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Abstract Computational fluid dynamics (CFD) modeling
of entire bread baking process is very complicated due to
involvement of simultaneous physiochemical and biological
transformations. Bread baking is a fickle process where com-
position, structure, and physical properties of bread change
during the process. CFD finds its application in modeling of
such complex processes. This paper provides the basics of
CFD modeling, different radiation models used for modeling
of heating in electrical heating ovens, modeling of bread
baking process along with the predictions of bread tempera-
ture, starch gelatinization, and browning index. In addition,
some recent approaches in numerical modeling of bread
baking process are highlighted. Moreover, current limitations,
recent developments, and future applications in CFD model-
ing of bread baking process are discussed in detail.
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Introduction

Bread is closely related to people’s daily life, and bread
baking is a food processing technique in which series of
complex physical, chemical, and biochemical changes take

place simultaneously in the given product. During the baking
process of cereal products, semi-fluid dough transforms into
bread, cake, biscuits, or cookies. Under the influence of heat,
raw dough piece is transformed into a light, porous, readily
digestible, and flavorful bakery product. Although bread bak-
ing had been in practice for a very long time, comprehensive
understanding of physical processes in baking is still lacking
(Cauvain 2003).

Freshly baked bread has pleasant aroma, golden brown
crust, and a white crumb with fine porous structure (Cauvain
2003). Bread quality depends mainly on four parameters,
i.e., texture, moisture content, bread surface color, and
structure (shape and size) of the bread. These four parameters
vary during the baking process due to change in operating
conditions. All these parameters were temperature-dependent
and therefore can be controlled through oven temperature.
Water content and temperature were responsible for physio-
chemical and biological transformations such as evaporation
of water, gelatinization of starch, volume expansion, crust
formation, denaturation of protein, browning reactions, etc.,
which make the bread baking a complex process (Therdthai
and Zhou 2003). Decock and Cappelle (2005) reviewed
various technologies and new market trends in bread baking
process. Variations in bread quality can be minimized by
proper design of the oven as well as maintaining proper
processing conditions such as air temperature, heating power,
baking time, and bread size (Therdthai and Zhou 2003; Zhou
and Therdthai 2007; Wong et al. 2006b, 2007a, b).

It can be observed in the literature that most of the CFD
modeling of baking process was published in the last de-
cade. The increase in use of the CFD in food industry in that
period was due to the increase in computational power as
well as trained technical people besides the availability of
user friendly and robust softwares such as Fluent, CFX, and
COMSOL Multiphysics etc. (Williamson and Wilson 2009).
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Above reports clearly indicate that there is an increase in use
of CFD in bread baking process. However, only a few
review papers have been published on numerical modeling
of baking process (Sablani et al. 1998; Therdthai and Zhou
2003; Mondal and Datta 2008). Wong et al. (2006b) pub-
lished a review paper on use of CFD techniques for the
enhancement of the efficiency of ovens. However, later,
there was no comprehensive review article published on
CFD applications for bread baking process to accommodate
the recent progress. Therefore, the present review is aimed
to recapitulate the recent work carried out in CFD modeling
of entire bread baking process including baking oven, bread,
and physico-chemical transformation inside the bread. This
review mainly focuses on the CFD modeling approaches,
their strengths, and limitations along with future trends.

Application of CFD in Food Processing

CFD is a numerical tool, which can predict fluid flow,
heat and mass transfer, chemical reactions, and other phenom-
ena by solving a set of governing mathematical equations
(conservation of mass, momentum, and energy) for discre-
tized cells over a defined space and time domain using high
computational power (Anderson 1984).

Although, the origin of CFD can be found in the auto-
motive, aerospace, and nuclear industries, only in the recent
years, the CFD has been applied in the area of food process-
ing. The general applications of CFD in the food industry
were reviewed by many researchers (Scott and Richardson
1997; Xia and Sun 2002; Anandharamakrishnan 2003;
Norton and Sun 2006; Sun 2007). All these reviews conclud-
ed that CFD is a powerful and pervasive tool for process and
product improvement in food processing sector. Sun (2007)
edited a book, which explores applications of CFD in food
processing including thermal sterilization, spray drying,
baking process, pasteurization of egg, mixing, refrigeration,
cooling processes, refrigerated display cabinets, humidifica-
tion of cold storage, etc. Recently, application of CFD in spray
drying process (Kuriakose and Anandharamakrishnan 2010;
Anandharamakrishnan et al. 2010b) and spray-freezing
(Anandharamakrishnan et al. 2010a) was also reported.

Bread Making Process

Bread making process consists of (1) mixing of ingredients
such as flour, water, yeast, and other minor ingredients, (2)
dough fermentation, (3) rounding and moulding of dough,
(4) proofing; followed by (5) baking of bread in oven, and
finally (6) cooling operation. In the literature, most of
studies focused only on CFD modeling of baking operation
(5th-operation). Therefore, CFD modeling for mixing, fer-
mentation, and proofing operation can be further explored
for better understanding of entire bread making process.

Bread Baking Process

Bread baking is considered as an art, and it leads to quality
changes in terms of texture, color, and flavor due to several
thermal reactions such as non-enzymatic browning reaction,
starch gelatinization, protein denaturation, etc. (Therdthai
and Zhou 2003). Baking time, oven temperature, source of
heat, oven air relative humidity (RH) are the prime factors
that decide the quality of bread during baking process. Bread
baking parameters are interdependent in affecting its quality;
however, temperature is the most dominating parameter
(Eliasson and Larsson 1993).

According to Wong et al. (2006a), an ideal baking process
can be divided into three stages (Fig. 1). An increase in
temperature initiates rapid evaporation of water and release
of carbon dioxide that produces oven spring in the first stage
of baking. The top crust is thus pushed up followed by crumb
development, and finally, gradual color development occurs.
The structural changes also occur during the bread baking
process, which comprises of solidification and expansion.
The network-like structure of bread crumb formation is mainly
due to starch gelatinization and protein denaturation. Starch
gelatinization is normally used as the baking index. The protein
denaturation also occurs under the influence of temperature
due to wheat gluten network, where the thermal effect changes
gluten gel to coagel (Zhou and Therdthai 2007). The increase
in temperature and lower moisture content induce non-
enzymatic browning reaction, which results in the crust forma-
tion at the surface of the bread. Generally, moisture loss is
common for any baked product due to evaporation of water,
but it varies with the properties of dough and baking condi-
tions. Maximum moisture loss occurs at the surface of the
bread, while moisture at the core region of bread remains
unchanged due to evaporation–condensation of water. How-
ever, the completion of baking results in two different zones in
bread with unique texture, crumb, and crust.

Simultaneous heat and mass transfer during bread baking
is governed by evaporation–condensation mechanism, as
shown in Fig. 2. This mechanism occurs in the following
steps: (1) water evaporates on the warmer side of the gas
cell, absorbing latent heat of vaporization; (2) water vapor
migrates through the gas phase, due to vapor concentration
gradient inside the cell; (3) water vapor condenses on the
colder side of the gas cell and becomes liquid, releasing its
latent heat and (4) heat and water transport by conduction
and diffusion, respectively, through a dough membrane to
the warmer region of the next gas cell, where these processes
occur similarly. When the gas phase becomes continuous, the
fourth stage no longer exist. This evaporation–condensation
mechanism takes place until temperature gradient exists and
the temperature of the whole crumb reaches 100 °C (Thor-
valdsson and Janestad 1999; Therdthdai and Zhou 2003;
Wagner et al. 2007; Purlis and Salvadori 2009a).
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Baking Ovens

Baking ovens play an important role in deciding the final
product quality of any baking process. Ovens are the inte-
gral part of any baking process, which serve as energy
source that leads to heat and mass transfer in the product.
The success or failure of any baking venture is determined
by the oven and its operating conditions. The ovens may be
classified based upon scale (size and capacity), product
being baked (bread or biscuit, etc.), physical arrangements
(batch or continuous), heating source (electrical or hot air),
and mode of heating (conductive or convective). In batch

baking process, electrical heating ovens are widely used
because of their adaptability for different bakery products.
Most commonly used continuous bread baking ovens are
travelling tray oven and rotary rack oven. Use of impinge-
ment oven for the baking was earlier explored by Walker
(1987) and Walker and Sparman (1989). Combination of
microwave and impingement oven for the bread baking was
also explored (Walker and Li 1993). Factors affecting heat
distribution in the oven chambers are the location of heating
source, air flow, product load, vent position, placement of
the bread, and baking time. The product quality varies
during the initial period of baking process due to high

Fig. 1 Major events during
bread baking process
(Wong et al. 2006a)

Fig. 2 Simultaneous heat and
mass transfer mechanism
during bread baking process
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temperature gradient between the hot oven and product.
Initial rate of heat absorption leads to the temperature rise
and initiates a number of physical mechanisms. The supply
of higher heat resulting in high initial temperature can cause
early crust formation, darkening of crust, higher water loss,
and low volume expansion (Zhou and Therdthai 2007). How-
ever, occasionally, high temperature was applied to make a
strong crust initially and later, low temperature, used to com-
plete the baking process.

Sometimes, steam is added to the oven to delay the crust
formation. Addition of steam increases the relative humidity
of the oven air. As dough surface being cold compared with
the surrounding air, moisture condenses onto it from the air,
thus delaying crust formation. Once the bread surface rea-
ches the dew point temperature, steam accelerates the tem-
perature rise, thus increasing weight loss from the crust.
Occasionally, a fan is used inside the baking oven to in-
crease the convective heat transfer. This results in higher
moisture loss from the bread surface, lower softness, and
darker surface (Vanin et al. 2009).

During baking process, heat transfer occurs by different
modes, namely, radiation, conduction, and convection. Ra-
diation is the most dominant mode in an electrical heating
oven. It occurs from red hot heating coils and hot metal
surfaces in the form of electromagnetic waves to the sur-
roundings. Radiation occurs by photons, which are emitted
by the respective surface and travel in straight lines without
attenuation. Heating by radiation depends on emissivity of
surface and the higher the emissivity, the higher is the
heating rate (Abraham and Sparrow 2002). Air inside the
oven is heated when it comes in contact with the heat source
(coils) as well as hot metal parts of oven walls. Heat transfer
from hot air to the product surface occurs by convection,
and heat from metal pan to the bread is transferred by
conduction (Sablani et al. 1998). Abraham and Sparrow
(2002, 2004), and Sparrow and Abraham (2003) studied
extensively the heat transfer in an electrical heating oven
with a variety of geometrical, radiative source, and operating
conditions of oven besides placement of thermal load.

CFD Modeling of Baking Process

Pre-processing and Solving

The first step of modeling a flow problem is known as pre-
processing, which consists of creating geometry of the system,
meshing, and specifying the boundary conditions. Geometry
can be created using standard drawing platforms linked to
CFD software such as GAMBIT, Turbo Grid, CATIA, etc.,
and meshing into a finite number of cells. The geometry
creation and mesh generation are the most time-consuming
but very significant steps in the development of a CFDmodel.

Generally, complex geometry needs simplification to make
the CFD model solvable while maintaining final geometry
reflective enough of the actual process. CFD numerical com-
putation stability, accuracy, and time are significantly influ-
enced by quality and quantity of mesh/grid. Therefore,
knowledge of the flow field is required in advance for adjust-
ing the mesh (Wong et al. 2006b; Norton and Sun 2006; Sun
2007). In the complex geometries, unstructured mesh such as
triangular and tetrahedral mesh elements are used for the two-
dimensional (2D) and three-dimensional (3D) geometry, re-
spectively. Grid resolution studies of baking ovenwere carried
out by Mistry et al. (2006) and Wong et al. (2007a). Mistry et
al. (2006) compared difference in prediction between the
normal mesh (0.97 million cells) and fine mesh (1.5 million
cells). They found only 0.5% difference in thermal field
prediction using these approaches for conventional electrical
heating oven. Wong et al. (2007a) compared coarse (0.15
million cells), normal (0.19 million cells), and fine (0.27
million cells) meshes for 2D model of industrial continuous
bread baking oven. Normal mesh predicts reasonably well the
temperature and velocity distribution as that of the fine mesh.
However, coarsest mesh fails to reproduce the same (Wong et
al. 2007a). Therefore, it can be concluded that the normal
mesh gives similar accuracy of fine mesh, but selection of
the mesh size totally depends on the problem and geometry of
the oven. Nevertheless, normal mesh saves computational
time. Anishaparvin et al. (2010) used tetrahedral mesh ele-
ment for volume meshing, and the density of mesh was higher
near heating source, vents, and products, where large gra-
dients of flow properties were expected. Solving turbulence
model along the wall needs a high degree of mesh refinement
in the boundary layer to appropriately represent flow regime
which described by y+ criterion. The low Reynolds-number
turbulence model requires y+≤1 and high Reynolds-number
turbulence model 30<y+<500. Meshing should be carried out
until the y+ criteria are satisfied. There are two types of solvers
used in CFD studies, i.e., pressure-based and density-based
solvers. Depending on the applications, researchers can select
the best suitable grid, solver, and discretization schemes. For
more details, readers may refer to standard CFD books (Ver-
steeg and Malalasekera 1995; Sun 2007).

Commercial CFD packages do not contain thermo-
physical properties for food materials and codes for kinetic
models (starch gelatinization or browning index). However,
Open-FOAM (an open source CFD package) has database
of some of the thermo-physical properties. Therefore, phys-
ical properties need to be externally incorporated. Thermo-
physical properties such as specific heat, density, and ther-
mal conductivity can be incorporated as a function of tem-
perature as piecewise linear or polynomial in the material
properties or using own user-defined function (UDF) codes
to the respective properties. Starch gelatinization kinetic
model can be added as integrating external equation during
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post-processing. However, UDFs have the advantages to
solve the equation in each time step, whereas externally
solved equations are only based on temperature predictions.
Outflow boundary conditions can be used to model flow
exits, where the details of the flow velocity and pressure are
unknown prior to the solution of flow problem.

Governing Equations

The flow of any fluid can be described using the following
transport equations (Fluent, 2006; Versteeg and Malalasekera
1995).

(a) Conservation of mass equation

The continuity equation describes the rate of change of
density at a fixed point resulting from the divergence in the
mass velocity vector ρv. Eq. 1 is the unsteady, 3D, mass
conservation or continuity equation for the simplified case
of a constant density fluid (incompressible fluid).

r � v ¼ 0 ð1Þ

(b) Momentum equation

The principles of the conservation of momentum is an
application of Newton’s Second Law of Motion to an ele-
ment of fluid and states that a small volume of element
moving with the fluid is accelerated because of the force
acting upon it. The rate of change of velocity (v) per unit

volume for a fluid particle is given by Dv
Dt and density of gas

ρg, hence,

ρg
Dv

Dt
¼ �rpþr � t þ ρgg ð2Þ

In Eq. 2, the convection terms are on the left side, and the
right-hand side are the pressure gradient (p), source terms of
gravitational force (g), and stress tensor ( t ), which are

responsible for diffusion of momentum.

(c) Energy equation

The first law of thermodynamics states that the time rate
of change of internal energy plus kinetic energy is equal to
the rate of heat transfer less the rate of work done by system.
Fluent solves the energy equation in the following form.

@

@t
ρEð Þ þ r: vðρE þ pÞ½ � ¼ r: keffrT �

X
j

hj J j þ ðt: vÞ
" #

ð3Þ
where E is the internal (thermal) energy, keff is the effec-

tive conductivity (keff0kta+kt, where, kta is thermal conduc-
tivity and kt is turbulent thermal conductivity), T is the
temperature, t is stress tensor, and Jj is the diffusion flux

of species j, hj is the enthalpy of species “j”, and v is the
velocity vector. The three terms on the right-hand side of the
equation represent energy transfer due to conduction, species
diffusion, and viscous dissipation, respectively.

Selection of Laminar or Turbulence Modeling
for Oven Simulation

Verboven et al. (2000a, b) developed a model for the elec-
trical forced convection oven using standard and renormal-
ization group, i.e., RNG κ-ε [k- turbulence kinetic energy
and ε- turbulence dissipation rate, for a detailed description
of turbulence models readers may refer to Versteeg and
Malalasekera (1995)] turbulence models and studied the
isothermal airflow as well as temperature profile inside the
oven. They validated the velocity magnitude predictions
with laser Doppler anemometer velocity measurements.
The discrepancy in CFD prediction for air velocity was
22% due to the limit of turbulence modeling and numerical
grid density. Accuracy of κ-ε turbulence model is limited
due to turbulence and wall boundary effect and swirl flow
created by fan. Furthermore, Mirade et al. (2004) developed
a CFD model for baking tunnel oven to evaluate tempera-
ture and air profile during baking process using κ-ε turbu-
lent model. Therdthai et al. (2003, 2004b) and Wong et al.
(2006a, 2007a, b) used k-ε turbulence model for industrial
continuous bread baking oven since the Reynolds number
(NRe) value was high (approx 27,255). Later, Williamson
and Wilson (2009) used shear stress transport (SST) k-ω-
based turbulent model for fluid flow (natural convection) in
combination with radiation heat transfer using a Monte-
Carlo ray-tracing technique to develop a CFD model of
gas-fired burner with baking oven chamber of industrial
baking oven. SST k-ω-based turbulent model switches to a
low k-ω Reynolds number treatment when the turbulence
level is low, and thus, it does not over-predict the effective
eddy viscosity due to turbulent transport. Recently, Boulet et
al. (2010) studied flow field and heat transfer in a bakery
oven using CFD modeling with realizable κ-ε turbulent
model. Their study indicated, under low inlet air velocity,
radiation to be the predominant heat transfer mechanism
during baking process. Moreover, rate of convective heat
transfer was strongly dependent on the turbulent boundary
layer, which κ-ε models often fail to predict accurately
(Verboven et al. 2000b). Hence, more sophisticated turbulence
model is to be used for the better accuracy.

Mistry et al. (2006) used laminar flow to predict the
temperature profile during broil and bake cycle for cooking
oven (small electrical heating oven). They compared lami-
nar and turbulence models for prediction of thermal field
inside the oven cavity and found only 3% difference in the
temperature data at thermocouple locations and also ob-
served similar thermal field. Since, model with laminar flow
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is able to predict the thermal performance with reasonable
accuracy with less computational time compared with the
turbulent approach. Their model predictions show 2.7%
discrepancy for bake cycle and 10% for broil cycle of
baking oven. Rayleigh number was used to determine the
flow inside the oven (laminar or turbulent), which depends
on the oven height and temperature difference across the
oven (Mistry et al. 2006). Similarly, Anishaparvin et al.
(2010) and Chhanwal et al. (2010, 2011) also considered
laminar approach in their electrical heating baking oven
simulations.

There are some other computationally expensive but
more accurate methodologies such as direct numerical sim-
ulation (DNS), detached eddy simulation (DES), and large
eddy simulation (LES) for predicting complex turbulent
flow and transport phenomena. However, these are not yet
used for CFD baking studies, but, in the future, these may
find applications due to evolution in computing power. DNS
needs intensive computing power due to use of fine mesh
and thereby limiting it as a research tool for studying turbu-
lence and heat-transfer dynamics (Sun 2007). DNS offers
comprehensive information regarding turbulent flows of
solutions with effective control of turbulence and heat trans-
fer and also accounts for buoyancy. On the other hand, LES
is an expensive technique used for solving flow containing
large turbulent eddies, but offers more accuracy than RANS
turbulence model with special filtering for turbulent fluctu-
ation (Turnbull and Thompson 2005). The DES method
combines RANS with the quality of flow predictions by
wall-resolving LES. In this method, high near-wall resolution
can be avoided by applying RANS in the vicinity of the wall
and employing a modification of the Spalart–Allmaras, turbu-
lence model equation in the far field. Model blends automat-
ically from a statistical turbulence model to a subgrid-scale
model without the use of shape function in the overlap region.
DES has the advantage of capturing unsteady flow regions
such as wakes and recirculation zones, where the RANS
calculation often fails (Schmidt and Thiele 2002). Hence, the
DNS, LES, or DES method can be used to increase the
accuracy of turbulence model predictions to overcome turbu-
lence and boundary effects as well as to account for the swirl
flow created due to fan inside the baking oven.

Selection of Radiation Models

In literature, different types of radiation models such as
DTRM (discrete transfer radiation model), S2S (surface to
surface), and DO (discrete ordinate) were used for analyzing
radiative heat transfer inside baking oven. The main assump-
tion of DTRM is that the radiation leaving the surface element
in a certain range of solid angle can be approximated by a
single ray. The energy source in the fluid due to the radiation is
then computed by summing the change in intensity along the

path of each ray that is traced through the fluid control
volume. The equation for change of radiant intensity can be
written as

dI

ds
þ aI ¼ aσT4

p
ð4Þ

where I is radiation intensity watt per steradian, α is gas
absorption coefficient (1/meter), s is path length (meters),
and σ is Stefan–Boltzmann constant (watts per square meter
per Kelvin to the fourth power).

S2S radiation model’s main assumption lies in neglecting
all absorption, emission, or scattering of radiation and con-
sidering only surface to surface radiation to be significant
enough. The energy flux leaving a given surface is com-
posed of directly emitted and reflected energy. The reflected
energy flux is dependent on the incident energy flux from
the surroundings, which can then be expressed in terms of
the energy flux leaving all other surfaces. The energy
reflected from surface ‘K’ is

qout:K ¼ "KσT
4 þ ρKqin:K ð5Þ

where qout.K is energy flux leaving the surface K (watts per
square meter), qin.Kis energy flux incident on the surface K
from surrounding (watts per square meter),εK is emissivity
of surface K, and ρK is density (kilograms per cubic meter).

The DO radiation model solves the radiative transfer equa-
tion for a finite number of discrete solid angles, each associ-
ated with a vector direction fixed in the global Cartesian
system. The DO model has following equation

r:½Ið~r;~sÞ~s� þ ða þ asÞIð~r;~sÞ ¼ an2
σT4

p
ð6Þ

Where ~r is position vector, ~s is direction vector, n is
refractive index, and αs is absorption coefficient of
surface.

The DO model takes into account of media participation
(air) in addition to surface-to-surface radiation effect. It also
allows the solution of radiation at semi-transparent walls.
Hence, DO model may be best suited in problems with
localized sources of heat. Computational cost is moderate
for typical angular discretization, and memory requirements
are also modest (Fluent 2006).

Mistry et al. (2006) studied CFD modeling of heat trans-
fer in batch electric heating oven using S2S radiation model
with bake and broil cycle without the product. Initially, they
compared DO and S2S radiation models for prediction of
the thermal field inside the oven. Authors found that similar
thermal field with 0.2% difference in temperature predic-
tions at the center of the oven. They selected S2S model for
further study by considering air as non-participating media
in radiation mode. However, it was observed that only half
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of the computational time was required for S2S model
compared with DO model for an identical grid. They studied
mainly the air flow pattern through vent openings and also
comparisons of air temperature during bake and broil cycles.
Wong et al. (2007a) used DO radiation model to simulate
continuous baking oven involving U-turn movement with
sliding mesh. Boulet et al. (2010) used S2S model to predict
radiative heat transfer inside a pilot oven. Dhall et al. (2009)
modeled a near-infrared oven using DO model to predict
heating of cubical food sample. Recently, Chhanwal et al.
(2010) compared all three radiation models (i.e., DO, S2S,
and DTRM) for domestic electrical heating oven and con-
cluded that predictions by all these radiation models were
alike. However, DO model need more computational power
and time as compared with the S2S and DTRM models.
Combination of convective and radiative heat transfer was
considered for both glass door and steel walls of the oven,
and heating coils were modeled as volumetric heat source.
They also studied temperature profile inside domestic elec-
trical heating oven and found that low temperature zone
exists near oven walls.

CFD Modeling of Baking Oven

In recent years, CFD has been applied more and more to the
design and development of baking ovens and also to inves-
tigate the baking process (Wong et al. 2006b; Zhou and
Therdthai 2007). The published research works on CFD
simulation of bread baking process with their salient find-
ings are summarized in Table 1. CFD simulation studies
initiated for the improvement of oven design and optimizing
the baking conditions. In an early study, De Vries et al.
(1995) developed a CFD model by assuming laminar flow
inside the baking oven and calculated the velocity distribu-
tion, pressure drop, temperature, and heat flux. The effect of
a perforated plate on improving the homogeneity of the air
velocity and pressure drop in the oven was also evaluated.
Later, Therdthai et al. (2003) developed a 2D model for
industrial continuous bread baking oven to study the tem-
perature and airflow pattern throughout the baking chamber
under different operating conditions, including energy
source and fan volume. Due to complex geometry of indus-
trial oven, Therdthai et al. (2003) selected 2D geometry
instead of 3D and used structural grid system to simulate
the oven in 2D by ignoring variations along the oven width.
Although CFD results provided constructive information to
place the controller sensors at the best possible position,
dynamic responses could not be accounted by this 2D model
due to its steady-state assumption. Subsequently, the model
was extended to a 3D model with moving grid and transient
state assumption (Therdthai et al. 2004b). This 3D CFD
model described different temperature profiles for different

moving trays by simulating the actual movement of dough
traveling into the oven. Dynamic response of the traveling
tin (bread-pan) temperature profile predicted in accordance
with a change in the oven load and its effect on the heat and
mass transfer in the oven chamber. However, due to the
limitation of the software used, the oven configuration had
to be simplified, particularly to ignore the U-turn movement
in the oven. Optimum temperature profile inside the oven
was also obtained by varying the airflow volume and heat
source temperatures. There was 40% relative error in pre-
diction of velocity inside the oven and minor difference in
prediction of temperature at top, bottom, as well as side of
bread. Wong et al. (2006a) analyzed the impact of physical
properties of dough/bread on the accuracy of the predictions
using combined experimental and CFD modeling approach.
They concluded the physical properties to have a significant
impact and mainly density as well as specific heat capacities
to be more dominant factors. Wong et al. (2007a) developed
a 2D CFD model, extending the earlier works of Therdthai
et al. (2003, 2004b), for continuous movement of traveling
tray using sliding mesh technique and employed the DO
radiation model. In their study, industrial oven was divided
into two parts, then flipping and aligning them along the
traveling track to simplify the oven configuration besides
the burners being treated as circular objects with fixed wall
temperature. Change in the direction of the gravitational
force in the two parts (caused by flipping) was handled by
using a UDF to redefine the body force. Their model pre-
dictions for top and bottom bread temperature were in good
agreement with experimental results, but bread center tem-
perature showed very significant difference (Wong et al.
2007a). Wong et al. (2007b) incorporated a feedback con-
troller for temperature in CFD model by using UDF for
industrial baking oven and proposed elimination of preheating
of oven before baking.

Anishaparvin et al. (2010) and Chhanwal et al. (2011)
studied the temperature distribution inside pilot scale elec-
trical heating oven consisting of two trays and nine heating
elements placed in three layers, as shown in Fig. 3. Signif-
icant difference in temperature profile was observed be-
tween bottom and top tray due to the heating source, inlet
vent, and product placement (Fig. 4). Anishaparvin et al.
(2010) focused on modeling of stationary positioned bread.
However, rotation of trays containing bread is normally used
in the pilot ovens. Therefore, this study can be extended to
evaluate the effect of tray rotation on velocity and temperature
profile inside the pilot scale oven. However, modeling of
moving mesh is a challenging task as interaction between
the stationary (oven walls and heating coils) and moving parts
(bread tray and bread) involved in the geometry. Hence,
sliding mesh approach can be used to capture the transient
behavior of the flow under rotating tray frame work. In this
approach, oven needs to be split into the multiple cell zones,
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with well-defined interfaces between the zones. The use of
laminar or turbulent flow needs to be suitably selected to
account for the formation of swirl flow in the oven due to
the rotation of trays.

A common CFD model for baking oven is yet to be
developed as the boundary conditions keep changing
according to location of vent, fans, heating source, laminar
or turbulent flow, batch or continuous, and electric or gas
oven. More accurate turbulence models such as DNS, LES,
or DES may be useful for studying turbulent flow inside the
baking oven. DO radiation model is best suitable model for

electrical heating baking ovens. Thus, according to oven
types, different models need to be adapted.

CFD Modeling of Bread Baking Process

Producing high-quality bread is a great challenge in baking.
Baking is an irreversible process, where unsatisfactory prod-
uct has to be discarded which is economically unfavorable.
Water content and temperature are mainly responsible for
physiochemical and biological processes. Variation in bread

Table 1 Overview of the research work carried out in CFD simulation of bread baking process

Description of CFD model Turbulent/radiation models Salient findings Reference

3D Industrial electrical forced
convection oven

RNG k-ε turbulence model Airflow pattern inside the oven was obtained.
Relationship between fan head capacity, fan
swirl and oven geometry was studied.

Verboven
et al. (2000a)

2D geometry of industrial continuous
bread baking oven. Heat supplied with
gas burner and circulated by airflow.

Turbulence model with
convective heating and
steady state simulation

Effect of different energy supply and
air volume on oven temperature profile
and air flow pattern at various cross
sections inside the oven was studied.

Therdthai
et al. (2003)

3D model with moving grid mesh,
U-turn movement simplified by putting
into two parts i.e. front and back part.

Turbulence model for
transient state simulation.

Temperature profile and air flow pattern inside
the oven was obtained with tin surface
temperature for entire baking process.

Therdthai
et al. (2004b)

3D geometry of electric heating oven
with natural convection flow.

S2S radiation model Temperature profile of baking oven was
obtained for broil and baking cycle.

Mistry
et al. (2006)

2D geometry of industrial continuous
bread baking oven was used with sliding
mesh. U-turn zone ignored, geometry
simplified by flipping lower part and
aligning along upper part. Change
in gravitational force was
incorporated by using UDF.

DO Radiation with k-ε
turbulence model

Effect of thermo physical properties on
prediction of bread temperature profile
was investigated. Density and specific
heat capacities were more dominant factors
for accuracy of the model predictions.

Wong
et al. (2006a)

2D geometry with sliding mesh. Grid
resolution study was also carried out.

DO Radiation model with
k-ε turbulence model

Temperature profile of the bread was
obtained for entire baking process.

Wong
et al. (2007a)

Incorporation of a UDF for feedback
controller to optimize oven temperature.

DO Radiation with k-ε
turbulence model

Feedback controller tuned fine and
preheating time reduced.

Wong
et al. (2007b)

3D design of gas-fired radiant burner
was used in a chamber of industrial
tunnel baking oven.

Radiation model with shear
stress transport (SST) k-ω
based turbulence model

A burner developed with more uniform
radiative flux in oven chamber. Effect
of oven chamber humidity and surface
emissivity on radiative heat transfer
was studied.

Williamson and
Wilson (2009)

3D geometry of industrial bakery
pilot oven was used with controlled
air temperature and velocity used.

S2S radiation model with
k-ε realizable turbulence
model.

Temperature and radiative heat flux were
obtained for top and bottom plates.

Boulet
et al. (2010)

3D domestic electrical heating oven was
used with bread. Kinetic model for
starch gelatinization was incorporated.

Three radiation models,
i.e., DO, S2S, and DTRM
were used for transient
state simulation.

The temperature profiles of three
radiation models were compared.
Starch gelatinization profile for
bread slice was visualized.

Chhanwal
et al. (2010)

3D pilot-scale electrical heating oven
containing with nine heating coils
was used with bread.

DO radiation model Different temperature profiles of top
and bottom chamber were obtained.
Effect of placement of bread on
baking process time was studied.

Anishaparvin
et al. (2010)

3D pilot-scale electrical heating oven
with bread. Evaporation–condensation
mechanism was included for
bread baking process.

DO radiation model Crumb temperature remains below
100 °C due to evaporation–condensation
mechanism and thus proper temperature
predictions for entire bread obtained.

Chhanwal
et al. (2011)
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Fig. 3 A chamber of pilot-scale
electrical heating oven geome-
try and meshed with bread
(Chhanwal et al. 2011)

Fig. 4 Temperature profiles (°C) inside the baking oven (Anishaparvin et al. 2010)
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color occurs due to the non-uniform temperature distribution
inside the oven, which can be rectified using CFD modeling
of entire baking process. For example, browning of bread
surface was evaluated by using kinetic model based on the
temperature predictions of the CFD (Chhanwal et al. 2011).
However, very few works have been performed on CFD
modeling of bread baking as discussed below.

Therdthai et al. (2004a) evaluated temperature profile
within the bread and also studied the effect of positioning
of bread on temperature. Variations in temperature were
found in tins of the same tray, and the bread temperature
increased as bread moves to different zones. Therdthai et al.
(2004b) evaluated temperature profiles of bread with full
load in a continuous bread baking oven. Effect of change in
oven load on variation in bread quality was estimated by
using this model. They reported that reducing heat supply
and increasing air volume in oven can reduce weight loss of
bread by 1.4%. The physical properties of dough/bread
using CFD simulations were analyzed by Wong et al.
(2006a). They considered bread as a solid with constant
density as well as thermal conductivity, and specific heat
values were given as functions of temperature. In their
further study, Wong et al. (2007a) studied the transient
simulation of bread travelling inside the oven chamber with
main emphasis on heat transfer and air flow inside the oven.
Better predictions of temperature at bread surface were
obtained as compared with center of bread. Extending the
work further, Wong et al. (2007b) proposed elimination of
preheating of oven to a high temperature, incorporation of
controller, and extracting surface temperature of bread
across different zones of oven during baking process. Re-
cently, Chhanwal et al. (2010) studied the change in tem-
perature profile of bread during entire baking process with
preheating of domestic electrical heating oven. Discrepancy
in experimental and CFD simulated temperatures of bread
center were observed in the above studies (Wong et al.
2007a; Anishaparvin et al. 2010; Chhanwal et al. 2010).
The predictions of bread surface temperature were closer
to experimental results as compared with that of the center
temperature. Moreover, center temperature crosses 100 °C
in the above studies. However, all these studies on CFD
modeling predicted that crumb temperature crosses 100 °C,
whereas in real process it never crosses 98–99 °C due to
evaporation–condensation mechanism. Thus, these studies
were unable to predict temperature profile over entire bread.
However, recently Chhanwal et al. (2011) used evapora-
tion–condensation mechanism to imitate the real bread bak-
ing process where bread crumb temperature remains below
100 °C for entire baking process. Evaporation–condensation
mechanism was included by defining specific heat of bread as
a function of temperature including enthalpy jump at the phase
change and thermal conductivity of bread as a function of
temperature, where thermal conductivity increases until

bread reaches 100 °C, and it was made constant
(0.2 W/m K) once condensation starts (Purlis and Salvadori
2009b). In this study, temperature predictions for crumb were
identical to real bread baking process. This model prediction
mimics the experimental bread center temperature, and the
difference in predictions, with and without evaporation–con-
densation mechanism, is shown in Fig. 5. This model is very
useful for predicting the bread temperature more accurately
than the earlier CFD models published. Moreover, this model
temperature prediction can also be used to predict physio-
chemical changes of bread during baking such as starch gela-
tinization and browning index.

Modeling of Starch Gelatinization

Degree of starch gelatinization can be used as minimum
baking index in industrial baking process, which decides
the baking time of bread. Gelatinization properties depend
on the kind and origin of the starch. Gelatinization of starch
causes disruption of the intermolecular hydrogen bonds,
which maintain the structural integrity of the granules and
an exudation of amylose. Differential scanning calorimetric
(DSC) and X-ray diffraction methods are mainly used for
the measurement of the degree of starch gelatinization during
bread baking process. Starch gelatinization is a function of
time/temperature and follows first-order kinetics (Lund 1984;
Zanoni et al. 1995a, c). Zanoni et al. (1995a, c) studied starch
gelatinization using DSC method and calculated the model
parameters such as k0 and Ea as shown in the following
equations.

1� ag ¼ exp �ktð Þ ð7Þ
where αgis degree of starch gelatinization, k, the reaction rate
constant, and t, the time in seconds. The reaction rate constant
(k) in turn can be calculated using Arrhenius-type equation,

k ¼ ko exp � Ea

RT

� �
ð8Þ

where k0 ¼ 2:8� 1018 1=sð Þ and Ea0138 kJ/mol (Zanoni
et al. 1995c).

Change in temperature profile was correlated with the
degree of starch gelatinization in bread, by integrating ki-
netics model for starch gelatinization with CFD simulation
(Therdthai et al. 2004a; Chhanwal et al. 2010; Anishaparvin
et al. 2010). It was reported that the starch gelatinization
progressed faster at top and bottom parts of bread as com-
pared with the left and right halves of the bread (Therdthai et
al. 2004a). The top and bottom temperature of bread was
found to be higher as compared with the center of the bread
in the continuous bread baking oven. Chhanwal et al. (2010)
reported the degree of starch gelatinization with respect to
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change in temperature profile for a bread slice as shown in
Fig. 6. It can be observed from Fig. 6 that the starch
gelatinization progressed from crust to the crumb with the
formation of different gelatinization zones correspondingly.
Extent of gelatinization at top and bottom was rapid as
compared with the side portion of bread, which reflected

in the temperature profile. Gelatinization was found to be
complete within 300 s on outer surface as compared with
900 s at the center of the bread (Fig. 6). Starch gelatinization
completes within 900 s of baking process as temperature at
center of bread exceeds 80 °C. Formation of different starch
gelatinization layers were observed identical to temperature

Fig. 5 Comparison of bread
center temperature profile
during bread baking process for
the experiment, CFD modeling
with and without evaporation–
condensation (E–C) mechanism
(Chhanwal et al. 2011)

 (a)  (a) 

 (b)  (b) 

 (c)  (c) 

 (d)  (d) 

Temperature (°C) profile Starch gelatinization profile

Fig. 6 Comparison of
temperature and starch
gelatinization profile in
crumb during bread baking
process at a 60, b 300, c 600,
and d 900 s at 6 cm from center
of the bread in radial direction
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layers inside the bread slice. Recently, Anishaparvin et al.
(2010) developed CFD model for bread baking process in a
pilot-scale baking oven to find out the effect of hot air distri-
bution and placement of bread on temperature and starch
gelatinization index of bread. Their study indicated that vent
position and placement of bread are the most important factors
in influencing the air temperature profile inside the oven
cavity. Due to the air flow pattern, bread placed in top tray
bake quickly as compared with those placed in bottom one.
Thus, this study indicated that, apart from temperature and
time, the placement of bread influences the final bread quality
during batch baking process in an electrical heating oven.

Numerical Modeling of Bread Baking Process

Numerous articles have been published on modeling of bread
baking process considering many aspects right from proofing
to storage stability. However, only articles directly relevant to
bread baking process are discussed in this paper. These
approaches of bread baking modeling are summarized in
Table 2. Therdthai and Zhou (2003) reviewed the heat and

mass transfer mechanism during bread baking process along
with physico-chemical changes such as starch gelatinization,
expansion, protein denaturation, and flavor and color devel-
opment. A quadratic equation was derived for specific heat of
bread as a function of moisture content and temperature using
experimental studies by Zanoni and Petronio (1991). Later,
Zanoni et al. (1994) developed a phenomenological model for
bread baking process, and they extended it further to model
the starch gelatinization of bread, browning of bread crust, and
also determined thermal diffusivity as a function of porosity
(Zanoni et al. 1995b, c, d). Furthermore, Zhang et al. (2005)
and Zhang and Datta (2006) developed a model for heat and
moisture transport in porous matrix of bread and coupled with
volume change. The following common heat and mass bal-
ance equations were used inmost of the reported (Zanoni et al.
1994; Therdthai and Zhou 2003; Purlis and Salvadori 2009b)
modeling work for bread baking process.

Heat Balance Equation

ρCp
@T

@t
¼ r: krTð Þ ð9Þ

Table 2 Overview of the recent research work carried out on mathematical modeling of bread baking process

Model approach Findings References

Simultaneous heat and mass transfer with evaporation
front proposed and resistance of mould was taken into
account in a model developed with FDM and Fortran.

Progression of evaporation front explained well
with the model and moisture loss and
temperature at various locations were validated.

Zanoni
et al. (1994)

Apparent density, porosity, specific heat, and thermal
conductivity as a function of temperature and moisture
content were taken into account in this model.
This model was developed with FDM and Fortran.

Effect of porosity on thermal diffusivity
of crust and crumb of bread determined.

Zanoni
et al. (1995b)

Bubble growth due to generation of CO2 and water vapor
were considered with change in temperature, water activity,
and viscosity. This model was developed with Fortran code.

Dough expansion was studied using single
bubble growth and concluded that increasing
viscosity resist bubble growth.

Fan et al. (1999)

Simultaneous heat and mass transfer were considered
with thermo physical properties as function of
temperature and moisture content

Nonlinear mathematical model developed
for prediction of temperature and moisture
content in bread.

Zheleva and
Kambourova (2005)

FEM model was developed for heat and mass transfer
coupled with large volume change during bread
baking in microwave oven.

Temperature, moisture, volume change,
and browning of bread were studied.

Zhang and
Datta (2006)

Bubble formation, density, and porosity collapse
temperature were included in model.

Effect of thermo-physical properties on
crust formation and thickness was studied.

Jefferson
et al. (2007)

Heat and mass transfer with physic-chemical
transformation including starch gelatinization and
browning were solved in FEM with COMSOL solver.

Change in temperature and moisture content
of bread with formation of crumb and
color change were studied.

Hadiyanto
et al. (2007)

COMSOL solver was used to solve simultaneous heat
and mass transfer for specific heat, thermal conductivity and
density as a function of temperature and moisture content.
Enthalpy change was added in specific heat equation.

Evaporation–condensation mechanism explained
well within the model. Model predictions
imitate experimental results for temperature
as well as moisture content.

Purlis and
Salvadori (2009b)

FEM using COMSOL solver for solving simultaneous heat
and mass transfer with volume change. Volume change was
modeled using arbitrary-Lagrangian-Eulerian (ALE) approach.

Change in temperature and moisture in
crumb and crust predicted well with
volume change of bread.

Purlis and
Salvadori (2010)

Simultaneous heat and mass transfer was considered
for bread baking process in specially designed oven

Change in temperature and moisture content
during crust less bread baking process were
studied. The maximum bread surface
temperature reached only 100 °C.

Mondal and
Datta (2010)
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where k is the thermal conductivity (watts per meter Kelvin)
and CP the specific heat (joules per kilogram Kelvin)

Mass Balance Equation

@W

@t
¼ r:ðDrW Þ ð10Þ

where W is the moisture content (kilograms per kilogram)
and D the mass diffusivity (square meter per second).

Boundary Conditions for Heat and Mass Transfer

Conduction inside the bread balances heat arriving at the
bread surface by convection and radiation (Purlis and
Salvadori 2009a, b)

� krT ¼ hðTS � TambÞ þ "σðTS4 � T4
ambÞ ð11Þ

where h is heat transfer coefficient (watts per square
meter Kelvin), ε is emissivity, and σ is Stefan–Boltzmann
constant (5.672×10−8 W/m2 K4).

Moisture transport through bread surface was obtained by
the following equation (Purlis and Salvadori 2009b):

� DρBrW ¼ kgðPS � PambÞ ð12Þ

where PS ¼ awPsat TSð Þ and Pamb ¼ RH :Psat Tambð Þ
PS is partial pressure at bread surface, Psat saturated

partial pressure, Pamb ambient partial pressure, aw water
activity, and RH relative humidity.

During baking, water evaporates at warmer side of gas
cell and water vapor condenses at the colder side of the gas
cell in simultaneous heat and mass transfer process as
depicted in Fig. 2. These evaporation–condensation processes
continue until the temperature of the whole crumb reaches
100 °C (Purlis and Salvadori 2009a). Purlis and Salvadori
(2009b) studied bread baking as a moving boundary problem
by accounting evaporation–condensation processes and latent
heat of phase change. They proposed the following equation
for specific heat of bread as a function of temperature and
moisture. Moreover, they included enthalpy jump at the phase
change in this Eq. 13.

Cp ¼ ð5:207� 73:17� 10�4T þ 1:35

� 10�5T2Þ103 �W þ ð5T þ 25Þ þ lvW ðT
� Tf ;rTÞ ð13Þ

where Cp is the specific heat (joules per kilogram Kelvin),
λv the heat of phase change (joules per cubic meter), Tf is the
temperature of phase change (Kelvin), and W the moisture
content (kilograms per kilogram).

Effective thermal conductivity was also altered to ac-
count for evaporation–condensation mechanism (Purlis and
Salvadori 2009b, 2010):

kðTÞ ¼ 0:9
1þexpð�0:1ðT�353:16ÞÞ þ 0:2 If T � Tf �rT

kðTÞ ¼ 0:2 If T � Tf þrT

ð14Þ

Purlis and Salvadori (2010) extended their work to study
the volume expansion of bread using moving boundary by
Arbitrary-Lagrangian-Eulerian approach. Purlis (2011) evalu-
ated the baking time using kinetics models for starch gelati-
nization and browning of bread surface. Bollada (2008)
modeled expansion of bread dough by using a set of linear
second-order partial-differential equations corresponding to
Hookean elastic model. Formation of crust and evaporation
front was also discussed with this model. Vanin et al. (2009)
extensively reviewed formation of crust with simultaneous
heat and mass transfer occurring during the bread baking
process. They found that the crumb water content remained
unchanged, whereas crust water content dropped below 10%.
Hadiyanto et al. (2007) studied the heat and mass transfer,
starch, and color transformation in product and also investi-
gated the change in quality attributes during storage.

Heat and mass transfer during freezing of par-baked
bread was studied by Hamdami et al. (2004) considering
effective thermal conductivity to include evaporation–con-
densation effect and ice formation rate in mass balance
equation. Mondal and Datta (2008) reviewed experimental
and mathematical studies on bread baking focusing on prop-
erties and structure of bread. Later, the same group (Mondal
and Datta 2010) developed a model for the crust-less bread
using finite element method. A model for dough movement
due to a bubble collapse was developed by Jefferson et al.
(2007) using vaporization boundary governed by Stefan
condition. Ousegui et al. (2010) developed a porous multi-
phase model for bread baking using Fourier’s law for con-
ductive heat transfer. Darcy’s and Fick’s laws were also used
for convective as well as diffusive mass transfer of liquid
and gas phases. Deshlahra et al. (2009) developed a model
for the prediction of bubble size distribution and dynamic
evolution of the foam structure in baked foods. These mod-
els consist of heat and mass transfer equations and reaction
kinetics coupled with population balance equation for bub-
ble growth during bread volume expansion due to gas bub-
bles. Readers may refer to Deshlahra et al. (2009) for
detailed description of the equations. Fan et al. (1999)
concluded that bubble growth rate, CO2 generation rate,
nucleation frequency, and mass transfer coefficient decides
bubble size distribution and rate of rise during baking.
Increase in dough temperature above 60 °C showed signif-
icant effect on volume expansion as solubility of carbon
dioxide in a liquid dough phase decreases with an increase
in temperature.

Food Bioprocess Technol (2012) 5:1157–1172 1169



Current Limitations and Future Trends
of CFD Modeling

More realistic models need to be developed with the help of
CFD, because modeling of complete baking process (i.e.,
including air flow, heating element, and bread) is possible
using CFD. Though the predictions of CFD models are
matching to some extent with the experimental observa-
tions, these models have some limitations due to some
unrealistic assumptions such as exclusion of evaporation–
condensation, moisture transfer, and volume expansion.
Moisture transfer and volume expansion are critical phe-
nomena in bread baking process, but due to limitation of
commercial CFD software codes, these are not considered in
any of the reports published so far. However, commercial
COMSOL Multiphysics software can be used to model
moisture transport and volume expansions during baking
process. Inclusion of population balance equations in CFD
model can open several opportunities to study the bubble
growth (due to CO2 release) and expansion of dough during
bread baking process. Inclusion of moisture transport equa-
tion using UDF or introducing another model to take into
account the mass transport gives more realistic model for the
bread baking process. CFD modeling of different heating
modes such as infrared, microwave, with or without conven-
tional heating needs to be studied for better understanding of
effect of these heating methods on bread baking process for a
possible synergy. Incredibly rapid growth in computation
power and reduction in cost will allow researchers to use
computational intensive turbulent models such as DNS,
LES, and DES for the precise predictions of turbulent mo-
mentum and heat transfer dynamics. The coke deposition on
the oven surface was neglected during the modeling of radi-
ative heat transfer, which may be incorporated in future CFD
modeling for better predictions.

Technical transfer of CFD approaches has increasingly
yielded benefits to food processing industries by providing
new insights into the performance of the baking process. For
example, Therdthai et al. (2003) developed a CFD model for
continuous industrial scale baking oven to optimize the air
flow and placement of the controller to enhance quality of
final product. Williamson and Wilson (2009) developed a
CFD model for designing a burner for gas-heated industrial
oven. However, its direct application could be difficult due
to the complexity brought by the change from raw ingre-
dients to final product. Baking is such a process, where the
physical properties, structure, and even composition of the
food changes during the course of the process. With recent
scientific, technological, and instrumental breakthroughs,
there are enough opportunities for researchers to take up
the challenges of investigating the process of baking in
depth coupled with CFD modeling to produce better quality
product at reduced cost.

Conclusions

The aim of this review is to highlight the importance of CFD
in the modeling of the bread baking process. There is
considerable growth in the development and application of
CFD simulation in the areas of baking ovens and bread
baking process to predict the complex flow patterns in the
ovens as well as bread temperatures. However, more mod-
eling work needs to be undertaken including mass transport
and volume expansion during bread baking process. Some
of the problems during modeling of bread baking process
have been highlighted, and even as some of these issues are
addressed by different researchers, the objective purpose of
this review can be considered to be fulfilled. Thus, this
review clearly indicates the CFD to be a valuable tool for
the designing of the baking oven and prediction of bread
temperature along with various physiological changes such
as browning index and starch gelatinization during bread
baking process.
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