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Abstract—Deep-fat frying is one of the most common food 

processing methods used for preparing of human kind foods 
worldwide. However, a serial of complex reactions such as oxidation, 
hydrolysis, isomerization, and polymerization take place during the 
deep-fat frying course and influence quality attributes of the final 
product such as flavor, texture, shelf life and nutrient composition. 
Deep fat frying is a process of simultaneous heat and mass transfer. 
Heat is transferred from the oil to the food, water is evaporated from 
the food and oil is absorbed in it. Studying the heat and mass transfer 
mechanisms in deep fat frying food is necessary and important. 
 
Keywords—Deep fat frying, heat transfer, mass transfer, oil 

absorption  

I. INTRODUCTION 
t is well known that deep-fat frying is a prevalent and old 
food cooking method which can go back to 1600 BC. 
During five decades the use of this process in preparing a 

variety of food products has exceeded and about 20 million 
tons of fried oil are produced annually all over the world [1], 
[2]. Frying is often selected as a method for creating unique 
flavors and texture in processed foods that improve their 
overall palatability [3]. Deep-fat frying, which can also be 
defined as a process of drying, may be classified into four 
stages: (i) initial heating; (ii) surface boiling; (iii) falling rate; 
and (iv) bubble end point. Initial heating is described as the 
immersion of a raw material into hot oil and is characterized 
by the absence of water vaporization. During this stage, heat is 
transferred from the oil into the food by free convection and 
through the food by conduction. Surface boiling is 
characterized by the sudden loss of free moisture at the 
surface, increased rate of surface heat transfer, and inception 
of crust formation. The falling rate stage parallels that of 
drying, in which there is continued thickening of the crust 
region, decreased heat transfer rate and a steady decrease in 
the rate of vapor mass transfer from the sample. Bubble end 
point is characterized by the apparent cessation of moisture 
loss from the food during frying [4], [5]. 
Deep fat frying is a process of simultaneous heat and mass 
transfer. Heat is transferred from the oil to the food, water is 
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evaporated from the food and oil is absorbed in it. Factors that 
affect heat and mass transferare the thermal an 
physicochemical properties of the food and the oil, the 
geometry of the food and the temperature of the oil. The high 
temperatures of the frying oil, typically lead to the appreciated 
textural dichotomy of the food: dry and crispy crust, tender 
inside. During the frying process, several physical and 
chemical changes taking place. These include: physical 
damage produced when the product is cut and a rough surface 
is formed with release of intracellular materials; starch 
gelatinization and consequent dehydration; protein 
denaturation; breakdown of adhesive forces between cells; 
water evaporation; rapid dehydration; expansion and browning 
of tissues; and finally, oil uptake [3], [4], [6], [7], [8], [9], 
[10], [11].  
The aim of this study is to review selected topics related to oil 
uptake during the deep-fat frying of food products and the 
kinetics of water loss and oil uptake during deep-fat frying. 
Two models based on Fick’s law of diffusion were used to 
describe water loss and an empirical model was used to 
describe oil uptake during frying.  
 

II. HEAT TRANSFER DURING FRYING 
During deep frying, heat and mass transfer in the product 

and product evolution are governed by heat transferred from 
oil to the product by its external surface. The impact of 
heating is related to the final reached temperature and to the 
rate of heating. The main originality of deep frying (Figure 1) 
is to transfer heat at a very high rate using the heat reservoir 
created by the large volume of oil compared with the product. 
Due to the density and heat capacity of oil, involved heat 
transfer rates are in particular higher than those encountered 
with other heat vectors such as gas (e.g., hot air, superheated 
steam). Besides, when the product is surrounded with oil 
(immersed product), heat is transferred almost uniformly to 
the product. This feature is more difficult to achieve with 
alternative cooking or drying processes such as pan-frying and 
infrared heating. Deep frying uses a large volume of liquid 
with a high boiling point, such as oil, fat and paraffin, whose 
initial temperature is set significantly above the boiling point 
of free water. This process can be done in batch or in 
continuous form using an immersed conveyor. Because oil and 
fats are highly thermo-expandable fluids, buoyancy forces are 
particularly efficient to homogenize the temperature along the 
vertical direction. In deep-fat frying, the heat transfer takes 

Modeling  Heat and Mass Transfer During 
deep-fat frying: A Review 

Mousavi Kalajahi. S. E, Asefi. N 

I



Journal of Middle East Applied Science and Technology (JMEAST) 
  
ISSN (Online): 2305-0225  
Issue 14(3), April 2014, pp. 391-394 
 

392 
 

place by a combination of convection (in the oil mass) and 
conduction (inside the food) [2], [4], [12].  

 
 

Fig. 2 is a scheme of a fried material, with form of infinite 
plate (chips in pieces). The heat (q) is transferred by 
convection from the oil to the surface of the product and by 
conduction to the center of the product. Nevertheless, certain 
heat transfer between water (M) or steam that is the energy 
transported by the water vapor [4]. 
 

 
 

III. OIL UPTAKE MECHANISM DURING DEEP FAT FRYING 
1. water replacement mechanism 

 
During frying (basically a drying process), oil replaces the 

water that has evaporated. When the food is exposed to frying 
temperatures, water evaporates rapidly, the outer surface 
becomes dry and a crust forms. Moisture within the fried 
product is converted to steam, creating a positive pressure 
gradient. The steam escapes through cracks, defects, open 
capillaries and channels in the cellular structure and 

membranes. As the process progresses, oil adheres to the food, 
entering the large voids, product imperfections and crevices 
left by the changes in structure due to frying and water 
evaporation.As the voids are quite large, there is no inner 
resistance due to positive water vapor pressure. This 
mechanism could furnish a possible explanation for the direct 
relationship observed between water loss and oil uptake [1], 
[7]. 
 

2. condensation mechanism 

 
Especially at high moisture content vapor will be escaping 

the food which creates an overpressure inside the pores. 
Because of this, oil cannot penetrate the food. This barrier of 
escaping steam probably continues until a few seconds after 
removal of the food from the oil. After removal the 
temperature drops and the vapor in the crust will condensate 
— the over pressure will turn into under pressure. Since most 
of the crust pores will be filled with vapor (assuming the pores 
are not in contact with the air— a film of oil will most likely 
prevent this), oil will be driven into the pores. It should be 
noted that the condensation mechanism is probably most 
important for short frying times and large food samples. If 
longer frying times are used, the fat uptake is greater. This is 
because at a certain moment the crust is dry and the flow of 
vapor (and hence the bubbling) stops [1], [7]. 
 

3. capillary mechanism 

 
During and after frying several situations can be valid for 

the state of the pores affecting fat penetration. Four basic 
situations are shown in Fig. 3. In Fig. 3a, the oil will not enter 
the pores because the wall of the pore (i.e. of the food) 
contains water and is hence not easily wetted by the oil. In the 
course of the frying process this hydrophilic character will 
become less pronounced, but it is not likely that it will change 
into good-wetting conditions. In addition, the water residing in 
the pore can not be compressed and any oil uptake in this 
situation should lead to water transport elsewhere. Thus no oil 
penetration will occur if the pores are filled with water. In Fig. 
3b, the pores are filled with water vapor. Water vapor can be 
considered hydrophobic, and the food may be wetted better by 
the oil than the vapor.The wetting will depend on the balance 
of surface tensions, and particularly the oil/food surface 
tension (ysl) plays a large role. This surface tension should be 
high to reduce fat uptake. According to Pinthus and Saguy 
(1994), the following relation exists [13]: 
 

oil uptake(%) = a/(γ��)�    (1) 
 

Where α and b are empirical constants depending onvarious 
pore properties. Unfortunately ysl is hard tomeasure and, if 
measurable, hard to control. 
The capillary pressure P in a (cylindrical) pore of radiusris 
determined by the wetting angle Ө (which is determined by 
the balance of interfacial tensions including ỵsl), and by ylg [7]: 
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P = 2γ��cosθ r⁄       (2) 
 

This shows that wider pores and contact angles Ө larger 
than 90 result in smaller capillary pressures [7]. ylg can be 
reduced by surfactants with intermediate hydrophobicity, like 
phospholipids [14]. 
If the conditions for oil penetration are met, it will take place 
at a certain velocity v, depending on the oil viscosity η, 
according to [7]: 

       
υ = r�P 8lη⁄      (3) 

 
This shows that a higher viscosity and narrower pores lead 

to less oil uptake in the pores and that the velocity decreases 
as the oil penetrates deeper into the food [7]. 

 

 
 
 
 

There is abundant proof in the literature for the importance 
of pore radius and pore depth. It has been shown for tortilla 
chips that narrow pores lead to more fat uptake than wide 
pores. It can be shown that a radius of approximately 1mm 
will give pressures comparable to atmospheric pressure. This 
means that for radii smaller than 1mm, the capillary pressure 
can lead to fat uptake even if the pores are filled with vapor. 
Pore depth of course determines the maximum depth of oil 
penetration. Actually, relevant is the whole pore pathway 
taking into account the tortuosity. Long continuous channels 
will lead to increased fat uptake. This particularly depends on 
the type of food considered [7], [15]. 
 

IV. KINETICS OF MASS TRANSFER DURING DEEP FAT FRYING 
1. kinetics of oil uptake 

 
Kinetic studies of quality changes during frying are the great 
importance because knowledge on kinetic parameters during 
the process enables prediction of final quality changes and 
improves the final product value through correct selection of 
frying conditions.  

Moyano and Pedreschi (2006) studied the kinetics of oil 
uptake during frying at three temperatures of pretreated potato 
slices by applying two empirical kinetic models. In the first 
model, a mass balance for oil content during frying can be 
stated as: 

                                                      
o = o�� − o∗     (4) 

                     
Where O is the oil content at time t (in dry basis); Oeq is the 

oil content at equilibrium (or maximum oil content) (in dry 
basis) at t= ∞  and O* is the oil content to be taken up between 
t and  t= ∞. It is assumed that O*/O is inversely proportional 
to frying time t, that is: 

 
O∗ O⁄ = (Kt)��      (5) 

 
 

Substituting in Eq.“4”, we have the model proposed by 
Moyano and Pedreschi (2006): 

 
O = O��Kt 1 + Kt⁄      (6) 

  
K represents the specifi c rate constant of oil uptake for this 

model. For short times, this model has a linear behavior with 
time, whereas for long times it becomes time-independent [3]. 
The second model is a first-order kinetics model [16]: 
 

O = O��
�(1 − exp(−K�t))    

 (7) 

 
Where O1

eq is the equilibrium oil content and K1is the 
specific rate constant for the first-order model. In both models 
at t= 0, oil content is null, and for long times, oil content 
reaches the equilibrium value. 
 

2. kinetic of moisture loss 
 

Moisture content is an important property in the quality of 
fried food products. The moisture content of fried foods 
denotes the quantity of water per unit mass of wet or dry 
product, and is usually expressed as a percentage. The 
mechanism of water loss during frying is complex, and the 
transport by molecular diffusion, capillary and pressure driven 
flow should be accounted for [17], [18], [19]. Fick’s law of 
diffusion has been extensively used to describe the kinetics of 
water loss during frying in a slab of infinite extent [17], [20], 
[21]: 

     (8) 
MR = mt − m� m� − m�⁄

=    8 π�⁄ ��1 (2n + 1)�⁄ �exp�(− (2n + 1)�π� 4⁄ ) (D���t l�⁄ )]]�
�

���

 

  
 
here MR= moisture ratio; mt = moisture content at time t, 

dry basis; m0= initial moisture content, dry basis;  me= 
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equilibrium moisture content, dry basis; l= half thickness of 
slab; t = frying time; and Deff = effective moisture diffusion 
coefficient, assumed to be constant during the frying process. 
For potato chips, the diameter is considerably larger than the 
width. It is therefore assumed that mass transfer takes place 
only in the axial direction. For the geometric shape of French 
fries, the superposition principle is used, i.e., the product of 
the solutions of the one-dimensional geometries, each of them 
having as a characteristic dimension of the length, the width 
and the height of the potato strip obtained from Equation 5.1, 
is taken. It is reasonable to assume that moisture content is 
negligible when equilibrium is reached in the frying process, 
i.e., me= 0 in Eq. “8”. 

 
 

V. Conclusions 
 

In order to optimize and control the actions of the frying 
process, the predicting mathematical models for heat and mass 
transfer has been made and Some of them are mentioned in 
this study. However it seems to need more and more efforts to 
improve process and product quality by reducing oil 
absorption. 
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