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Abstract
Computational fluid dynamics (CFD) is a tool for modelling and simulating processes in many industries. It is usually used 
as a choice to solve problem involving flow of fluids, heat transfer, mass transfer and chemical reaction. Moreover, it has also 
found application in the optimization of processes in branches of the food industry, including bread baking, cooling beef roast, 
or spray drying. CFD has enormous potential and many opportunities to improve the quality and safety of food products, as 
well as to reduce the costs of production and the use of machines and production equipment. In addition, empirical models 
only permit data to be extracted at a limited number of locations in the system (where sensors and gauges are placed). CFD 
allows the designer to examine any location in the region of interest, and interpret its performance through a set of thermal 
and flow parameters. Computer simulations are the future of every field of science, and the presented overview provides the 
latest information on experts and experiences related to CFD application in food production. Despite some disadvantages, 
such as the need to have a large reserve of computing power, the development of digital and IT technologies will make this 
problem insignificant in the nearest future. Then the CFD will become an indispensable element in the design of equipment 
and technological lines in the food industry.
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Abbreviations
Biological	� Chemical and microbiological
SPW	� Sago pith waste
PAH	� Polycyclic aromatic hydrocarbons

Instrumental techniques
FBD	� Fluidized bed drying
CFD	� Computational fluid dynamics
PEPT	� Positron emission particle tracking
HF	� Hydrofluidization
MPM	� Macroscopic particle model
HTC	� Heat transfer coefficient

RMSE	� Root mean square error
SSHE	� Scraped-surface heat exchanger
FFU	� Filtering fan units
TVC	� Thermal vapour compressor
CT	� Computer tomography
IT	� Information technology
HPC	� High-performance computing
RAS	� Reynolds-averaged simulation
LES	� Large eddy simulation
DES	� Detached eddy simulation
MRF	� Multiple reference frames
AMI	� Arbitrary mesh interface
MEP	� Mechanical, electrical and plumbing
FVM	� Finite volume method
CIP	� Cleaning in place
RANS	� Reynolds-averaged Navier Stokes
EEM	� Eulerian–Eulerian model
SST	� Shear stress transport
DO	� Discrete ordinates
RTE	� Radiative transfer equation
RANS	� Reynolds-averaged Navier–Stokes
DPM	� Discrete phase model
MPM	� Macroscopic particle model
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RNG	� Re-normalization group
SIMPLE	� Semi-Implicit Method for Pressure Linked 

Equations
SIMPLEC	� Semi-Implicit Method for Pressure Linked 

Equations-Consistent
PISO	� Pressure-Implicit with Splitting of Operators

Nomenclature
Λ	� Conduction coefficient (W/(m⋅K))
Cp	� Specific heat (J/kgk)

Introduction

Computational fluid dynamics (CFD) is a tool for modelling 
and simulating processes commonly used in industry. CFD 
integrates the disciplines of fluid mechanics, mathemat-
ics and computer science. CFD is dedicated to the fluids 
in motion, which physical characteristics can be described 
through mathematical equations. To solve the equations, 
they are converted into computer programmes or software 
packages using computer programming languages. Despite 
the combination of three different domains, only one person, 
who obtains more or less some subsets of the knowledge of 
each discipline, is demanded. Computational fluid dynamics 
is a powerful tool that is employed in many fluid engineer-
ing applications. In many industries such as aviation and 
automotive, CFD is an integral part of the product develop-
ment process and production technology [1–3]. In the case 
of food technology, it is possible to use CFD simulations 
for modelling, inter alia, thermal and mechanical processes. 
This is due to the process optimization and development of 
technology that focus on safety, quality and cost reduction.

CFD simulations have a significant advantage over 
empirical experiments. Conventional experiments allow the 
analysis of data only from a limited number of places in the 
system (where sensors and metres are located). CFD simu-
lations, on the other hand, allow researchers to explore any 
location in a region of interest and interpret its performance 
using multiple thermal and flow parameters. In addition, 
using classical experiments and tests to obtain the necessary 
engineering data for design is much more costly. Simulations 
allow engineers to model different process conditions. In 
addition, many flow and heat transfer processes cannot be 
easily tested in the laboratory. CFD simulation gives you 
the ability to theoretically simulate any physical state. This 
method allows for great control over the physical process 
and provides the ability to isolate specific phenomena for 
research. An additional advantage is the fact that many simu-
lations can be performed in a much shorter time than by 
conducting laboratory tests. Input data and any modifica-
tions can be made early in the process design process [4–6].

This review aims to present the latest advanced applica-
tion of CFD in various branches of food industry (including 
thermal and non-thermal processing) and experiences of 
scientists using CFDs in the food science.

Simulation of thermal processing of food 
products

Heat exchangers

A heat exchanger is an apparatus that enables the heat 
transferring from a flowing fluid (medium) to another flow-
ing fluid through either direct or indirect contact. In direct 
heat exchangers, heat transfer occurs through direct contact 
between the cold and hot streams. The exchange factors can 
be two immiscible liquids, gas and liquid, and solid and liq-
uid. Mixed heat exchangers are a special case, in which the 
heat exchange process takes place through direct contact, as 
a result of mixing factors, although the heat exchange pro-
cess itself is treated as a side effect. In indirect heat exchang-
ers, the exchange of energy is the result of the indirect con-
tact of hot and cold streams. This type of heat exchange is 
used in recuperators and regenerators [7]. Heat exchang-
ers are used in many food processes for applications such 
as heating and cooling. CFD was widely used to compare 
heat exchanger configurations [8], investigate tubular heat 
exchangers [9–11], fouling dynamics [12], designing easy-
to-clean processing equipment [13] and the possibility of 
using plate exchangers in a solar pasteurization process [14].

CFD has found application in many areas of research of 
different types of heat exchangers: improper distribution of 
fluid flow, contamination, pressure drop and thermal anal-
ysis in the design and optimization phase. In simulations 
of processes with the use of heat exchangers, various tur-
bulence models are used, e.g. standard k-ε, realizable k-ε, 
RNG k-ε and SST k-ω. Speed–pressure coupling schemes 
such as Semi-Implicit Method for Pressure Linked Equa-
tions (SIMPLE), Semi-Implicit Method for Pressure Linked 
Equations-Consistent (SIMPLEC), Pressure-Implicit with 
Splitting of Operators (PISO) are used to perform the simu-
lation. In most cases, simulations give results in good agree-
ment with experimental studies in the range of 2% to 10%. 
Unfortunately, there are exceptional cases in which the dif-
ferences reach even 36%. For large deviations, user-defined 
subroutines specific to the design problem are necessary. 
The reliability of CFD results has reached the point where 
it has become an integral part of all design processes, lead-
ing to the elimination of the need for prototyping [15–18].

The studies conducted by Piepiórka-Stepuk and Diakun 
(2014) show that the design of the plate surface is a key 
issue in the development of heat exchangers. This work 
allowed to simulate the distribution of fluid flow velocity 
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in the channel between heat exchanger plates with different 
surface shapes. The results show that the velocity field and 
streamlines flavour the use of panels with a corrugated sur-
face. The velocity distribution in the duct between the heat 
exchanger plates is an important parameter of the cleaning 
efficiency of a damaged system. The results indicate that 
different channel flow conditions can cause non-uniform 
cleaning in place (CIP) conditions [19]. Similar analyses 
were carried out on the example of heat exchangers in the 
paper by Piepiórka-Stepuk and Jakubowski [20]. Numerical 
calculations using the finite volume method (FVM) using the 
ANSYS CFX programme were used in these studies. The 
calculations identified areas on the plates where insufficient 
flow could cause cleaning problems. Based on the results of 
this work, it was shown that different flow rates in adjacent 
channels between the heat exchanger plates can not only 
cause non-uniform cleaning conditions in the CIP system, 
but also affect the thermal treatment of the product.

Lazaar et al., (2021) proposed to design a solar pasteuri-
zation system for small milk collection centres in Tunisia. 
The system consisted of solar water collector system, plate 
heat exchangers and an absorption chiller. This system 
allowed minimizing the amount of rejected milk during 
transport process from the producer to the factory. A numeri-
cal study was conducted to evaluate the behaviour of the 
mass and heat transfer through plate heat exchangers. CFD 
simulations were validated by experimental performances. 
In this work, geometry was simplified by eliminating struc-
tures which are unaffected by flow to reduce the number of 
nodes. For turbulent flow simulation, the realizable k-ε tur-
bulence model was adopted for calculation process. For the 
pressure–velocity coupling, the method of “Pressure–Veloc-
ity Coupling” was used. Numerical results showed that the 
turbulence depended on the angle of plate corrugations incli-
nation. The plate heat exchanger efficiency varied depending 
on the inlet temperature of the hot water and its flow rate. 
Maximal efficiency of 80% was reached for the inlet tem-
perature of 80 ℃ and a flow rate of 386 l/h [14].

In Perone et al., (2021), study of CFD analysis of a tubu-
lar heat exchanger used for olive paste conditioning was 
carried out to evaluate the influence of the inlet conditions 
of the olive paste on thermal and hydrodynamic behaviour 
within it. The heat-exchanger-based olive paste condition-
ing could improve the process of olive oil extraction. The 
heat exchanger consists of a tube-in-tube module. The inner 
tube was fed with olive paste, while the jacket was filled of 
hot water. The main aim was to predict the heat transfer and 
pressure drop in the paste side of the exchanger. Temperature 
and pressure drop were estimated. CFD simulation proved 
very useful in identifying the main factors affecting the opti-
mization of the heat exchanger [11].

The main aim of Dekhil et al., (2020) research was to 
investigate thermal behaviour of three configurations of heat 

exchangers for sensible thermal energy storage. One of the 
heat exchangers is commonly used in the agri-food industry 
and was used in this study as the reference against which 
the other two configurations were compared. The reference 
exchanger was made up of two fluid coils embedded in an 
aluminium cylindrical conductive element. The other two 
exchangers were derived by a partial substitution of the con-
ductive element with a confined heat transfer fluid. Thermal 
properties and storage performance of heat exchangers were 
analyzed. The study showed that a controlled distribution of 
the conductive material by a confined heat transfer fluid at 
constant compactness and coils heat transfer surface led to 
an achievement of material saving compared to the refer-
ence configuration and increased the energy reserve without 
decrease in the heat transfer kinetics [8].

Córcoles et al., (2020) used CFD to simulate the heat 
transfer process in a tube with a curved elbow. Commercially 
available fruit juice was used as a non-Newtonian fluid in 
laminar regime. The numerical model was validated using 
water as the heat transfer fluid. The difference between outlet 
temperature and inlet temperature was higher for the laminar 
simulation than for the turbulent one. The highest viscosity 
was found at the centre of the pipe and the lowest values 
were showed at the wall. Pseudoplastic condition of the juice 
explains this behaviour. These results may lead to improving 
the heat transfer process [9].

Sannad et al., (2022) paper focussed on the fouling of 
milk which takes place during thermal treatments using a 
plate heat exchanger. Minimizing this process could make 
heat exchanging process more efficient. A mathematical 
model of the steady state was established for the flow. The 
model accounted for constant and turbulent flows between 
two parallel plates in the presence of the porous medium. 
The accuracy of the model was validated by comparison 
with previously published data. The simulation results 
showed a good reliability of the developed code for laminar 
and turbulent regimes [12].

Dehydration

Drying is a multidisciplinary unit operation, which for cen-
turies has been responsible for extending the shelf life of 
food products and for shaping sensory features. Apart from 
the classic (convection) drying methods, many innovative 
drying processes are simulated, which are individually 
selected for the raw material being processed [21]. These 
include: spray drying, fluidized bed drying (FBD), freeze 
drying, microwave-assisted drying processes or super-heated 
steam drying processes. Each of these techniques requires 
an individual technological solution [22].

Spray drying of food products is a process often simu-
lated in CFD that includes atomization, spray-air contact 
and separation of dried products [23]. CFD simulation 
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tools for spray drying are now frequently used because 
measurements of air flow, temperature, particle size and 
humidity in the drying chamber are very difficult and 
expensive to obtain in large-scale dryers. Accurately 
selecting the dose of heat and optimizing the process 
parameters are very important in this case due to the 
nutritional value of the product. An incorrectly carried 
out process may result in a decrease in the nutritional 
value due to the breakdown of thermolabile substances, 
e.g. degradation of some vitamins and unsaturated fatty 
acids. In addition, too high a dose of heat supplied to the 
sprayed product with a very large surface area can cause 
the formation of compounds harmful to human health. 
Among them, for example, polycyclic aromatic hydrocar-
bons (PAHs) that may be formed during the production 
of milk in infant powder. Optimization using CFD also 
translates into economic benefits. Providing the optimal 
dose of heat necessary to carry out the process allows you 
to reduce energy consumption during drying. In the case of 
simulation of this process, the two most general two-phase 
modelling frames are used: the Eulerian–Eulerian and the 
Eulerian–Lagrangian methods. In the Eulerian–Eulerian 
frame, the dispersed phase is treated as a continuous phase. 
On the other hand, in the Eulerian–Lagrangian particle 
tracking approach, the gas phase is modelled using the 
standard Eulerian approach and the spray is represented 
by a number of discrete computational ‘particles’ [23–25]. 
Benavides-Morán et al. (2021) used CFD to simulate air 
movement during the spray-drying process of a formula-
tion of guava juice. The study implements the two-phase 
Euler–Lagrange model for simulating gas–particle inter-
actions. The Lagrange method used by the authors made 
it possible to calculate the trajectories of the particles, 
starting from the circumference of the spraying nozzle 
and ending with the walls of the dryer and the lower out-
let. The CFD model used allowed for the simulation of 
the particle size distribution, analysis of temperature and 
humidity during the process, and consequently the evalu-
ation of the drying efficiency [26].

Among the many innovative drying methods, many CFD 
simulations focus on modelling the transformations asso-
ciated with freeze drying [27]. There are many scientific 
reports on the mathematical models used in this type of sim-
ulation or the design of individual components of the device, 
such as capacitors, chambers and heat exchangers [28–35]. 
There are even calculations available in the literature aimed 
at reducing the loss of heat during the dehydration of food 
products [36]. However, there is very little information avail-
able about the simulation process of freeze-drying food 
products. Li et al. (2007) developed and validated a CFD 
model based on foil sublimation for the sublimation drying 
process of apple cubes. They showed values of tortuosity 
and internal resistance coefficient are critical for process 

simulation [33]. In addition, a novel model was developed to 
illustrate the effect of hot water blanching on freeze-drying 
characteristics and product quality [37].

CFD simulations also found application in the design of 
the fluidized bed drying process (FBD) [38–40]. Mu et al. 
(2021) applied CFD in the simulation of sago pith waste 
(SPW) using FBD [41]. This method was also used in simu-
lating the drying of pistachios, tea leaves, soybean and many 
other foods [42–46]. In addition, Xiao et al. (2012) devel-
oped a CFD model and performed a simulation of super-
heated steam fluidized bed drying process [47]. In addition, 
CFD has also found application in simulating the drying 
of by-products from distillation operations [48]. Moreo-
ver Ranjbaran and Zare (2012) developed a CFD model of 
microwave-assisted FBD using two-fluid Eulerian model and 
their results were verified on the basis of empirical expe-
rience with soybeans, and Angula et al. (2019) found the 
use of CFD in the simulation of the drying process of food 
products using solar energy [49, 50].

Using incorrect parameter values, wrong chosen model 
or boundary conditions are among the typical researchers’ 
errors. Usage errors can exist in the geometry, grid genera-
tion and post-processing software, in addition to the CFD 
set-up. Among other material properties, thermal conductiv-
ity air flow velocity and temperature drying should be taken 
into account during CFD drying simulation [51]

Sterilization and pasteurization

Sterilization and pasteurization are one of the essential ways 
of thermal processing food. The primary purpose is inactiva-
tion of microorganisms, toxins and enzymes which can lead 
to food decaying. Sterilization and pasteurization are also 
used for foods shelf life extending. The main parameter of 
these processes is temperature but time and the chemical 
and physical properties of products are also important, in 
particular the shape and position of the slowest heating zone. 
Conditions of thermal processes should be strictly deter-
mined so the germs are inactivated and the food quality is 
not compounded [52].

CFD was used in many researches where the aim was to 
determinate the best parameters for these processes. Bhu-
vaneswari and Anandharamakrishnan (2014) used CFD to 
determinate the temperature distribution pattern inside bot-
tled beer during pasteurization. Unlike in earlier published 
works, the actual thermophysical properties of beer were 
used. Further, the simulation prediction was validated with 
experimental measurements. The results of this study signi-
fied that using the actual thermophysical properties lead to 
close correlation between the predictions and experimental 
measurements [53].

The ability of using CFD in beer manufacturing was also 
used to evaluate the effect of packaging orientation during 
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pasteurization of beer packed in aluminium cans. The tempera-
ture profile and convection current velocity along the process 
and the variation of the pasteurization units were evaluated in 
relation to time. Cans positioned in conventional, inverted and 
a horizontal way were considered. The temperature and veloc-
ity profiles were similar to those presented in the literature. 
The position of package did not result in process improvement 
[54].

The aim of Lespinard and Mascheroni (2014) study was 
to develop a model that allows the prediction of the effect of 
package orientation on temperature distribution, flow pattern, 
position of slowest heating zone, processing time and qual-
ity changes in tomato puree during pasteurization. The lowest 
processing time was observed for the package positioned hori-
zontally and there was no difference between time process for 
packages positioned in conventional and inverted way. Conse-
quently, reduction of processing time in the horizontal position 
resulted in decrease of quantity losses [55].

Pasteurization in aluminium cans is also used in orange 
juice manufacturing. Jing et al. (2013) used CFD to improve 
the pasteurization process. The input data included juice 
parameters, i.e.: density ρ = 1026 kg/m3, the specific heat 
capacity Cp = 3880 J/ kgK, the thermal conduction k = 0.596 
W/mK and density of heat flow rate a = 600 W/m2K.

Authors used different equations applied in numerical com-
putation to simulate pasteurization process.

Equation of mass conservation (continuity equation)

Equation of energy conservation in the X direction

Equation of energy conservation in the Y direction

Equation of energy conservation in the Z direction

Equation of energy conservation

Control equation
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where u, v, w is the velocity of flow in X, Y, Z direction dur-
ing pasteurization, respectively, and ρ is the pressure in the 
infinitesimal flow. FX, FY and FZ are the micro unit volume 
force. τxx, τxy, τxz are the components of the infinitesimal 
body surface viscous stress xy xz xx, respectively. Cp is the 
specific heat capacity of the juice, k is the heat transfer coef-
ficient and ST is the dissipative term of viscous force to the 
juice. T, φ and S are the thermodynamic temperature, univer-
sal variable, generalized source, respectively. Unfortunately, 
the work did not include the reaction kinetics of bacterial 
spores simulated by CFD.

Simulations in three different temperatures (85 ℃, 88 ℃, 
90 ℃) were conducted and the temperature field for each 
of them was obtained. After comparing measurements with 
experimental data, the simulation model was improved and 
optimal computational model was obtained. The discrepan-
cies resulted from the fact that with the progress of the pro-
cess, there was a slight movement of the fluid particles. Even 
the velocity was very low, while the dynamic viscosity of the 
fluid was very low, the fluid's Reynolds number increased 
rapidly, and the flow properties would likely change from 
laminar flow to transient flow, and possible turbulence would 
occur. Thus, the laminar flow equation is no longer suit-
able for unstable pasteurization of orange juice. The results 
showed that the wall temperature varied continuously, which 
was different from the expected result. This was due to the 
fact that the convection force of the oil was much weaker 
than that of any other fluid. The wall temperature varied 
according to the formula: T = − 0.0004t2 + 0.1387t + 70.512 
(where T is temperature and t is time). The laminar equation 
was replaced by the k–ε equation, and the coefficient Cµ 
changed during heating [56].

Ghani et al. (2000) used CFD to simulate the process of 
sterilization. The study presented the profiles of temperature 
and bacteria concentration in a pouch filled with viscous 
liquid food during thermal sterilization. In the study, natural 
convection that occurs during sterilization in a pouch heated 
from all sides was simulated. The results showed different 
temperature profiles during sterilization process which high-
light the migration of the slowest heating zone. Moreover, 
the dependency of concentration of alive bacteria on the 
temperature distribution was shown [57]. The work assumes 
that the rate of bacterial inactivation is consistent with the 
first-order kinetics. The reaction rate constant is a function 
of temperature and is usually described by Arrhenius equa-
tion (Eq. 6).

Accurate kinetic parameters such as reaction rate con-
stants and activation energy were required to predict quality 
changes during food processing. In food engineering, deci-
mal reduction time is most commonly used. The relationship 

(6)kT = Aexp
(

−E

RT

)
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between the reaction rate constant and the decimal reduction 
time (D) is calculated according to Eq. 7.

In the simulation, the value of the decimal reduction time 
at 121 ℃ for Clostridium botulinum was 0.1 min, and the 
value of activation energy was 30 × 104 J mol−1. The reac-
tion rate constant kT was calculated using Eq. 6. Equation (7) 
was used to calculate the A constant of Arrhenius equation 
(A = 2.5 × 1011 s−1).

C concentration in Eq. (8)—mass balance for bacteria, 
was taken as the dimensionless percent bacterial concen-
tration defined as the ratio of the actual value to the initial 
bacterial concentration (multiplied by 100).

The boundary conditions used: T = Tw = 121℃, u = 0, 
v = 0 and w = 0 at top, bottom and side walls. The initial 
conditions used: T = Tref = 20 ℃, C = Co = 100, u = 0, v = 0 
and w = 0.

CFD was also used in the simulation of heat transfer and 
liquid flow during the sterilization of large particles in a 
cylindrical vertical can. Natural convection heating was sim-
ulated and three dimensional equations of mass, momentum 
and energy conservation were solved. The results show a 
good agreement between simulated and measured tempera-
tures in both liquid and particles [58].

In Azar's et al., (2020) study, conductive heat transfer 
was investigated during sterilization in canned celery stew. 
A CFD model was developed and validated to predict the 
temperature profiles and determine the slowest heating zone. 
The temperature profile was obtained and recorded experi-
mentally at the point where the coldest thermal point was 
expected. CFD models were compared with experimental 
data and the root mean square error (RMSE) was calculated. 
It showed a good fit between both methods. Using these 
results, the retort setting for stew sterilization was readjusted 
towards the process optimisation [59].

Cooking and baking

CFD computer simulation enables the use of innovative 
solutions in the process of baking and cooking food prod-
ucts. It has found a very wide application in the optimisation 
of the baking process [60]. In order for the simulation to 
reflect the real baking process, it is necessary to implement 
the mechanism of evaporation and condensation as well as 
the influence of latent heat during the phase change of water. 
Thanks to CFD, baking can be optimized with the use of 
the classic combi-steamer which is intended for small-scale 

(7)kT =
2.303

D
.

(8)
�C

�t
+ u

�C

�x
+ v

�C

�y
+ w

�C

�z
= −kTC.

production or devices with continuous operation (tunnel 
ovens) [61–65]. Such solutions allow, among other things, 
to predict the degree of starch gelatinisation during baking 
[66].

Similarly, the roasting process of meat and other meat 
products can be simulated, and moisture transport can 
be analyzed using Flory–Rehner theory [67]. The above-
mentioned theory describes mass transport driven by swell-
ing pressure gradients and relates to water holding capac-
ity (WHC). It was also used in the work of van der Sman 
(2013), where poultry WHC changes during the treatment 
process in a tunnel kiln were described with the use of many 
different factors (including salt and pH) [68]. Szpicer et al. 
(2022) in his work optimized the roasting process of beef 
based on the degree of protein denaturation and weight loss 
in the convection-steam oven [69]. On the other hand, Chen 
et al. (2011) optimized the baking process of hamburgers 
depending on the temperature and pressure in the oven 
chamber. Moreover a simulation of heat and mass transfer 
model can be used to predict content of acrylamide forma-
tion (among others in French fries) or for developing a heat 
treatment procedure for meat products to inactivate microor-
ganisms such as Escherichia coli O157:H7 [70–72]. In addi-
tion, Cordioli et al., (2016) raised a very interesting topic on 
heat transfer by conduction. Their study was used to analyze 
the effect of gelatinization of modified starch on heat transfer 
in food systems [73].

Many researchers are focussing their experience with 
simulating heat treatment for the roasting process. The 
experiment of Oliveros et al. (2017) focussed on the analy-
sis of the effect of porosity of coffee beans on the predic-
tion of heat and mass transfer parameters during roasting 
based on simulation. It was observed that porosity influ-
ences the rate of heat and moisture loss during roasting, 
and the obtained results allow for optimizing the processing 
of food products that require roasting with hot air, such as 
grains or seeds [74]. A similar experiment was carried out 
by Alonso-Torres et al. (2013), they developed a model for 
roasting coffee beans on the basis of which it is possible to 
analyze the temperature and humidity distribution. Such 3D 
simulations are crucial to better understand the roasting pro-
cess at the individual bean level [75]. Bopape et al. (2016) 
presented research on the coffee roasting process based on 
the Schwartzberg model [76]. Based on this experiment, 
the influence of heat transfer parameters on the roasting 
profile was investigated. On the other hand, the often used 
single-bean CFD simulations are often not sufficient and 
do not reflect the changes in the volume of the raw material 
during roasting [77]. The use of positron emission parti-
cle tracking (PEPT) is innovative and enables the tracking 
of particles inside the chamber of the device. This solution 
characterizes the particle dynamics of the coffee beans in the 
fountain bed roasting device as a function of the changing 
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air-to-bean ratio, and can be used to improve existing heat 
and mass transfer patterns when roasting the coffee beans 
[78]. Another solution was used by Agyei-Agyemang et al. 
(2022) who simulated the roasting process of peanuts [79]. 
In this case, a 3D hot plate roaster model was used and its 
structure was modified to include a diverse number of heat 
sources to predict the temperature distribution during the 
process.

Cooling and refrigeration

The CFD simulations used in air flow calculations are an 
increasingly used practice in the design of refrigeration 
and freezing systems in the food industry. One of the main 
parameters determining the microclimate surrounding food 
products is temperature. To limit changes in food quality, 
it is essential to select the correct refrigerant and cooling 
equipment throughout the cold chain [80]. Flow simulations 
have been used in the design of both conventional home 
appliances, professional gastronomic appliances and large 
industrial freezing appliances [81–83] and in the case of a 
very wide range of food products, including fish, meat and 
meat products, fruits and vegetables [84–87].

Among the basic reports on the use of CFD, food cool-
ing modelling, classic refrigeration devices operating on 
the basis of forced convection, serving, among others, cool-
ing of beef carcasses or optimization of pre-cooling condi-
tions (thermal and aerodynamic tests) in chamber cooling 
[88, 89]. On the other hand, the innovative devices used 
to simulate food freezing, scientists are increasingly ana-
lyzing the temperature distribution during fluidisation or 
quasi-hydrofluidisation (HF) [90]. Moreover, Stebel et al. 
(2022) investigated the effects of various refrigerants (etha-
nol–glycerol solution and ethanol–glucose solution) used in 
hydrofluidisation during freezing of the macroscopic parti-
cle model (MPM) [91]. Their experiment showed that the 
type of liquid had little effect on the heat transfer coefficient 
(HTC), but it did affect the behaviour of the food samples. 
Another novel solution used by researchers is the use of 
3D CFD simulations for spray freezing in cold gas. Such a 
mathematical model made it possible to solve the problem of 
the accumulation of a layer of ice at the outlet of the nozzle 
and to increase the efficiency by increasing the diameter of 
the outlet of the chamber (from 20 to 57%) [92].

A wide range of CFD tools allows not only to optimize 
the cooling and freezing process in terms of efficiency, but 
also the time and amount of energy received. During the 
process of freezing food products, ice crystals are formed, 
the size of which is of particular importance for the physi-
cal properties after defrosting. This topic was examined by 
Miller et al. (2011) who simulated the ice crystallization 
in ice cream manufacturing. They analyzed the process of 
dynamic freezing of model sucrose solutions that takes place 

in a scraped-surface heat exchanger (SSHE) [93]. This study 
describes the effect of multiphase, phase change and shear 
caused by scraping on ice crystal nucleation and growth 
kinetics.

However, the cold chain is not only about the process 
of receiving energy, it is also about storage. CFD is suit-
able, among others, for simulating the sorption and storage 
stability of dried food products during cold storage [94]. 
There are also reports of heat distribution during transport 
using refrigerated trucks [95]. In the report, Moureh and 
Flick (2004) improved and optimized air distribution sys-
tem in refrigerated vehicles to reduce temperature differ-
ences across the entire palletised load [96]. In addition to the 
above-mentioned solutions, numerical calculations are also 
used, and the efficiency of anti-fog coatings in refrigerated 
display cases is simulated [97]. Among the storage studies 
in which CFD was used for simulation is the analysis of the 
maturation conditions of traditional sheep cheeses. In the 
work of Alvarenga et al. (2021), a simulation was developed 
to test environmental conditions (i.e. humidity and tempera-
ture) for the physicochemical and microbiological properties 
of the product [98].

Smoking

Smoking is a food processing method that involves submis-
sion of food to indirect or direct action of smoke generated 
during combustion of wood chips. This process is used for 
food preservation on account of the fact that it causes inac-
tivation of microorganisms and endogenous enzymes liable 
for food spoilage. Furthermore, it is also imparting sensory 
characteristics in food. Smoking can be applied to many food 
products but is mainly used for meat, fish, vegetables and 
fruits. It should be noted that despite the widespread use of 
this method, it is characterized by ineffective smoke fume 
consumption. During the food smoking process, only 10% 
of smoke is effectively used and the remaining amount is 
emitted into the atmosphere. It is also important that during 
wood combustion, harmful compounds such as polycyclic 
aromatic hydrocarbons can be released into food [99, 100]. 
Taking this into account, it is necessary to improve the uti-
lization of smoke and reduce the generation of hazardous 
compounds in the process.

A significant problem, in addition to the inefficient use 
of smoke, is the uneven smoke flow through the smoke 
chamber, which causes defects in food. It may cause two 
main defects: the product is not sufficiently smoked or is 
cured too much. To solve the problem of technological 
defects, CFD was used to optimize the construction of 
smoking chambers [101]. Single truck smoking machine 
was a simulation model and four geometric variants 
were analyzed: an empty chamber and chamber filled 
with batches of spherical and cylindrical hams and an 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



	 European Food Research and Technology

1 3

elongated shape loin. Analysis was conducted using the 
Ansys Mechanical APDL. Significant flow irregularities 
and areas with higher and lower concentrations of smoke 
were revealed. This can indicate the areas where smoke 
propagation may not be sufficient which can deteriorate 
the realization of process. Data obtained from the analysis 
can provide a basis for improving the process.

The purpose of study was to create models for the con-
struction of smoke supply and distribution nozzles inside 
the smoke chamber. Models of empty smoking chamber 
and chamber filled with oval product batch and its discre-
tization were conducted with the use of Ansys Mechani-
cal APDL [102]. Basic design model (classical feed nozzle 
arrangement) and the proposed solution (modified feed noz-
zle design: nozzles up to 15 cm long from the floor) were 
compared. The compared distributions of flow velocities in 
the smoking chambers in both design variants showed sig-
nificant variation, which indicated the occurrence of a lack 
of symmetry in the flow despite the uniform distribution of 
inlet nozzles. The obstructions found in the form of indi-
vidual batch pieces clearly indicate the problem of uneven 
propagation of the smoke, and thus the possibility of techno-
logical defects, such as under-smoking or over-smoking with 
a classic feed nozzle arrangement. Comparing the results of 
tracing the trajectory lines of the smoke particles in a cham-
ber with a classical (base input) feed nozzle design with 
the batch, one can find the occurrence of so-called "dead 
spaces" of smoke concentration. The occurrence of "dead 
spaces" confirms the thesis of unfavourable conditions for 
the propagation of the smoke in such a feed nozzle arrange-
ment, which may further translate into the finished product. 
A different situation can be observed in the chamber, where 
modified feed nozzles have been proposed (their length up to 
15 cm from the floor). The proposed layout of the feed noz-
zles highlights a more favourable movement of the smoke 
both at the bottom and in the centre of the smoke chamber, 
which improves the concentration and propagation condi-
tions of the smoke. Taking into account the data obtained, 
it is possible to significantly improve the conditions for the 
realization of smoking in the form of a longer contact of the 
smoke with the processed product.

The purpose of study was to investigate the temperature 
distribution inside a gas heated oven, to simulate hot gases 
flow under actual operating conditions and then to compare 
the predictions with the experiments results [103]. The flow 
of heat was described using continuity and momentum equa-
tions. The energy equation was required because tempera-
ture interest and turbulence modelling were also involved 
to calculate the average kinetic viscosity. Analyzed models 
were conducted using Ansys Programme. Validation study 
between numerical method and experimental study has been 
conducted and the temperature difference was approximately 
4%. It was stated that, using CFD, it would be possible 

to find flow problems, and thereby improve the smoking 
process.

Simulation of mechanical processes in CFD 
in food industry

Mixing

Mixing is a primary process in food manufacturing. It is 
commonly used in many different departments of food indus-
try. This process can go off in and of itself, for example, in 
components diffusion or forced as a consequence of convey-
ing exterior energy. Mixing consists in mutual relocating 
of different particles of environment towards obtaining or 
sustaining the homogeneity. The main purpose of mixing is 
to make the composition of two- or multi-component mix-
tures uniform [104].

CFD was used to simulate homogenisation [105], solid 
mixing [106], mixing of Newtonian [107] and viscoelastic 
fluids [108]. It was also used to design an industrial mixer 
for fluid foods [109].

In Jiang et al. (2019) study, there were two CFD models 
developed based on high-pressure homogenizer [105]. The 
homogeneous cavity geometry model A was simplified to a 
2D model without circumferential flow, while model B was a 
3D model. It was determined that the mathematical model B 
was more consistent with the actual homogenization process. 
The investigated parameters were homogenization pressure, 
ratio of oil to water and temperature. Comparing the optimal 
parameter combination from experimental data and from 
numerical simulation it was observed that the data were not 
entirely consistent. Inconsistency was owed to addition of 
emulsifiers during the homogenization process which can 
promote breaking of emulsions and prevent polymeriza-
tion. Another cause of that was severe mass transfer and 
heat transfer that occurred during homogenization. However, 
despite that, the mathematical model and analysis method of 
the B model were consistent with the actual homogenization 
process. It was proven that numerical simulation methods 
have a great influence on the guidance of the homogeniza-
tion process and can provide an important reference in the 
development and use of homogenizers.

Kenche et al. (2013) paper presented a numerical study 
of the gas and solid dynamics in an internally circulating 
fluidized bed for which, despite being an intensive research 
area, are no design rules that can be used to quantitatively 
predict the solid mixing in a specific system for a stated set 
of operating parameters. The flow structure was investigated 
in terms of spatial distribution of gas and solid flow. It was 
shown that complete lateral and vertical solid mixing can be 
achieved in a similar time (5 s). The investigated operating 
velocities did not affect the solid mixing and solid flux [106].
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In Connelly and Valenti-Jordan (2008) study, CFD was 
used to gain greater understanding of the mixing action of 
the planetary pin mixer. Both local and global measures of 
mixing were evaluated using particle tracking. Mixing of 
highly viscous Newtonian corn syrup was simulated. Seg-
regation scale, length of stretch and efficiency were used to 
evaluate the mixer. It was shown that the planetary mixer 
does not experience as much axial mixing as cross-sectional 
mixing over the same time span. It was observed that some 
pin positions are more efficient than others [107].

Mixing characteristics of complex non-Newtonian fluid 
in a cylindrical vessel without baffles were determined in 
Ameur’s (2018) study. The effect of the impeller design was 
explored. The study was focussed on the determination of 
flow patterns, cavern size and power consumption for vari-
ous shapes of cuts in the blade of impeller. In terms of both 
cavern size and power consumption, the best compromise 
allowed selecting the impellers with V-cuts or W-cuts in 
blades as the most efficient [108].

Ferretti et al. (2013) work focussed on discontinuous 
vertical fluid mixing systems for food fluid with particles. 
The main aim of the study was to identify some structural 
and physical parameters that have the strongest influence 
on the performance of the mixing process to obtain useful 
indications for the design of mixing systems. Different mixer 
designs were analyzed using CFD, and key performance 
indicators were obtained. The significance of the influence 
of input parameters such as position of the rotor, fluid vis-
cosity and aspect ratio was assessed. To verify the accuracy 
of the results obtained, a preliminary validation has been 
performed showing a good agreement between simulation 
results and experimental data [109].

Forming and extrusion

Forming the shape of food products is an indispensable ele-
ment of food design. To meet the expectations of custom-
ers, production plants use innovative mechanical solutions 
to shape sweets, confectionery, bakery products and much 
more.

CFD is also used to simulate the extrusion process. 
Emin et  al. (2021) performed a numerical analysis on 
the profile of thermal and mechanical stresses during the 
process of extrusion of plasticized starch. The results of 
their work showed that the maximum stresses arise at the 
ends of the extruder screws, and their consequence is local 
overheating of the raw material. CFD analysis allowed the 
tracking of molecules and the study of stresses, thus opti-
mizing the process. It is surprising that the increase in the 
speed of rotation of the extruder screw causes a decrease 
in mechanical stress. It is related to the decrease of the 
matrix viscosity [110]. This is due to starch fragmenta-
tion with higher mechanical stresses generated before 

the simulated zone (i.e. end of the extruder). Therefore, 
although the screw speed and the corresponding shear 
rates are higher, the resulting maximum shear stresses can 
be much lower [111].

A similar study was carried out by Sarghini et al., (2016) 
in which a numerical simulation of pasta extrusion was per-
formed. Using the local Taylor expansion, they proposed a 
model based on semolina moisture and temperature during 
shear. The proposed solution allows to precisely design an 
innovative extrusion nozzle based on reverse engineering 
[112].

Studies using a single-screw extruder simulation were 
also conducted by Singh and Muthukumarappan (2017). 
They analyzed the rheological properties during the isother-
mal flow of high-protein cake based on white soy flakes. 
Among the analyzed substitutes, the following process con-
ditions were taken into account: screw speed, barrel tem-
perature and the content of white soy flakes. The above-
mentioned simulations were consistent with the results of 
empirical research and were used to optimize the extrusion 
process [113].

Among the rheological tests analyzed with the use of 
CFD, reference should also be made to the work of Hicks 
et al. (2012). They simulated the local shear flow behaviour 
of bread dough with CFD. The predictions showed that the 
dough remained fairly undamaged near the centreline of 
the flow field as the critical strain limit for failure was not 
reached, suggesting that the process model should include 
a viscoelastic element. In addition, the geometry provides 
extremely high shear rates, which highlighted the usefulness 
of CFD in identifying unstable process regions and the need 
for a model that takes into account such conditions [114].

In Tagliavini et al. (2018), a CFD simulation of a co-
rotating twin screw extruder was carried out. The model-
ling was to validate the rheological profile of starch dough 
formed into snacks. The first stage of this study was to verify 
the rheological parameters of corn and tapioca dough cal-
culated on the basis of mathematical models with experi-
mental analyses. After validation, a CFD 3D simulation was 
performed reproducing the flow in the first part of the twin 
screw extruder (feed zone). The developed model allows for 
the examination of many different operating parameters of 
the device and various geometries of machine screws, pre-
dicting changes in the rheological properties of the product 
[115].

Completely different solutions were considered in their 
work by Latif et al. (2020) who carried out a CFD simulation 
of mechanical juicing from cassava leaves. Among the input 
data, the impact of, inter alia, the diameter of the nozzle and 
the rotational speed of the screw determined the efficiency 
of the process. The process was optimized and based on it, 
it was possible to calculate the amount of protein in cassava 
leaves, cake, juice sediment and juice supernatant [116].
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Food 3D printing

3D printing, also known as additive layer manufacturing, 
is a kind of rapid prototyping technology which has a great 
potential in food manufacturing processes. This technique 
provides numerous advantages for the food industry such 
as capacities to customize complex shapes and eliminate 
time-consuming and labour-intensive processes. Mathemati-
cal modelling in food printing was applied to investigate 3D 
printing properties of potato starch composite gels [117], 
rice paste [118], other cereal grains [119] and to compare 
syringe-based and screw-based printers [120].

Based on previous studies, Cui et al. (2022) hypothesized 
that xanthan gum might play a similar role in structuring 
starch composite gel in 3D printing composites as sodium 
alginate, as it is also a common thickening agent. They ana-
lyzed geometric accuracy, rheological properties, water state 
distribution and microscopy images of products made for 
composites with added various amounts of sodium alginate, 
xanthan gum and both of the substances. CFD was used to 
model the printing process. The best geometric accuracy 
was shown in gel with added both agents (2.5%/2.5% w/w). 
The mathematical model explained the non-uniformity of 
velocity distribution in the flow channel due to the varied 
diameter, which led to jet expansion during printing process 
[117].

The objective of Guo et al. (2019) study was to compare 
two different kinds of extrusion-based food printing meth-
ods in fluid characteristics and printing profile. CFD simula-
tions were validated by a printing experiment. Analysis of 
the simulated model suggested that the screw-based food 
printer had complex fluid characteristics while syringe based 
showed simpler properties. Furthermore, experimental data 
suggested that the screw-based printer was not suitable for 
extruding the inks with high viscosity [120].

In Oyinloye and Yoon (2021) study, CFD was utilized 
to investigate the deposition process and printability of rice 
paste. The suitability for 3D printing rice paste was formed 
from rice-to-water ratio 100:80. Controlling the ambient 
temperature at 47 ± 5 ℃ contributed to improving the sam-
ple’s structural stability. The viscoelastic simulation showed 
that the nozzle diameter affected the flow properties of the 
printed material in both residual stress and overall deforma-
tion of the sample. CFD analysis showed significant advan-
tage in optimizing the operating parameters for printing rice 
paste [118].

Guo et al. (2020) investigated the possibility of using 
black rice, job’s tear seeds, mung bean, brown rice and buck-
wheat gels for 3D printing. CFD was used to analyze how 
easy or difficult a material of interest can be successfully 
printed. The printing performance of the gels was evaluated 
by CFD and printing experiments. Mathematical simula-
tions and printing experiments data were consistent. CFD 

simulations gave realistic understanding of the extrusion 
flow behaviour of grain gels [119].

Other applications

Clean room condition

Air-borne microbial contamination is one of the main rea-
sons for the shortened use-by date. The consequence of this 
is food waste and economic losses for both food producers 
and consumers. The use of CFD in the design of catering 
rooms and food processing halls allows the use of an appro-
priate food safety management that will ensure the highest 
microbiological safety [121]. This challenge was undertaken 
by the researchers such as Zand et al. (2022) who analyzed 
the application of a partial protection strategy based on 
filtering fan units (FFU) [122]. The FFU strategy with air 
velocity of 0.3 m/s resulted in a significant reduction of the 
relative pollution (99.94%). A numerical model for assess-
ing the air exchange system for microbiological quality was 
also assessed in a food processing clean room [123]. The 
pollutant removal efficiency is strongly related to the posi-
tion of the pollutant source and does not change significantly 
as the air change rate (ACH) changes. A similar issue was 
discussed in the Rouaud and Havet (2005) publication. The 
purpose of their work was to develop a methodology and 
correctly design air distribution using CFD in clean rooms 
and to optimize the organization of the process [124].

Crystallization

Meng et al. (2021) study focussed on improvizing circula-
tion and mixing of the massecuite and reducing the energy 
loss in the cane sugar continuous crystallization system. 
The developed CFD model was based on the continuous 
crystallization system of a sugarcane mill in China and veri-
fied with the actual operation data. The calculated entropy 
production and pressure drop of the system were used as 
indices for assessing the performance of the system. CFD 
simulations were conducted in the parametric experiment 
platform and produced a collection of data. Then the data-
driven model was employed for regression of the relations 
between key parameters and indices. CFD simulation with 
the optimized parameters reduced entropy and pressure drop 
[125].

In Srinivasan (2022) paper, a three-stage solidification 
model for food droplets has been implemented in a CFD 
code. Additional simulations were made in which crystal-
lization behaviour of the cocoa butter droplets in relation 
to the droplet size, ambient air temperature and the rela-
tive drop-gas velocity was investigated. It was found that 
the crystallization time is exponentially related to droplet 
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size. It increased with the ambient temperature but decreased 
with the relative drop-gas velocity. The results suggested 
operating at the extreme values of the process parameters to 
minimize the crystallization time [126].

Rezvanivand Fanaei et al. (2021) designed a TVC (ther-
mal vapour compressor) and simulated to recover waste 
vapour streams and reuse them in the crystallization of 
sugar. CFD was used to simulate the flows. The effect of 
motive steam pressure on the entrainment ratio and compres-
sor ratio was simulated. Thermodynamics parameters such 
as static pressure, temperature, velocity, Mach number and 
mass ratios of motive steam and suction were assessed. It 
was suggested that the designed TVC could be mounted in 
the crystallization section. Additionally, it would be counted 
as a beneficial process to reduce energy and fuel consump-
tion and serve environmental concerns [127].

Filling and food packaging

In the work of Venturelli et al. (2018), the main aim was to 
investigate the predictive capabilities of numerical simula-
tion for addressing the actual operation of the hydraulic sys-
tem of filling machines for beverage packaging process. The 
lumped and distributed parameter approach was compared to 
the full CFD simulation of the filling system. The accuracy 
of results was assessed in the case of Newtonian and non-
Newtonian fluids. Water and tomato were used as opera-
tional fluids. When considering water, the results obtained 
by the lumped and distributed parameter numerical model 
and the simulation proved to be very similar. Conversely, 
when addressing a non-Newtonian fluid, the results proved 
to be significantly different [128].

Jałowiecka and Makowski (2020) paper comprised 
numerical simulations of two filling methods. First method 
involved dosing with a pipe placed over the free liquid sur-
face of a fully filled bottle while the second method covered 
filling with a pipe located near the bottom. The influence 
of rheological properties and surface tension was consid-
ered. Following conducted simulations, the negative impact 
of dosing the liquid from a high position was observed in 
comparison to the results from simulations of method 2. The 
authors suggested that a better approach to fill such large 
bottles would be introducing a moveable nozzle over the 
bottom of the bottle and rising it with the increasing height 
of the free liquid surface. This method would also have small 
risk of contamination of the label area or the area of the 
bottom neck, just like dosing the liquid from a high position 
[129].

Wu et al. (2019) study unveiled how package design, 
package position on a pallet, package stacking pattern and 
cold chain scenarios affect the cooling kinetics and fruit 
quality evolution for every single fruit inside a pallet. For 
this purpose, the virtual cold chain methodology was applied 

to large ensembles of fruit, which relies on CFD simula-
tions. There were three packaging designs evaluated for cit-
rus fruit. The Supervent package outperformed the Standard 
and Opentop packaging by providing the overall fastest and 
most uniform cooling. The methodology enabled authors 
to identify, for a certain cold chain, which box on the pallet 
the customer should choose to have the longest shelf life or 
which box the retailer should sell first. Concerning the cold 
chain scenarios, forced-airflow pre-cooling was the fastest 
to bring down the temperature after harvest. The “ambient 
loading” scenario, where citrus fruit are loaded at ambient 
temperatures in the container, proved to be a worthy alterna-
tive [130].

In Olatunji et al. (2020) paper, a new tool was developed 
that was capable of rapidly generating the geometry of a 
fruit stack. The tool took a size and weight distribution of 
fruit and simulated the effect of gravity and friction forces 
to form a realistic stack. The tool-generated stacks were vali-
dated against computer tomography (CT) scans of real fruit 
stacks and found to be similar, except that in the CT scans, 
the presence of an internal polyliner appeared which was not 
simulated in the stacking tool. A conjugated heat transfer 
and airflow CFD model was, therefore, able to be produced 
quickly and without the need for manual construction of the 
model geometry. The CFD model showed that most of the 
airflow during a forced-air cooling operation passed through 
the headspace and that airflow pathway through the channel 
was more sinuous than previous studies have predicted, due 
to the realistic polyliner shape [131].

The major CFD models and features used in each of the 
discussed applications areas in food industry are presented 
in Table 1.

Advantages and disadvantages of CFD 
simulation in food technology

CFD calculations have the views of extremely complex, 
time-consuming simulations that require powerful machines 
and a broad knowledge of physical processes, numerical 
methods, programming, heat and mass transport, and of 
course fluid mechanics itself [52]. All these elements are 
necessary to model physical phenomena and then simulate 
them, and the knowledge in this field itself translates into 
the accuracy of the results, simulation time or the sensitivity 
of the simulation to the input data. Modelling is a way of 
recording physical phenomena using the language of math-
ematics, so it requires extensive knowledge of the phenom-
enon, then knowledge of the physical equations that describe 
them, transforming them into a computer language, writing 
a programme based on them, examining whether the pro-
posed models describe the phenomenon well or even create 
your own model to describe reality. An additional problem is 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



	 European Food Research and Technology

1 3

Ta
bl

e 
1  

T
he

 m
aj

or
 C

FD
 m

od
el

s a
nd

 fe
at

ur
es

 u
se

d 
in

 e
ac

h 
of

 th
e 

di
sc

us
se

d 
ap

pl
ic

at
io

ns
 a

re
as

 in
 fo

od
 in

du
str

y

A
pp

lic
at

io
ns

 a
re

a 
in

 fo
od

 in
du

str
y

C
FD

 m
od

el
s

Fe
at

ur
es

So
ftw

ar
e 

co
de

A
ut

ho
r

H
ea

t e
xc

ha
ng

er
s

St
an

da
rd

 k
-ε

Si
m

ul
at

io
n 

m
ea

n 
flo

w
 c

ha
ra

ct
er

ist
ic

s f
or

 tu
rb

ul
en

t fl
ow

 
co

nd
iti

on
s

A
N

SY
S 

W
or

kb
en

ch
[1

0,
 1

32
]

R
N

G
 k

-ε
D

ev
el

op
ed

 u
si

ng
 re

-n
or

m
al

iz
at

io
n 

gr
ou

p 
(R

N
G

) m
et

ho
ds

 
to

 re
-n

or
m

al
iz

e 
th

e 
N

av
ie

r–
St

ok
es

 e
qu

at
io

ns
, t

o 
ac

co
un

t 
fo

r t
he

 e
ffe

ct
s o

f s
m

al
le

r s
ca

le
s o

f m
ot

io
n

Re
al

iz
ab

le
 k

-ε
Th

e 
m

od
el

 sa
tis

fie
s c

er
ta

in
 m

at
he

m
at

ic
al

 c
on

str
ai

nt
s

on
 th

e 
Re

yn
ol

ds
 st

re
ss

es
, c

on
si

ste
nt

 w
ith

 th
e 

ph
ys

ic
s o

f 
tu

rb
ul

en
t fl

ow
s

SS
T 

k-
ω

G
iv

es
 d

et
ai

le
d 

in
fo

rm
at

io
n 

on
 th

e 
eq

ua
tio

ns
 fo

r v
ar

io
us

 
fo

rm
s o

f t
he

 M
en

te
r s

he
ar

 st
re

ss
 tr

an
sp

or
t (

SS
T)

 tu
rb

u-
le

nc
e 

m
od

el
D

eh
yd

ra
tio

n
Tw

o-
ph

as
e 

Eu
le

ria
n–

La
gr

an
gi

an
 m

od
el

Th
e 

ga
s p

ha
se

 is
 m

od
el

le
d 

us
in

g 
th

e 
st

an
da

rd
 E

ul
er

ia
n 

ap
pr

oa
ch

 a
nd

 th
e 

sp
ra

y 
is

 re
pr

es
en

te
d 

by
 a

 n
um

be
r o

f 
di

sc
re

te
 c

om
pu

ta
tio

na
l ‘

pa
rti

cl
es

’

A
N

SY
S 

FL
U

EN
T

[2
6]

0D
 m

od
el

Si
ng

le
-z

on
e 

th
er

m
od

yn
am

ic
 m

od
el

 th
at

 ta
ke

s i
nt

o 
ac

co
un

t 
th

e 
he

at
 tr

an
sf

er
 to

 th
e 

ch
am

be
r w

al
ls

, t
he

 b
lo

w
-b

y 
le

ak
-

ag
e,

 th
e 

fu
el

 in
je

ct
io

n 
an

d 
en

gi
ne

 d
ef

or
m

at
io

ns
, a

lo
ng

 
w

ith
 th

e 
in

st
an

ta
ne

ou
s c

ha
ng

e 
in

 g
as

 p
ro

pe
rti

es

A
N

SY
S 

FL
U

EN
T

[2
8]

St
er

ili
za

tio
n 

an
d 

pa
ste

ur
iz

at
io

n
N

av
ie

r–
St

ok
es

Tr
an

sp
or

t e
qu

at
io

ns
G

ov
er

n 
th

e 
m

ot
io

n 
of

 fl
ui

ds
 a

nd
 c

an
 b

e 
se

en
 a

s N
ew

to
n'

s 
se

co
nd

 la
w

 o
f m

ot
io

n 
fo

r fl
ui

ds
C

om
so

l M
ul

tip
hy

si
cs

®
[5

5]

C
oo

ki
ng

 a
nd

 b
ak

in
g

D
is

cr
et

e 
or

di
na

te
s (

D
O

) r
ad

ia
tio

n 
m

od
el

So
lv

es
 th

e 
ra

di
at

iv
e 

tra
ns

fe
r e

qu
at

io
n 

(R
TE

) f
or

 a
 fi

ni
te

 
nu

m
be

r o
f d

is
cr

et
e 

so
lid

 a
ng

le
s

A
N

SY
S 

FL
U

EN
T

[6
1]

Re
yn

ol
ds

 av
er

ag
ed

 N
av

ie
r S

to
ke

s (
R

A
N

S)
 tu

rb
ul

en
ce

 
m

od
el

Ti
m

e-
av

er
ag

ed
 e

qu
at

io
ns

 o
f m

ot
io

n 
fo

r fl
ui

d 
flo

w
A

N
SY

S 
FL

U
EN

T
[6

4]

Fi
ni

te
 e

le
m

en
t m

et
ho

d 
(F

EM
)

A
pp

ro
xi

m
at

io
n 

m
et

ho
d 

th
at

 su
bd

iv
id

es
 a

 c
om

pl
ex

 sp
ac

e 
or

 d
om

ai
n 

in
to

 a
 n

um
be

r o
f s

m
al

l, 
co

un
ta

bl
e,

 a
nd

 fi
ni

te
 

am
ou

nt
 o

f p
ie

ce
s

CO
M

SO
L 

M
ul

tip
hy

si
cs

®
[6

5]

Sm
ok

in
g

St
an

da
rd

 k
-ε

Si
m

ul
at

io
n 

m
ea

n 
flo

w
 c

ha
ra

ct
er

ist
ic

s f
or

 tu
rb

ul
en

t fl
ow

 
co

nd
iti

on
s

A
N

SY
S 

FL
U

EN
T

[1
03

]

C
oo

lin
g 

an
d 

re
fr

ig
er

at
io

n
D

is
cr

et
e 

ph
as

e 
m

od
el

 (D
PM

)
Po

in
t m

as
se

s t
ha

t a
re

 re
pr

es
en

tin
g 

pa
rc

el
s o

f p
ar

tic
le

s a
re

 
tra

ce
d 

th
ro

ug
h 

th
e 

co
m

pu
ta

tio
na

l d
om

ai
n 

by
 e

va
lu

at
in

g 
lo

ca
l f

or
ce

 b
al

an
ce

s

A
N

SY
S 

W
or

kb
en

ch
[8

2]

Re
yn

ol
ds

 av
er

ag
ed

 N
av

ie
r–

St
ok

es
 (R

A
N

S)
 tu

rb
ul

en
ce

 
m

od
el

Ti
m

e-
av

er
ag

ed
 e

qu
at

io
ns

 o
f m

ot
io

n 
fo

r fl
ui

d 
flo

w
A

N
SY

S 
FL

U
EN

T
[8

4]

M
ac

ro
sc

op
ic

 p
ar

tic
le

 m
od

el
 (M

PM
)

A
n 

ap
pr

op
ria

te
 to

ol
 fo

r l
ar

ge
 p

ar
tic

le
 b

eh
av

io
ur

 m
od

el
lin

g 
in

 a
 c

on
tin

uo
us

 p
ha

se
 fl

ow
A

N
SY

S 
FL

U
EN

T
[9

1]

M
ix

in
g

Eu
le

ria
n–

Eu
le

ria
n 

m
od

el
So

lv
es

 a
 se

t o
f n

 m
om

en
tu

m
 a

nd
 c

on
tin

ui
ty

 e
qu

at
io

ns
 fo

r 
ea

ch
 p

ha
se

A
N

SY
S 

FL
U

EN
T

[1
06

]

SS
T 

k-
ω

G
iv

es
 d

et
ai

le
d 

in
fo

rm
at

io
n 

on
 th

e 
eq

ua
tio

ns
 fo

r v
ar

io
us

 
fo

rm
s o

f t
he

 M
en

te
r s

he
ar

 st
re

ss
 tr

an
sp

or
t (

SS
T)

 tu
rb

u-
le

nc
e 

m
od

el

A
N

SY
S 

C
FX

[1
08

]

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



European Food Research and Technology	

1 3

Ta
bl

e 
1  

(c
on

tin
ue

d)

A
pp

lic
at

io
ns

 a
re

a 
in

 fo
od

 in
du

str
y

C
FD

 m
od

el
s

Fe
at

ur
es

So
ftw

ar
e 

co
de

A
ut

ho
r

Fo
rm

in
g 

an
d 

ex
tru

si
on

B
ird

–C
ar

re
au

 v
is

co
si

ty
 m

od
el

N
on

-N
ew

to
ni

an
 fl

ui
d 

m
od

el
 w

ith
 y

ie
ld

 st
re

ss
 a

nd
 h

as
 

be
en

 w
id

el
y 

us
ed

 fo
r m

od
el

lin
g 

ce
rta

in
 b

io
lo

gi
ca

l fl
ui

ds
A

N
SY

S 
PO

LY
FL

O
W

[1
10

]

Po
w

er
-la

w
 m

od
el

D
es

cr
ib

in
g 

th
e 

rh
eo

lo
gi

ca
l p

ro
pe

rty
 o

f s
he

ar
-th

in
ni

ng
 

flu
id

s
A

N
SY

S 
C

FX
[1

14
]

C
ar

re
au

 M
od

el
Ex

hi
bi

ts
 th

e 
sh

ea
r t

hi
nn

in
g 

an
d 

th
ic

ke
ni

ng
 c

ha
ra

ct
er

ist
ic

s 
at

 lo
w

, m
od

er
at

e,
 a

nd
 h

ig
h 

sh
ea

r r
at

es
A

N
SY

S 
FL

U
EN

T
[1

15
]

Fo
od

 3
D

 p
rin

tin
g

H
er

sc
he

l–
B

ul
kl

ey
 m

od
el

Si
m

ul
at

es
 sh

ea
r-t

hi
nn

in
g 

re
la

tio
ns

hi
ps

 b
y 

ra
is

in
g 

str
ai

n 
to

 
a 

po
w

er
 le

ss
 th

an
 o

ne
 (n

 <
 1)

O
pe

nF
oa

m
[1

17
]

C
le

an
 ro

om
 c

on
di

tio
n

Re
yn

ol
ds

 av
er

ag
ed

 N
av

ie
r S

to
ke

s (
R

A
N

S)
 tu

rb
ul

en
ce

 
m

od
el

Ti
m

e-
av

er
ag

ed
 e

qu
at

io
ns

 o
f m

ot
io

n 
fo

r fl
ui

d 
flo

w
Si

em
en

s P
LM

 S
of

tw
ar

e
[1

22
]

St
an

da
rd

 k
-ε

Si
m

ul
at

io
n 

m
ea

n 
flo

w
 c

ha
ra

ct
er

ist
ic

s f
or

 tu
rb

ul
en

t fl
ow

 
co

nd
iti

on
s

3D
 so

ftw
ar

e 
ES

TE
T

[1
24

]

C
ry

st
al

liz
at

io
n

Eu
le

r t
w

o-
ph

as
e 

flo
w

 m
od

el
D

es
cr

ib
e 

bo
th

 th
e 

flu
id

 a
nd

 th
e 

pa
rti

cu
la

te
 p

ha
se

 w
ith

 
tra

ns
po

rt 
eq

ua
tio

ns
 o

n 
a 

gl
ob

al
ly

 fi
xe

d 
co

or
di

na
te

 
sy

ste
m

A
N

SY
S 

(D
O

E 
m

od
ul

e)
[1

25
]

Th
re

e-
st

ag
e 

so
lid

ifi
ca

tio
n 

m
od

el
D

yn
am

ic
s o

f t
he

 sp
ra

ys
 a

nd
 th

ei
r i

nt
er

ac
tio

n 
w

ith
 th

e 
ga

s 
ph

as
e

K
IV

A
-3

[1
26

]

Fi
lli

ng
 a

nd
 fo

od
 p

ac
ka

gi
ng

0D
/1

D
 m

od
el

lin
g

0D
/1

D
 si

m
ul

at
io

n 
re

fe
rs

 to
 si

m
ul

at
io

n 
m

od
el

 w
he

re
 p

hy
si

-
ca

l b
eh

av
io

ur
 is

 tr
ea

te
d 

w
ith

ou
t s

pa
tia

l d
ep

en
de

nc
y 

(0
D

) 
bu

t w
ith

 ti
m

e 
de

pe
nd

en
cy

 o
r w

ith
 d

ep
en

de
nc

y 
on

 o
ne

 
sp

at
ia

l d
im

en
si

on
 a

nd
 ti

m
e 

(1
D

)

ST
A

R-
C

C
M

 +
 

[1
28

]

St
an

da
rd

 k
-ε

Si
m

ul
at

io
n 

m
ea

n 
flo

w
 c

ha
ra

ct
er

ist
ic

s f
or

 tu
rb

ul
en

t fl
ow

 
co

nd
iti

on
s

A
ns

ys
 F

lu
en

t
[1

29
]

K
in

et
ic

 ra
te

-la
w

 q
ua

lit
y 

m
od

el
Pr

ed
ic

t t
he

 d
yn

am
ic

s o
f m

et
ab

ol
ite

 p
ro

du
ct

io
n

C
FD

 c
od

e
O

pe
nF

O
A

M
[1

30
]

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



	 European Food Research and Technology

1 3

working with simulated biological material whose properties 
change during the process [24]. Factors such as basic com-
position, water loss from the product or protein denatura-
tion will have a significant impact on numerous parameters, 
including: specific heat (Cp) or thermal conductivity (λ) [69]. 
In addition to thermal changes resulting from heat treatment, 
the mechanical properties of the product often also change, 
such as volume changes resulting from thermal shrinkage 
or building a spongy structure of the product, as is the case 
when baking bread [133, 134].

An additional difficulty is the lack of ready-made solu-
tions for most food products. This applies to the designs 
themselves as well as the thermal and mechanical properties. 
It is often necessary to determine these parameters from 
tables and equations. Fluid mechanics is crucial in food tech-
nology, and due to its apparent chaotic nature, it is the great-
est challenge for people who describe reality with mathemat-
ics. Nowadays, where satisfactory results can be obtained 
up to several hours for a moderately complex problem, and 
commercial software is user-friendly, where the meshing 
process is automated, boundary conditions are assigned with 
the mouse on the CAD model, it is not necessary to imple-
ment the phenomenon models by hand. Then you only need 
to select them from the list of available models, and the visu-
alization takes a fraction of the time. Currently, CFD calcu-
lations mainly support the design process, thanks to which 
it can be easily determined whether the design assumptions 
can be met and in which direction the design changes would 
take place. Built-in optimization algorithms and parametric 
tests alone can improve the product. In addition, the cur-
rently available computers have very high computing power, 
which reduces the simulation time. The number of mesh 
elements results in the quality of the results; however, with 
further densification, the results do not change significantly. 
The most basic and accurate way to evaluate mesh quality 
is to refine the mesh until a critical result such as the maxi-
mum stress in a specific location converges: meaning that 
it does not change significantly as the mesh is a refinement. 
Equation 9 can be used to select the size of the grid element.

where v is maximum velocity in the domain, dt is time step 
(defined in solver) and dx is your typical mesh size. This 
number should be close to 1 to ensure accuracy and numeri-
cal stability. To sum up, the algorithms that create a mesh 
and the increased computing power in conjunction with the 
parametric test allow to obtain, in a relatively short time, 
appropriate results and trends in changing the phenomena 
under the influence of changes in geometry or boundary 
conditions. Moreover, in a CFD simulation, it is not just 
the final results that count. The generated charts, for which 
CFD simulations are known, are an extremely important 

(9)Co = v ×
dt

dx
,

thing related to simulations due to their accuracy and 3D 
visualization [135]. The final result of the simulation is not 
individual values, but the entire calculated fields of veloc-
ity, temperature, density and pressure. These fields illustrate 
how the device works and allow you to observe how changes 
in parameters affect the tested sample.

There are many types of CFD simulation software on 
the market today. They are characterized by different func-
tions and can be used to simulate various types of processes 
(Table 2).

There is a wide field of possibilities for further use of 
CFD in the food industry. So far, few articles have been pub-
lished on the simulation of the development of the amount 
of microorganisms in food products. Such an application 
would be used, for example, in the selection of steriliza-
tion and pasteurization parameters, which are particularly 
important for improving durability and increasing food 
safety. Also there is a lack of research on the transportation 
of food products, especially vegetables and fruits, where 
appropriate transport conditions significantly affect shelf 
life and quality. Additionally, there are also few new reports 
on the smoking process, where it is possible to improve the 
design of devices to allow better use of smoke. It is also 
necessary to develop CFD in the simulation of the synthesis 
of chemical compounds during heating, such as polycyclic 
aromatic hydrocarbons (PAH) and other unfavourable com-
pounds to food. This is especially necessary for equipment 
used in large-scale smoked food enterprises. The above 
examples illustrate gaps in research that can be filled using 
CFD, allowing the method to realize its full potential in the 
food industry.

Conclusion

CFD is a powerful tool used in many branches of the food 
industry. CFD has become crucial for understanding physical 
phenomena of 2D and 3D geometries. It is used at every stage 
of production, from preparation and processing of raw mate-
rials to packing the finished product. Simulations of flows, 
temperature distribution and mechanical changes during pro-
cessing significantly affect the selection of window sills and 
process optimization. It is increasingly used for scaling up, 
optimizing and designing processes in food technology. 3D 
modelling made it possible to reduce the time and costs asso-
ciated with the construction of prototypes of food process-
ing machines and devices. This type of software in the hands 
of a qualified operator will allow machine manufacturers to 
meet the requirements of food processors, including reduc-
ing losses during production, increasing the efficiency of the 
process or reducing energy consumption. It is assumed that 
CFD will become an indispensable element in the design of 
equipment and technological lines in the food industry. Despite 
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Table 2   Selected CFD software 
and features providers in the 
market

CFD software Features References

Autodesk simulation CFD Flow control applications
Thermal prototyping
Architectural and MEP applications
Free surface modelling
Motion simulation
Humidity and condensation
Solar heating loads
Smoke visibility
Rotating (turbomachinery)

[136]

ANSYS Fluent Model fluid flow,
Heat and mass transfer,
Chemical reactions
Single and multiphase flows
Conjugate heat transfer
Fluid–structure interaction
Shape optimization
Turbulence modelling
High-performance computing (HPC)
Reduced order models
Acoustics
Combustion

[137]

ANSYS CFX Multi-stage CFD modelling
Rotor–stator interaction
Turbulence modelling
Performance map automation
Blade design tool integration
HPC scalability
Advanced steam and real-gas models
Blade film cooling
Harmonic balance methods
Transient blade row methods

[19, 20]

OpenFOAM Turbulence modelling
Thermophysical modelling
Transport/rheology
Multiphase flows

[138, 139]

CFD Module Turbulence modelling
Reynolds-averaged simulation (RAS)
Large eddy simulation (LES) and detached eddy simu-

lation (DES, DDES, etc.)
Thermophysical modelling
Transport/rheology
Multiphase flows
Rotating flows with multiple reference frames (MRF)
Rotating flows with arbitrary mesh interface (AMI)
Dynamic meshes
Compressible/thermal flows
Conjugate heat transfer
Porous media
Lagrangian particle tracking
Reaction kinetics / chemistry

[140]

Simcenter STAR-CCM +  Multiphase flow simulation
Thermal simulation
Moving objects
Particle-flow integration
Electrochemistry simulation
Reacting flow
Rheology modelling
Solid mechanics

[141]

SimScale Uncoupled thermo-mechanical simulations
Conjugate heat transfer simulations
Convective heat transfer simulations

[142]
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some disadvantages, such as the need to have a large reserve of 
computing power, the development of technology will make 
this problem insignificant over time.
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