrinkage was indeed very small; below
0.1 mm at the end of frying and near the far corners of the
sample. So, for the shorter times involved in the estimation of the
evaporation front propagation and for the central region of the
samples where thermocouples are placed, it can be assumed that
shrinkage is negligible. It is probably the heating of the potato from

one side only and the anchoring action of the 3 thermocouples
that render shrinkage so small.
In Figure 6, the propagation of the evaporation front, δ ef , is
presented versus time, for all the examined initial T oil . The black
dots stand for the end of the Boiling Regime (bubble end point).
Interestingly, the Boiling Regime ends at δ ef approximately 1.0 ±
0.1 mm, regardless of the frying conditions. This implies that if
water is depleted at approximately 1.0 mm below the surface of the
potato then vigorous boiling cannot be further sustained. During
the early stages of boiling (that is, δ ef < 0.5 mm), the front moves
at roughly the same rate (approximately 3.5 to 4.5 × 10−3 mm/s)
for all T oil . However, as boiling proceeds (that is, 0.5 mm < δ ef
< 1.0 mm), the front propagation decelerates (approximately 1.2
to 1.5 × 10−3 mm/s) for the 2 lower T oil , but remains virtually
the same for the 2 higher T oil . The time needed for the T 1.0
values to move from 99.5 to 100.5 ◦ C, is significantly longer for
the lower than the higher T oil (that is, 110 and 30 s for the low
and high T oil , respectively). This suggests that as T oil increases,
the evaporation front moves faster (because of the increased heat
flux). Apart from the 1st moments of frying (δ ef < 0.5 mm), the
width of the evaporation front zone, δ ef , corresponding to the
100 ± 0.5 ◦ C band increases with decreasing T oil . The latter is
easily noticeable in Figure 7, which represents the time evolution
of δ ef , plotted for the lowest and the highest T oil . Specifically,
δ ef receives values as large as 0.3 mm for T oil = 150 ◦ C but
only 0.05 mm for 180 ◦ C. This supports the notion that as the oil
temperature decreases, evaporation takes place over an extended

Figure 9–Typical images of potato cross-sections during frying at 180 ◦ C, at different time instants.
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zone rather than a sharp interface. It is worthy of noting that the
δ ef continues to propagate even after the end of vigorous boiling.
This implies that there is an evaporation zone defined by the
boundaries between the evaporation front and the crust where
water phase change takes place without observable boiling on the
potato’s surface.
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Crust thickness measurements
Typical images of potato sticks cross-sections fried at 150 and
180 ◦ C, are presented in Figure 8 and 9, respectively. Each image
corresponds to different frying duration and as such refers to a
different sample. The thick black continuous line marks the free
surface of potato while the white dashed line marks the regional
boundary that separates the crust from the core. Despite the fact
that the illumination conditions during shooting and the image
analysis procedure are identical, the crust exhibits darker colors,
and so can be easier distinguished from the core, as T oil and frying
duration increases. This is attributed to the formation of a more
compact crust, which makes it difficult for light to pass through.
Recently, Baby Latha and others (2011) also observed decreased
brightness of the outer surface of cashew splits as duration and
oil temperature during deep-fat frying increases. It must be noted
that the limited water evaporation that takes place inside the core
during the preparation of the samples for the crust thickness measurements is considered not capable of altering the thickness of
the rigid crust.
The results of the image analysis along with the micrometer
measurements are presented in Figure 10 (the y-bars stand for the
standard deviation of each run). In order to present in a concise
way the temperature profile evolution below the potato surface,
a temperature gradient contoured map is plotted over Figure 10
(temperature data originate from Figure 3 and 4, assuming that
every zone has a width equal to the thermocouple tip diameter,
that is, 0.2 mm). From Figure 10, a rough estimation of the possible
moisture distribution below the potato surface can be obtained.
Given that the potato structure can surely not sustain a pressure
around 2 bars (T boiling ≈ 121 ◦ C), the higher temperature regions
(orange or red) indicate the absence of unbound moisture to potato
cells (equilibrium cell moisture still exist), compared to the lower
temperature regions (blue or green) where unbound moisture may
be present. It must be stressed here that in regions inside the potato
with T > T boiling, it is very likely to have supersaturated steam as
also argued by other authors (Moreira and Barrufet 1996).
The formation of crust begins right when the Boiling Regime
begins. Crust thickness continues to increase, though at reduced
rates, also during the non-Boiling Regime. Moreover, crust thickness seems to attain similar values at the end of the Boiling and
non-Boiling Regimes in both T oil , although the duration of these
regimes is significantly different in the 2 oil temperatures. It is
noted that for all the examined samples, crust thickness hardly
exceeds approximately 1 mm even in cases (not shown) where
the potato sample was kept for extremely long times (for example, 2000 s) inside hot oil (T oil = 180 ◦ C). It is worth of noting
that at T oil = 180 ◦ C, T 1.0 and T 1.5 become eventually higher
than 100 ◦ C during the non-Boiling Regime and in a region ahead
of the crust (considered as evaporation zone). This implies that
this region is rather dominated by superheated steam. The latter
finding explains why the crust thickness evolution stops at 1 mm
even at high T oil , since the presence of superheated steam does
not allow the evaporation front zone to be completely dehydrated.
In line with this, Moreira and Barrufet (1996) trying to model the
frying process of tortilla chips, implied that some of the vapor
E24 Journal of Food Science r Vol. 71, Nr. 1, 2012

may remain trapped within the pores of the food due to restrictive
intercellular diffusion. They suggested that the entrapped vapor
will expand and become superheated, distorting the pore walls
and contributing to chips porosity.
Furthermore, Figure 10 compares the experimentally determined evolution of crust thickness with the propagation of the
evaporation front (estimated from temperature readings) and with
the theoretical predictions of 2 known models: the sharp boundary
model of Farid and Chen (1998) and the evaporation zone model
of Ni and Datta (1999). The predictions of the former were easily
derived by solving the respective analytical expression using for
the convective heat transfer coefficient the values suggested by
Lioumbas and others (2011b) 750 W/m2 K and 500 W/m2 K for
180 and 150 ◦ C, respectively, and for the crust thermal conductivity, the value 0.14 W/mK suggested by Farid and Chen (1998).
On the other hand, for the predictions of the Ni and Datta model,
extensive numerical calculations were required. For easiness, the
curve representing this model for 180 ◦ C was generated by

Figure 10–Comparison of evaporation front (100 ± 0.5 ◦ C zone) propagation with crust thickness evolution (measured with a micrometer and
image analysis) and predicted values for initial oil temperature (A) 150 ◦ C
and (B) 180 ◦ C. The vertical gray stripe denotes period of intense boiling
during frying. The horizontal multicolor stripes represent the temperature
evolution at specific regions below potato surface.
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Conclusion
Novel data are presented concerning detailed temperature profiles in 3 positions under—but very close to—the potato surface
during deep-fat frying. These data are employed to estimate the
propagation of the evaporation front inside the potato. In addition,
information on the evolution of crust thickness is obtained by image analysis of digital microphotographs and by a micrometer. The
comparison between the propagation of the evaporation front and
the evolution of crust thickness shows that the 2 quantities coincide
only in the 1st part of the Boiling Regime but soon the evaporation
front propagates faster than the development of crust. Apart from
the above, the measured temperature distributions demonstrate the
significant effect of surface water evaporation on the thermal gradient beneath the potato surface. The present findings support the
notion of 3 distinct regions under the oil–potato surface during
deep-fat frying:
(1) The crust, is a region lacking unbound moisture, where the
temperature is expected to rise above 100 ◦ C. Crust characteristics,
such as crust thickness, structure, and texture, are influenced not
only by the initial oil temperature but also by the frying duration.
Moreover, the developing crust affects the temperature field at the
region beyond the crust.
(2) The evaporation zone is a partially dehydrated regime that
extends beyond the boundaries of the crust and contributes also to
water evaporation. The lowest part of this zone (evaporation front)
has a temperature that is expected to be close to approximately
100 ◦ C. The width of this zone expands as frying proceeds in time
but is narrower at higher initial oil bulk temperature.
(3) The core is a wet regime, with temperature less than 100 ◦ C,
that extends beyond the diffusion zone and its width reduces as
frying proceeds.
The findings of the present study may be of particular value to
deterministic modeling efforts aiming to elaborate on the coupling
between heat and mass transfer phenomena during deep-fat frying.
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