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A multiphase model for simultaneous heat and mass transfer in porous medium was developed to sim-
ulate the baking process of a bread product. The model was based on Fourier’s law for conductive heat
transfer and Darcy’s and Fick’s laws for mass transfer of liquid (water) and gas (water vapour and CO2)
phases. Explicit formulation was adopted for the evaporation rate allowing direct solution of the system
of equations. The use of the non equilibrium approach, allowed the implementation of the model in com-
mercial software. Numerical Finite Element Method (FEM) scheme was used to solve the equations. The
model was compared with experimental results reported in literature. Results show a good agreement
between experimental and numerical results. Sensitivity analysis of the effect of the evaporation rate
constant and process operating conditions on the temperature and moisture content were conducted
and showed that the baking process was affected mainly by the convective heat transfer and the product
initial moisture characteristics.

� 2010 Published by Elsevier Ltd.
1. Introduction

Baking process is an important procedure in bread production.
The final product quality attributes (texture, color) are determined
during the baking operation (oven temperature, moisture content,
and emissivity). In addition, baking is considered as a major energy
consuming process compared to other conventional food processes
(Fellows, 1996). Therefore, significant experimental and modeling
efforts have been conducted for understanding and subsequently
generating solutions for baking processes by calculating optimal
operation strategies that serve as a basis for process and unit oper-
ation design (Hadiyanto et al., 2008).

From a modeling perspective, baking is treated as a coupled
heat and mass transfer process (one phase or two phases, i.e. liquid
and vapour) between the baking product and ambient air. Conven-
tional models (Zhou, 2005) based only on diffusive transfer are un-
able to predict the rapid heat transfer during baking and the
increase of liquid water content in the center of the dough during
the early stages of the process; a phenomenon already observed
experimentally (Thorvaldsson and Skjöldebrand, 1998).

Several papers (Zhou, 2005; Datta, 2007a; Mondal and Datta,
2008) with some differences in evaporation rate expressions as
we will see later – show that the ‘‘evaporation–condensation” ap-
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proach developed by Thorvaldsson and Janestad (1999) is more
successful for modeling heat and moisture transfer during baking.
The approach is a multiphase flow model consisting of three cou-
pled balance equations for the simultaneous heat transfer, liquid
water diffusion and water vapour diffusion, respectively. However,
further investigations using the initial form of the model report
serious numerical difficulties related to the type of numerical
schemes, time step size, and meshes methods used (uniform,
non-uniform) in converging to a solution (Zhou, 2005), and also
an inadequacy in satisfying the mass conservation (Zhang and Dat-
ta, 2004). Thus, an improved model was suggested by replacing the
instantaneous phase change of liquid to vapour and by introducing
an evaporation rate term (Huang et al., 2007). Other improvements
were also made (Zhang et al., 2005, 2007; Zhang and Datta, 2006;
Hadiyanto et al., 2007, 2008) which could be categorized as equi-
librium approach and include:

(1) The incorporation of the porous texture of the dough and the
convective transport through the dough,

(2) The inclusion of other gases in the gas phase (specifically
CO2).

(3) The incorporation of the dough volumetric change during
baking.

Nevertheless, this equilibrium approach needs a special treat-
ment of the system of mathematical equations since the
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Nomenclature

aw water activity (–)
C molar density of gas mixture (mol/m3)
cp specific heat capacity (J/kg K)
D mass diffusivity (m2/s)
hm convective mass transfer coefficient (m/s)
ht overall heat transfer coefficient (W/m2 K)
hv convective heat transfer coefficient (W/m2 K)
_I evaporation rate (kg/m3 s)
K non-equilibrium evaporation constant (s�1)
k thermal conductivity (W/m K)
M total moisture content dry basis (–)
Mc molecular weight of CO2 gas (kg/mol)
Mv molecular weight of water vapour (kg/mol)
n normal direction when without subscripts
n total flux when with subscripts (kg/m2 s)
P total pressure (Pa)
p partial pressure (Pa)
ps saturation pressure (Pa)
R universal constant ideal gas 8.314 (J/mol K)
S saturation (–)
T temperature (K)
t time (s)
ug gas phase velocity (m/s)
V volume (m3)
x coordinate (m)
y coordinate (m)

Greek letters
/ porosity (–)
q density (kg/m3)
j permeability (m2)
l dynamic viscosity (Pa/s)
k latent heat of evaporation (J/kg)
e emissivity
r Stefan–Boltzmann constant (W/m2 K4)

Subscripts
0 initial state
c CO2 gas
eq equilibrium
db dry basis
eff effective
g gas phase
i intrinsic
inf ambient
r relative
s solid
s surface
tot total
v vapour water
w liquid water
wt wet basis

536 A. Ousegui et al. / Journal of Food Engineering 100 (2010) 535–544
evaporation rate is included as an unknown parameter (Zhang and
Datta, 2004), which remains as a major challenge when commer-
cial softwares are used to model the process.

To overcome this problem, recently an approach using explicit
formulation of the evaporation rate ‘‘non-equilibrium approach”
(Halder et al., 2007b) for the frying operation was proposed, based
on the expression developed by Fang and Ward (1999), and gave
good predictions of the heat and moisture transfer during the pro-
cess. Conceptually, the evaporation rate is related, not necessarily
linearly, to the difference between the equilibrium vapour density
(or pressure) and the actual local vapour density (or pressure) at
that instant.

The main objectives of this paper are:

� Develop a multiphase model based on the ‘‘evaporation–con-
densation” approach that takes into account the porosity of
the product and the mass transfer by capillarity (porous capil-
lary) to simulate the baking process, that is easy to implement
with a commercial software package.
� Validate the model estimates with experimental measurements

of temperature and moisture of baking products reported in
literature.
� Investigate the impact of oven operating conditions on the bak-

ing process.

2. Model development

2.1. Assumptions

During all the steps of the baking process, the product consists
of three phases: solid (dry matter), liquid water, and gas (water va-
pour and CO2 gas). All phases are assumed to have the same tem-
perature at any spatial location. Water vapour and CO2 are
assumed to be ideal gases. Water vapour and CO2 are driven by
convective flow due to the total gas pressure gradient and ‘‘diffu-
sion” due to the concentration gradient.

Liquid water is strongly bound to starch, so there is no pressure
driven liquid water flow in baking and the only transfer mecha-
nism for liquid water is ‘‘capillary diffusion”. CO2 generation is
not considered and consequently volume expansion during baking
due to CO2 generation is not considered. Evaporation–condensa-
tion rate is linearly related to the difference between equilibrium
vapour density and local vapour density.
2.2. Governing equations for mass and energy conservation

The governing equations will be written in terms of apparent
porosity, water and gas saturation. The apparent porosity and sat-
uration are defined from the volume of each phase Vw, Vg and Vs.
The total volume is the sum of the volume of the three phases:

Vtot ¼ Vw þ Vg þ Vs ð1Þ

The apparent porosity represents the ratio between the combined
volume fraction of water and gases and the total volume:

/ ¼ Vw þ Vg

Vtot
ð2Þ

Water and gas saturation represent the fraction of the pore volume
occupied by each phase (water and gas):

Sw ¼
Vw

Vw þ Vg
¼ Vw

/Vtot
ð3Þ

Sg ¼
Vg

Vw þ Vg
¼ Vg

/Vtot
¼ 1� Sw ð4Þ

The mass concentrations of liquid water, water vapour and CO2 gas
are related to the saturation, respectively, by:



Fig. 1. Geometry of the bread baking product investigated by Zhang et al. (2005).
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mw

Vtot
¼ qwVw

Vtot
¼ qwSw/ ð5Þ

mv

Vtot
¼ qvVv

Vtot
¼ qvSg/ ð6Þ

mc

Vtot
¼ qcVc

Vtot
¼ qcSg/ ð7Þ

For the gas mixture, the total pressure is equal to the sum of the
partial pressures of CO2 and vapour and the mass concentration
of the gas mixture is obtained from the ideal gas law:

P ¼ pv þ pc ð8Þ

qg ¼
mv þmc

Vg
¼ qv þ qc ¼

pvMv

RT
þ pcMc

RT
ð9Þ

The moisture content (dry basis) M is related to the water satura-
tion Sw, by:

M ¼ qwSw/
qsð1� /Þ ð10Þ

where qs is the density of the solid phase in the product.
The mass conservation for each of the three phases making up

the porous medium is given by:

@ðqwSw/Þ
@t

þ ~r � ð~nwÞ ¼ �_I ð11Þ

@ðqvSg/Þ
@t

þ ~r � ð~nvÞ ¼ _I ð12Þ

@ðqcSg/Þ
@t

þ ~r � ð~ncÞ ¼ 0 ð13Þ

nw represents the liquid water flux, as mentioned in Section 1.1, no
flow of liquid water by convection is occurring, so:

~nw ¼ �Dwqw/~rSw ð14Þ

_I is the rate of evaporation (kg m�3 s�1) which represents the mass
of liquid water that becomes vapour per unit volume and time. The
rate of evaporation _I can be either positive during the evaporation
process or negative during the condensation process.

nv and nc, the total flux of water vapour and CO2, respectively,
are described by Darcy flow flux (Bear, 1972) and diffusion flux
(Bird et al., 2001):

~nv ¼ �qv
jg

lg

~rP � Deff
C2

qg
McMv

~r pv
P

� �
ð15Þ

~nc ¼ �qc
jg

lg

~rP � Deff
C2

qg
McMv

~r pc

P

� �
ð16Þ

From the first term of Eqs. (15) and (16), the velocity of the gas
phase is defined by Darcy’s law:

~ug ¼ �
jg

lg

~rP ð17Þ

The energy conservation gives the following equation:

qeff cpeff

@T
@t
þ ~r � ðqgcpgT �~ugÞ ¼ ~r � ðkeff TÞ � k_I ð18Þ

k is the latent heat of evaporation, the expression of the other ther-
mophysical properties will be detailed in Section 3.2.

The system of Eqs. (11), (12), (13), and (18) has four equations
and five unknowns (qw/Sw;qv/Sg ;qc/Sg , T and _I); an additional
equation that gives a relation between the evaporation rate _I and
the others variables, is required to close the system as will be dis-
cussed in Section 1.4.
2.3. Study cases and experimental conditions

The model is validated for two experimental cases: case 1 is a
short cylindrical bread (Zhang et al., 2005) and case 2 is a French
baguette (Purlis and Salvadori, 2009). In both cases, the initial con-
ditions for the mass and energy conservation equations are de-
duced from the initial humidity (M0), the initial density of dough
q0, the initial gas volume ratio Vg/Vt and the initial product temper-
ature T0. The initial condition for the energy equation is simply:

T ¼ T0 ð19Þ

Expressions of the initial conditions for liquid water, water vapour
and CO2 gas are given in Eqs. (20)–(22) and detailed information
is given in Appendix A for the calculation of these quantities from
experimentally available data.

For Eq:ð11Þ ðqw/SÞt¼0 ¼ qw/Sw0 ð20Þ

For Eq:ð12Þ ðqvSg/Þt¼0 ¼
pv0Mv

RT0
/ð1� Sw0Þ ð21Þ

For Eq:ð13Þ ðqcSg/Þt¼0 ¼
ðPatm � pv0ÞMc

RT0
/ð1� Sw0Þ ð22Þ

pv0 is deduced from Eq. (30), for T = T0 and M = M0.
2.3.1. Product dimension and boundary conditions: case 1 short
cylindrical bread (Zhang et al., 2005)

The bread dough sample is a short cylinder positioned vertically
with a 7 cm diameter and 3.5 cm height. The bread was baked a
domestic oven at a temperature of 190 �C, for a period of 15 min.
For symmetry and axi symmetry reasons, a quarter of the product
was simulated (see Fig. 1)

On the surfaces @O3,4,

�~nw �~n ¼ hm/Swðqv;s � qv;infÞ ð23Þ
�~nv �~n ¼ hm/Sgðqv;s � qv;infÞ ð24Þ

qcSg/ ¼ ðPatm � pvÞ
Mc

RT
ð25Þ

� keff
~rT �~n ¼ htðT inf � TsÞ ð26Þ

where ht is the overall heat transfer coefficient including convective
and radiative heat transfer mode.

For the surfaces @O1 and @O2 a symmetry boundary condition
was used:

~C �~n ¼ 0 ð27Þ

where ~C represents the vector of the quantities presented above.
Point with coordinate (0, 0) represents the center of the whole

product.



Fig. 2. Geometry of the bread baking product investigated by Purlis and Salvadori
(2009).

Table 1
Initial and boundary conditions of study cases.

Initial conditions Boundary conditions

T0 M0 Tinf h hm Convection mode

Case 1 27 0.54 190 10 0.01 N/A
25 0.64 180 12 0.0136 Forced

Case 2 25 0.64 200 12 0.0236 Forced
25 0.64 220 12 0.0246 Forced
30 0.64 220 8 0.0176 Natural
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2.3.2. Product dimension and boundary conditions: case 2 French
bread (Purlis and Salvadori, 2009)

The product is French bread (baguette) with uniform irregular
cross section (Fig. 2) and length of 8 cm. It is baked for 30 min at
different oven temperatures (180, 200 and 220 �C), under forced
and natural convection. Convection is adjusted by the modification
of convective heat and mass transfer coefficients as detailed in
Table 2.

Boundary conditions are the same for surfaces @O3,4 in Zhang
et al. (2005) except for the energy equation, where convective
and radiation heat transfer coefficients are considered separately.

�keff
~rT �~n ¼ hvðT inf � TsÞ þ erðT4

s � T4
infÞ ð28Þ
2.4. Closure: non equilibrium description of evaporation

The non equilibrium approach, leads to an explicit formulation
of _I, Eq. (29) allowing to close the system (Fang and Ward, 1999;
Zhang and Datta, 2004)

_I ¼ K � ðqv;eq � qvÞ ð29Þ

where K is a constant parameter and depends strongly on the oper-
ating conditions of the system (ambient fluid, convective heat
transfer coefficient, etc.). Since analytical or empirical expressions
to calculate K are unavailable, a parameter estimation method
was used for its estimation.

qv,eq is the density of water vapour at equilibrium and is ob-
tained from the vapour pressure at equilibrium:

pv;eq ¼ awps ð30Þ

ps is the saturation pressure and can be calculated using Clapeyron,
Rankine or Duperray equations; aw is the water activity and was
estimated from the expression developed by Lind and Rask
(1991), with coefficients revised by Zhang and Datta (2006), i.e.:
aw ¼
100M

expð�0:0056T þ 5:5Þ

� � �1
0:38

þ 1

" #�1

ð31Þ

M is the moisture content on dry basis and T is temperature in K.

2.5. Numerical solution

A finite element method was used to solve the system of Eqs.
(11), (12), (13), and (18) with initial conditions (19)–(22), and
boundary conditions (23)–(28). The numerical procedure was
implemented in COMSOL Multiphysics v3.4a software �. The mod-
el was run on a single PC machine, with 2.6 GHz processor and
4 GB RAM. The mesh consists of 1992 and 1198 triangular ele-
ments for case 1 and 2, respectively. Tests with finer meshes were
made but no influence on the results was observed, which ensured
the independence of the results from the mesh. The time step was
automatically determined by the software. At each time step, the
system of (11), (12), (13), and (18) was solved, seeing the rather
simple geometry and low number of mesh cells, a direct solver
was used. In Comsol this is typically ‘‘Direct UMFPACK”. The model
thus presented is a system of partial differential equations coupled
and strongly nonlinear, which have no analytical solutions. How-
ever, a preliminary study on a simple case assuming an analytical
solution was considered and is presented in Appendix B. For the
simplified situation, the agreement was very good between the
analytical and numerical results.

3. Physical and thermal and properties

3.1. Mass transfer properties

3.1.1. Capillary diffusivity of liquid water
Capillary diffusivity due to temperature gradient was neglected,

and the following equation for the capillary diffusivity of water
(due to concentration gradient only) in bread was used in our mod-
el (Zhang et al., 2005):

Dw ¼ 10�06 expð�2:8þ 2MÞ/ ð32Þ
3.1.2. Molecular diffusivity of gas
Molecular diffusion in the gas phase depends on the product

structure, temperature and water saturation conditions. Since
changes of structure during heating are difficult to obtain, it is
known that molecular diffusivity decreases with water saturation
and increases with temperature in a power law fashion with expo-
nent 1.5 (Datta, 2007b). Zhang et al. (2005) proposed the following
expression to calculate this property:

Deff ;g ¼ Dvc½ð1� 1:11SwÞ/�
3
4 ð33Þ

where Dvc is the binary diffusivity between water vapour and CO2.

3.1.3. Permeability
Ignoring the volume change of bread during baking, the equiv-

alent porosity was assumed constant. The effect of the structure
change (gas porosity, related transport properties) is reflected by
variation of permeability (Ni et al., 1999). Permeability of gas is cal-
culated as the product of intrinsic permeability jg,i and relative
permeability jg,r. The intrinsic permeability of the gas, represents
the permeability in a fully saturated state. Zhang et al. (2005) pro-
posed a constant value: jg,i = 2.5 � 10�12 m2.

The relative permeability, varies between 0 (none of the phase),
and 1 (saturated with the phase), and depends strongly on water
content in the product. Ni et al. (1999) proposed a water saturation
dependent expression:
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jg;r ¼
1� 1:1Sw for Sw < 0:9
0 for Sw P 0:9

���� ð34Þ

therefore

jg ¼ jg;ijg;r ð35Þ
3.2. Thermophysical properties

The parallel model based on volume fraction (combination of
intrinsic properties of each component weighted by its corre-
sponding volume fraction) was used for density qeff and specific
heat cpeff :

qeff ¼ qsð1� /Þ þ qwSw/þ qgSg/ ð36Þ
cpeff
¼ cpsð1� /Þ þ cpwSw/þ cpgSg/ ð37Þ

For the thermal conductivity, most experimental values (and thus
algebraic expressions based on), were obtained for isothermal con-
ditions; however the temperature is an important parameter to as-
sess thermal conductivity. Recently Jury et al. (2007) obtained
experimental results of thermal conductivity in pseudo-non-iso-
thermal conditions, these results were fitted by Purlis and Salvadori
(2009) and were adopted in our model.

keff ¼
0:9

1þe�0:1ðT�353:16Þ þ 0:2 if T 6 99:5 �C

0:2 if T > 100:5 �C

����� ð38Þ
4. Results and discussion

4.1. Input parameters

The values and the expressions of the model parameters are
presented in Table 2.
Table 2
Input parameters used in the model.

Item Symbol Value Source

Thermophysical properties
Solid density qs Eq. (45)
Vapour density qv Ideal gas
Water density qw 103

(kg m�3)
CO2 density qc Ideal gas
Specific heat capacity of solid cps 1566

(J kg�1 K�1)
Datta (2007b)

Specific heat capacity of gas cpg 1006
(J kg�1 K�1)

Datta (2007b)

Specific heat capacity of water cpw 4180
(J kg�1 K�1)

Thermal conductivity keff Eq. (37) Purlis and
Salvadori (2009)

Latent heat of evaporation k 2.435 � 106 Datta (2007a,b)

Mass properties
Capillary diffusivity coefficient

of water
Dw Eq. (38) Zhang et al.

(2005)
Molecular diffusivity coefficient

of vapour and CO2

Deff,g Eq. (32) Zhang et al.
(2005)

Porosity / Eq. (43)
Gas viscosity lg 1.8 � 10�5

(Pa s)
Intrinsic permeability of gas kgi 2.5 � 10�12

(m2)
Zhang et al.
(2005)

Relative permeability of gas kgr Eq. (33) Zhang et al.
(2005)

Density of vapour surrounding
air

qv,inf 0 (kg m�3) Zhang et al.
(2005)
4.2. Model validation

In the simplified analytically solved situation of gas diffusion,
the model gave satisfactory results; a comparison with the analyt-
ical solution has an error of 2% (see Appendix B).

Validation for the short cylindrical bread (case 1) involved the
temperature field at the center and surface of the bread and the to-
tal moisture content (dry basis). Parametric estimation on evapora-
tion rate constant (Eq. (29)) have shown that K = 0.1 gave the
lowest difference between estimated and experimental values
(Fig. 3a and b). The model reproduces the behavior for the experi-
mental temperature increase and decreasing water content during
the process. Quantitatively, the maximum error (Eq. (39)) is about
8.2%, 5.2% and 3% for temperature at the center, surface and the to-
tal moisture content, respectively. These errors are mainly at the
beginning of the process. Average error (Eq. (40)) is 4.7%, 2.9%
and 1.6% for the same variables.

ermax ¼max 100
abs½Xi

exp � Xi
cal�

Xi
exp

 !
i

ð39Þ

eraver ¼
1
n

Xn

i¼1

100
abs½Xi

exp � Xi
cal�

Xi
exp

ð40Þ

Keeping similar mass and thermal properties relationships and
K = 0.1, the model was applied to French bread (case 2) for different
oven temperatures and convection mode as detailed in Table 1. The
Fig. 3. Results of short cylindrical bread for K = 0.1: (a) Temperature evolution at
center and surface during baking. (b) Total moisture content evolution during
baking.
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available data are for the temperature field at the center and the to-
tal moisture content (dry basis). A sample of results presented in
Fig. 4a and b shows an acceptable correlation between the esti-
mates and experiments. The model underestimates the increase in
temperature and decrease of water content, this is due mainly to
3D character of the experiments where the contribution of heat
flow in the third dimension (length) was not taken into account
by our 2D model. However, the magnitude of the error is acceptable
(see Table 3 for more details).

For both types of product considered (cases 1 and 2), the model
gives a good description of the two key parameters (moisture and
temperature) of the baking process. These results show that the
non equilibrium approach describes well the baking process and
confirms the work of Zhang et al. (2005), that the vapour pressure
Fig. 4. Results of French bread for K = 0.1: (a) Temperature evolution at center for
natural convection Toven = 220 �C. (b) Total moisture content evolution for forced
convection Toven = 180 �C.

Table 3
Maximum and average errors between experiments and simulations for K = 0.1 for
case 2.

Tinf�C
convection
mode

ermax% eraver%

Temperature
at the center

Total
moisture
content

Temperature
at the center

Total
moisture
content

180, forced N/A 9.4 N/A 5.7
200, forced 16.4 7.1 10 5.2
220, forced N/A 13 N/A 5
220, natural 11.5 N/A 5.2 N/A
is likely to be lower than the equilibrium vapour pressure. In addi-
tion, the good agreement between the estimated and the experi-
mental transient temperature and moisture content profiles
confirm that neglecting the volume change during the process
was an appropriate assumption. However, the volume change is
important to include for the analysis of product quality (limit
swelling to avoid damaging texture or limit crust formation).

The convection mode has no significant influence on the evap-
oration rate constant, this is firstly due to the minor role played
by convection in baking process as compared to radiation (Baik
et al., 1999). Secondly, the difference between convective heat
transfer coefficient in forced and natural convection mode does
not exceed 50% (see Purlis and Salvadori, 2009). For processes
where the convective heat transfer coefficient is large (�400 W/
m2 K in the case of frying) previous work showed that K is about
100 s (Halder et al., 2007b).

4.3. Distribution of convective and diffusive flux of water vapour

In this section and the following, our study is limited to the
short cylindrical bread (case 1) for simplicity, knowing that the
observations and conclusions remain valid for the French bread
(case 2).

The convective flux (Fig. 5a) is mainly occurring near the surface
(�1 cm from surface), where there is an important pressure gradi-
ent. At the beginning of the baking process, there is no convective
flux away from the surface since the pressure is nearly constant.
During the baking process, the convective flux is much lower in
the center than near the surface because of the small pressure gra-
dient in the center of the product. The maximum of the convective
flux shifts towards the center and reached its highest value at
t = 10 min when the evaporation rate is maximum. The negative
values estimated at t = 5 min, correspond to the condensation as
observed by De Vries et al. (1989) and Thorvaldsson and Skjölde-
brand (1998)) and illustrated by Fig. 5b, presenting the direction
of water vapour convective flux at the same time (5 min). Indeed,
at this stage of the process, the water vapour that moves toward
the center will be located in areas where the temperature is well
below the melting temperature and thus condensation occurs.

As shown in Fig. 5c, the water vapour diffuses towards the sur-
face. The maximum of the diffusive flux is located at the surface for
different times, due to the significant gradient between the vapour
density at the surface (increasing with temperature) and the sur-
rounding air where qv is very low and estimated as zero in our sim-
ulation. The diffusive flux decreases in the direction of the center,
because of the decreasing molecular diffusivity of vapour water. As
for the convective flux, the condensation is observed in the center
of bread at the beginning of the process, which is consistent with
the results of Thorvaldsson and Janestad (1999).

4.4. Sensitivity analysis

In the present and subsequent sections, we investigate the
influence of operating conditions on the final state of the product.
The parametric study was implemented using the same geometry
used in the experimental work of Zhang et al. (2005). The paramet-
ric study conclusions remain valid for the work of Purlis and Salva-
dori (2009).

Operating conditions (oven temperature) and product formula-
tion (initial moisture content), strongly influences the product
quality. Indeed the texture (crumb, crispiness, softness) depends
among other properties on the moisture content of the product
(Hadiyanto et al., 2008) and the color (Maillard reactions) which
is developed according to the surface temperature of the product
(Zanoni et al., 1994). The advantage of modeling is the ability to
predict the impact of different oven operating conditions on the



Fig. 5. Analysis of convective and diffusive water vapour flux (K = 0.1): (a)
Convective water vapour flux at different positions in the baking product and for
different baking times. (b) Water vapour flow direction in the bread baking product
(t = 5 min). (c) Diffusive water vapour flux at different positions in the bread baking
product and for different baking times.
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quality parameters for different baking product formulations with-
out having to carry costly and complicated experimentation.

In this section, the effect of the value for constant K, the oven
temperature, the product initial moisture content and the convec-
tive heat transfer coefficient on the temperature in the product will
be analyzed. As the empirical measurement of the constant K in
(Eq. (29)) is difficult, the sensibility of the prediction (moisture
and temperature) to the value of K will be also investigated.
4.4.1. Impact of non equilibrium evaporation constant ‘‘K” on
temperature and moisture content fields

The non equilibrium evaporation constant ‘‘K” is a critical
parameter in the model developed in this study. Since no studies
to quantify this parameter for baking process was available, we
have considered the only study available, a frying process carried
out by Halder et al. (2007b). These authors tested a range of K val-
ues, from 1 to 1000, and concluded that the value 100 s�1 was the
most appropriate to obtain the best fit between the model esti-
mates and the experimental values of moisture and temperature
during the process (Halder et al., 2007a). In our case, the prelimin-
ary studies showed that K values near 1 s�1 were more adequate.
Fig. 6a shows the temporal evolution of temperature at the center
of the product for different values of K (0.1; 0.2; 0.5; 1). In the four
cases, the model reproduced typical evolution of temperature with
phase change, characterized by a quick rise at the beginning, fol-
lowed by a pseudo plateau where no pronounced variation of tem-
perature occurred.

For lower values of K (0.1; 0.2) the temperature increase was
more important, due particularly to the low value of the source
term k_I in the energy equation (Eq. (18)). For higher K values
(0.5; 1); this term is more important and therefore, more energy
is devoted to evaporation.

Eq. (29) used for calculation of _I shows that this parameter de-
pends on the temperature and moisture content of the product.
This dependence is illustrated in Fig. 6b, and shows the evolution
of the average evaporation rate (Eq. (41)) for different values of
K. For all K values investigated, h_Ii increases with time due essen-
tially to the temperature increase allowing more liquid water to
evaporate. This increase reaches a maximum and then the decrease
is a consequence of the low liquid water concentration remaining.

h_Ii ¼
R

X
_I � dV
V

ð41Þ

The increase was more pronounced for high K values (1; 0.5) where
average of evaporation rate reached a maximum (� 0:5 kg m�3 s�1)
at t = 8 min and 10 min, respectively. For the lower K values (0.1;
0.2), the increase was less important (max � 0.38, and
0.42 kg m�3 s�1), respectively, and took more time to be reached:
11 min for K = 0.2 and 12 min for K = 0.1.

Similarly for the total moisture content (Fig. 6c), the decrease
was more pronounced for high K values, because _I is more
important.
4.4.2. Effect of oven temperature
A range of oven temperatures (180–200 �C) was chosen, be-

cause these temperatures are typical in the bread baking industry
(Le-Bail et al., 2009). Fig. 7a shows the temporal evolution of the
temperature at the center and the surface of the product. As ex-
pected, the product temperature increases with increasing oven
temperature; however, the increase is not proportional to the
increment. The oven temperature effect starts at the surface (soon
as t = 2 min), since the region where the baking product is directly
in contact with the oven environment. At the center of the product,
the thermal resistance of the product and the latent heat of water
evaporation slows the heat flux, and the effect of the oven temper-
ature became visible only after t = 5 min. The effect on the mois-
ture content (Fig. 7b) is similar to the effect on the center
temperature, with negligible effect during the first five minutes,
after the moisture content decreases with increasing oven
temperature.



Fig. 6. Impact of evaporation rate constant K on: (a) Temperature in the center of
the bread baking product. (b) Average evaporation rate of the bread baking product.
(c) Total moisture content of the bread baking product.

Fig. 7. Effect of oven temperature (K = 0.1) on: (a) Temperature field at center
and surface of the bread baking product. (b) Total moisture of the bread baking
product.

542 A. Ousegui et al. / Journal of Food Engineering 100 (2010) 535–544
4.4.3. Effect of the oven convective heat transfer coefficient (ht)
According to the results presented in Fig. 8a and b, the heat

transfer coefficient is the most important parameter on the prod-
uct temperature and moisture content. Fig. 8a shows that the tem-
perature increases with increasing h. The difference is relatively
small for h, between 15 and 20 W m�2 K�1, due to the thermal
resistance of the product (limitation of conduction heat flux). Sim-
ilarly, the product moisture content decreases quickly with
increasing h (Fig. 8b). This information is important from an energy
point of view, that if we need to increase heating, it is more
efficient to improve the convective heat transfer coefficient (by
increasing the hot air flow, for example), than increasing the oven
temperature. From a product quality point of view, the surface
temperature for h = 20 W m�2 K�1 reaches temperature of 140 �C
at the end of the process. But this temperature corresponds to con-
ditions where the surface of the bread will have burned, so the
optimal value regarding this constraint will be h value near
15 W m�2 K�1, we will save time (energy) of process duration,
and the quality will be acceptable also.
5. Conclusion

A 2D model describing the heat and mass transfer for bread
baking was proposed. It takes into account the structure of the
product, the diffusive and the convective mechanisms for the gas
phase and the evaporation condensation associated with conduc-
tion for heat transfer. For the liquid phase, neglecting convection
mass transfer and taking into account only capillary diffusion
due to concentration gradient was found to be an appropriate
assumption.

The use of the non equilibrium approach, allows the implemen-
tation of the model in commercial software, therefore to explore
more practical situations of product, process and equipment
design.

Three study cases were investigated for the model verification
and quantification of the constant rate of evaporation (K). The first
study concerns a simple case of gas diffusion that admits an analyt-



Fig. 8. Effect of convective heat transfer coefficient (K = 0.1) on: (a) Temperature
field at center and surface of the bread baking product. (b) Total moisture total
moisture content of the bread baking product.
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ical solution. The second and third tests were conducted on the
experimental data of real product (bread) baking to pilot scale.
Different operating conditions have been investigated (natural
convection, forced convection).

Comparison were mainly in the fields of temperature and mois-
ture content and showed that low values of K (evaporation rate
constant) are the most appropriate to represent the experimental
temperature and moisture measurements of the baking product.
This confirms the previous studies showing that vapour pressure
is likely to be lower than the equilibrium water vapour pressure.

The analysis of the magnitude of the different mass transfer
mechanisms showed that convective mass transfer of the vapour
inside the bread is less than the diffusive mass transfer. Therefore
one can neglect this term which will facilitate the resolution of
complex applications ‘‘inverse method to determine the constant
rate of evaporation” for example.

Finally, a sensitivity analysis of the initial and operating condi-
tions shows that baking process is affected mainly by the convec-
tive heat transfer and the product initial moisture characteristics.

Future work will be oriented towards the development of a
more precise estimation of the evaporation rate constant (using in-
verse method) and the implementation of the parameters associ-
ated with the product quality and their optimization.
Acknowledgements

This project is part of the R&D program of the NSERC Chair in
Industrial Energy Efficiency established in 2006 at ‘‘Université de
Sherbrooke”. The authors acknowledge the support of the Natural
Sciences & Engineering Research Council of Canada, Hydro Québec,
Rio Tinto Alcan and CANMET Energy Technology Center.

Appendix A

A.1. Calculation of the initial values

In most cases the data available are the moisture content on dry
basis (db) (Eq. (42)) the initial density of dough qo, and the initial
gas volume ratio Vg

Vtot
¼ 0:61 as reported by Zanoni et al. (1995):

M0 ¼
mH2O

mdb
ð42Þ

Rq: In some cases we have the initial moisture content on wet
basis (wt), i.e.: M0 ¼

mH2O

mproduct
, we can easily deduce the value of M0

by Eq. (43)

M0 ¼
Mwt

1þMwt
ð43Þ
A.2. Calculation of the apparent porosity

q0 ¼
mH2Oþmdb

Vtot
; with mdb ¼

mH2 O

M0
)q0 ¼

mH2 O

Vtot
1þ 1

M0

� �
¼mH2O

Vtot

M0þ1
M0

� �

q0 ¼
Vw

Vtot
qw

M0þ1
M0

� �
¼ /� Vg

Vtot

� �
qw

M0þ1
M0

� �
)/� Vg

Vtot
¼ q0

qw

M0

M0þ1

� �

And finally

/ ¼ Vg

Vtot
þ q0

qw

M0

M0 þ 1

� �
ð44Þ
A.3. Calculation of the initial water saturation

The initial gas volume ratio is defined as Vg

Vtot
¼ /Sg ¼ /ð1� SwÞ

so:

Sw0 ¼ 1� 1
/

Vg

Vtot
ð45Þ
A.4. Calculation of the density of dry flour

qs ¼
qwSw/

M0ð1� /Þ ð46Þ
Appendix B

B.1. Analytical solution of the simplified formulation

The simplified formulation corresponds to a linear model where
the equations are not coupled. Furthermore, all properties are con-
sidered constant and based on the values of Hadiyanto et al.
(2007). The simplified formulation is for the diffusion equation of
water vapour (Eq. (2)) and uniform and constant temperature field
was considered. The geometry, initial and boundary conditions are
identical to case 1.

Let us take qv/Sg ¼ qsV , and consider that the transfer is made
only by diffusion, Eq. (12) and can be rewritten as:

qs
@V
@t
¼ qs

~r � ðDeff
~rVÞ þ KqsðVeq � VÞ

� �

The initial condition is:

Vð0; r; zÞ ¼ V0
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All the physical properties are assumed constant during the baking
process and the vapors Veq and Vext are equal and constant.

The boundary conditions:

� qsDeffrVðt; r;0Þ ¼ 0
� qsDeffrVðt; r;HÞ ¼ qshvðVðt; r;HÞ � VextÞ
� qsDeffrVðt;R; zÞ ¼ qshvðVðt;R; zÞ � VextÞ
� qsDeffrVðt;0; zÞ ¼ 0

As the partial differential equation is linear and homogeneous with
the change of variable V0 = V � Vext, the method of variable separa-
tion was used with the mix of Newman and mixed boundary condi-
tions. The solution is a sum of Bessel and cosinus functions:

Vðt; z; rÞ ¼ Vext þ
X1
n¼1

X1
m¼1

an;mJ0ðknrÞ cosðcmzÞe�a2Deff t

a2 ¼ k2
n þ c2

m þ K

with ðknRÞJ1ðknRÞ ¼ CrJ0ðknRÞ; Cr ¼ Rhv

Deff

with ðcmHÞ sinðcmHÞ ¼ Cz cosðcmHÞ; Cz ¼ Hhv

Deff

an;m ¼
2Cr

R2ðk2
n þ Cr2ÞJ0ðknRÞ

2 sinðcmHÞ
cosðcmHÞ sinðcmHÞ þ cmH

The series converges and the first few terms are significant. The two
equations (for Bessel and trigonometric function) have an infinite
number of roots and the roots are increasing. The first roots are gi-
ven by Carslaw and Jaeger (1959) for different values of Cr and Cz.
With five roots for the analytical solution, the comparison with
the numerical solution provided by Comsol gives the same result
with 2% error.
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