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Featured Application: Thermal pasteurization remains the principal industrial method
to ensure the safety of whole eggs and egg products. Using CFD simulations, this
study reports time-temperature combinations to achieve the required 5-log reduction of
Salmonella enteritidis.

Abstract: In the present work, the thermal pasteurization process of shell eggs was stud-
ied through Computational Fluid Dynamics. For large-size eggs (63-72 g), the required
heating times at several different heating medium (water) temperatures, namely 54, 56,
58, and 60 °C (followed by cooling in water at 20 °C), were estimated as 55.1, 37.2, 29.1,
and 24.5 min. Calculations were based on a 5-log reduction of the Salmonella enteritidis
population, that is, for a target F value at 60 °C in 0.85 min. Computations were per-
formed at the critical point of the egg, which was established from F value distribution
determinations and was approximately located at the center of the yolk. Both heating and
cooling cycle lethality was considered. Similar calculations were performed for medium
(53-62 g) and extra-large-size eggs (>72 g). Microbial destruction occurring during the
cooling cycle of the pasteurization process was greater for higher heating temperatures
and larger egg sizes, ranging between 11.8% of the total destruction for the medium eggs
heated at 54 °C and 72.9% for the extra-large eggs at a heating medium temperature of
60 °C. Therefore, destruction during the cooling cycle should not be ignored during the
design of thermal pasteurization processes. For the kinetic parameters employed, quality
degradation calculations revealed minimal changes for the processes investigated.

Keywords: thermal processing; F value; critical point; Salmonella enteritidis; CFD

1. Introduction

The egg is an essential part of the human diet, as it offers a combination of well-
balanced, easily digestible nutrients. Eggs are a nutrient-dense food, providing essen-
tial lipids, high-quality proteins, vitamins, and minerals at a moderate calorie level
(~140 kcal/100 g). They are an affordable source of key nutrients, including vitamin A,
vitamin B12, iron, and choline, making them beneficial for overall health across all age
groups [1]. However, fresh egg and its derived products have been declared potentially
dangerous foods due to foodborne infections in cases of insufficient cooking or heat treat-
ment [2,3]. The main reason is that Salmonella enterica can be found in the intestinal tract
of the hen and from there it can pass to the egg, or it can be a result of perforation of
the shell by the microorganism after egg-laying [4]. The United States Food and Drug
Association requires a 5-log decimal reduction of the Salmonella enterica population for
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thermal processing of eggs [2]. In the industry, the pasteurization process is applied to
about only 1% of the eggs available in the market, and therefore eggs should be properly
cooked by the consumer before consumption [5]. It is estimated that 1 in every 20,000 eggs
produced in the United States is Salmonella-positive (0.005%) [6], while in Europe the fre-
quency is higher at 0.37% [7]. Outbreaks due to Salmonella spp. are still a big issue for the
food industry, with the latest outbreaks [8,9] impacting several countries and consumers,
making whole egg pasteurization a necessary hazard step barrier. Implementing thermal
pasteurization remains the principal industrial method to ensure the safety of eggs and egg
products [5]. Salmonella enterica is the egg’s most heat-resistant pathogen (Dgpoc = 0.17 min,
z value = 4.08 °C) [10,11]. The standard pasteurization method at 57 °C for 57.5 min might
unnecessarily increase costs and affect product quality due to long heating time of the
thermal process [12].

The pasteurization process makes the egg safer for the consumer; however, optimiza-
tion of the process is necessary to ensure food safety without significant quality degradation.
For many years, microbial destruction of Salmonella enterica has been extensively studied
experimentally [5,12-14]; yet only recently, with the development and accessibility of
computer simulation programs, has an increase in studies regarding optimizing the pas-
teurization process by studying and improving heat and mass transfer modeling been
seen [11,15,16]. These studies, using Computational Fluid Dynamics (CFD), were able
to simulate the temperature profile within whole eggs and calculate the time required to
achieve the target lethality for Salmonella enterica. At this point, it is worth mentioning
that CFD is a transformative tool in food processing, offering precision in modeling heat
transfer, fluid dynamics, and mass transfer. It enables optimization of thermal processes like
pasteurization and sterilization, enhancing food safety and quality while reducing energy
use and experimental costs [17,18]. Using CFD simulation, studies on egg pasteurization
were able to determine the slowest heating point (or zone) within the egg and design the
process based on this as the worst-case scenario for food safety [11,15,16]. The slowest
heating point within an intact egg was reported to be around the geometrical center of
the egg samples [11,15]. Early studies examined the effects of the heat transfer coefficient
between the heating medium and the egg surface on egg pasteurization [15]. Recently, a
CFD study examined the heat and mass transfer of egg pasteurization and the efficiency
of thermal treatment on Salmonella enterica, using the actual representation of intact egg
components, such as eggshell, white, yolk, and air cells [11]. Abbasnezhad et al. [11], using
a three-dimensional computational model, established the effects of eggshell thickness and
the % of air cells in achieving target lethality.

All of the above-mentioned studies [11,15,16] restricted their analyses to the heating
part of the pasteurization process. The cooling of the egg, which inevitably follows the
heating cycle of the pasteurization process, is of equal importance in terms of microbial
destruction, as at the initial stages of cooling the product is still at elevated temperatures.
Microbial destruction occurring during the cooling cycle does not only affect the required
heating time; it can also alter the position of the “cold spot”, the point inside of the egg
that receives the least heat treatment and represents the critical point the pasteurization
process should be based on. The cold spot does not necessarily coincide with the slowest
heating point, and it can be assessed through lethality distribution calculations. Quality
degradation during egg pasteurization is expected to be minimal, although quantitative
calculations were not found.

Considering the above, this study aims to investigate the whole egg pasteurization
process using CFD analysis. It follows a holistic approach, with the goals of the current
work being the following: (1) to develop a three-dimensional heat transfer model for whole
egg pasteurization, (2) to predict the time-temperature profile and the critical point location
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based on experimentally determined heat transfer coefficients, (3) to estimate pasteurization
efficiency (F values) considering microbial destruction at both the heating and the cooling
cycle of the process, (4) to estimate quality degradation during pasteurization, and (5) to
validate the theoretical model against experimental temperature data.

2. Materials and Methods

The thermal pasteurization of eggs was simulated using a multidimensional computa-
tional fluid dynamic model. The egg geometry was designed using 3D CAD (computer
aided design) software (Ansys DesignModeler, Release 22.1, ANSYS, Inc., Canonsburg PA,
USA) based on Euclidean Moss'’s egg [19]. The model geometry was imported to Ansys®
Academic Research Mesh, Release 22.1 (ANSYS, Inc., Canonsburg PA, USA) and discretized
into an unstructured tetrahedral mesh. For the large-size egg (63-72 g), 314,029 cells were
used for the discretization and the solution of the governing equations (Figure 1). The
required values for the mesh used were obtained by taking into consideration the domain
(fluid), the nature of the process, and the computational time required by means of mesh
independence analysis. The software Ansys® Academic Research Fluent, Release 22.1 (ANSYS,
Inc., Canonsburg PA, USA) was chosen to perform the required calculations. The calcu-
lation of heat transfer and fluid flow in the proposed domain due to natural convection
required numerical solution of the generalized transport equations [20].

w=46.34 mm
< >

h=59.17 mm

d=31.35 mm

Figure 1. Shape and dimensions of the large-size egg used for the simulations (left) and mesh

imaging (right).

The external surface of the geometry representing the eggshell was defined as a wall.
The internal volume of the egg, consisting of the yolk and the albumen without any air
pocket, was defined as the fluid. A membrane around the yolk was used to not allow for
mass exchange between the yolk and the albumen, and it was modeled as a wall with
properties identical to yolk properties. All materials used were assumed to be homogenous
and isotropic. Uniform initial conditions were used. A constant medium temperature
and a given experimental heat transfer coefficient was applied to the external surface of
the egg. External forces, moisture transfer, and viscous dissipation were neglected. The
gravitational force was set to g = 9.81 m/s?. A constant time step of 1 s was used to solve
the transient process. The convergence criterion was set to be lower than 107.
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For the design of egg geometry, fresh, large-size eggs, 63-72 g, were purchased from
a local market (Athens, Greece). All eggs were examined macroscopically (ovoscopy),
with the aid of a light source, for cracks and other shell defects and to determine the
position of the yolk and the air pocket. At the same time, the shape of the eggs was
evaluated in terms of their axial symmetry. Their weight (through a precision balance,
MARK 2200, BEL Engineering®, Monza, Italy), volume (through a 500 mL volumetric
cylinder) and dimensions (width and height by means of a micrometer with 25-75 mm
range) were determined prior to processing. These observations and the average values of
the above measurements were used for the design of the large-size egg geometry, which was
subsequently used for the CFD simulations and model validation (Figure 1). Specifically,
following Moss’s egg design, egg height was 0.05917 m, egg width was 0.04634 m, yolk
diameter was 0.03135 m, yolk distance from the bottom of the egg was 0.03559 m, and egg
volume was 6.4109 x 1075 m3. The terms “large” or “large size” egg are used throughout
this paper when referring to the egg designed with the particular geometry and dimensions
just presented. In order to study the effect of egg size, two additional egg sizes were
designed: one corresponding to medium-size eggs (53-62 g) and one for extra-large-size
eggs (>72 g), as defined by the European Regulation (EC) No 589 /2008 marketing standards
for eggs [21]. For the medium-size egg, egg height was 0.05500 m, egg width was 0.04594 m,
yolk diameter was 0.03035 m, yolk distance from the bottom of the egg was 0.03559 m,
and egg volume was 5.7009 x 107> m? (termed “medium” or “medium size” egg). For
the extra-large egg, egg height was 0.06127 m, egg width was 0.04774 m, yolk diameter
was 0.031995 m, yolk distance from the bottom of the egg was 0.03559 m, and egg volume
was 7.0666 x 107> m? (termed “extra-large” or “extra-large size” egg). For the medium
and the extra-large-size eggs, 285,818 and 347,517 cells, respectively, were used for the
discretization and the solution of the governing equations. The thermophysical properties
of the various egg components used for the CFD simulations are presented in Table 1. They
were either treated as constants or as functions of temperature.

Table 1. Thermophysical properties of the various egg components used for the CFD.

Propert Value/
(Urrl’i ts)y Egg Component Equation ! Reference
. Egg white 1048 [22]
D&“S/lz’lg,(f ) Yolk 1035 [22]
& Shell 2300 [16]
. E hit 3560 22
Specific heat (Cp) g%{g\lik e 3560 {22}
(17859 Shell 888 [15]
Thermal Egg white 0.43 + 0.00055 x T [22]
conductivity (k) Yolk 0.337 [22]
(W/m-K) Shell 2.5 [15]
o Egg white 3.12 — 0.0089 x T [22]
Viscosity (1) Yolk 1.60 — 0.0048 x T [22]
(Pa-s) Shell i }

L T in Kelvin.

2.1. Convective Heat Transfer Coefficient

The convective heat transfer coefficients between the heating or cooling medium and
the egg surface were a direct input for the CFD simulation. In a rather straightforward
application, a convective heat transfer coefficient between a fluid and a solid particle can
be determined using the lumped capacity method, that is, by measuring the temperature
evolution within a simulating solid of high conductivity with geometry similar to the actual
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solid particle [23]. In our case, the convective heat transfer coefficients were experimentally
determined using an aluminum sphere. For high-conductivity materials, where the internal
resistance to heat transfer is negligible, an energy balance yields [24]

dar

which gives
T-To ~_ -a
p— m 2
Tir — Teo meer @)

where m is the mass of the product (kg), C, is the specific heat of the product (J/kg-K), A is
the heat transfer area (m?), T is the product temperature (°C) at time t (s), Tyt is the initial
product temperature (°C), T is the medium temperature (°C), and / is the convective heat
transfer coefficient between the heating or cooling medium and the product (W/(m?K)).

Through Equation (2), and by monitoring the temperature at the center of the alu-
minum sphere during the process, h was calculated from the slope of the In[(T — Te)/ (T
— Too)] vs. t straight line, fitted to the experimental data, as

mC,
h = slope - e 3)

The experiments were conducted as described for the model validation experiments.
They were performed in duplicate for heating and cooling medium temperatures of about
57 °C and 20 °C, respectively, and initial product temperatures equal to or about 24 °C and
57 °C during the heating and the cooling experiments, respectively. The mass and diameter
of the aluminum sphere were 39.24 g and 31.65 mm (yielding A = 0.003147 m?), respectively,
measured as described for the model validation experiments, while the specific heat of the
aluminum sphere was taken to be equal to 900 J/(kg-K) [25].

2.2. Validation Experiments

To validate the proposed CFD procedure, temperature predictions were compared
with experimentally measured values. Type K thermocouples (OMEGA®, Norwalk, CT,
USA) connected to a portable data logger (OM-5Q2020, 2F8mk2, OMEGA®, Norwalk, CT,
USA) were used for temperature measurements (every 1 s) for both the heating and the
cooling medium and inside of the egg.

To measure the temperature inside of an egg, a small hole was opened in the upper
part of the egg using a sharp object. From this hole, the thermocouple was placed inside
of the egg. Experiments were performed with the thermocouple being placed either at
the center of the egg (approximately) or at different off-center positions. After inserting
the thermocouple, the hole was sealed with a thermostable (up to 120 °C) silicone paste
applied with a thermal welding pistol for silicone rods. To determine the exact position of
the thermocouple, after the end of the experiment the egg was boiled so that its interior
was solidified [11]. Appropriate cutting of the solid egg allowed for the determination
of the location of the thermocouple. The heating process was carried out in still mode,
in a 22 L water—oil bath (ONE 22, Memmert®, Schwalbach, Germany), while for the
cooling process a second identical water bath with a constant flow type circulator (Digiterm
100, Selecta®, Barcelona, Spain) and a cooling apparatus (Peltier CDP 115, Memmert®,
Schwabach, Germany) was used.
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2.3. Thermal Process Calculations

Thermal process calculations followed the classical thermobacteriological approach,
as depicted here, with the fundamental equation for the F value [26].

t=tp - ref

B, = / 100z dt =Dy, (log(Co) — log(C)) @)

where £, is the total processing time (i.e., including both heating and cooling, min), T
is an appropriate selected reference temperature (°C), Dr is the decimal reduction time
(min) at temperature T (°C), z is the temperature difference required for a change by
a factor of 10 of the Dt value (°C), C is the concentration at time ¢, and C, is the initial
concentration of the microbial population or any other thermolabile substance (e.g., number
of microorganisms/mL).

Based on the CFD product temperature predictions throughout the volume of the egg,
the F value of each examined egg pasteurization process (Fprocess) was calculated through
the integral of Equation (4). A User-Defined Function (UDF) was written and incorporated
into the CFD procedure for such calculations. The critical point of the egg, defined as the
point inside of the product that receives the least effects as far as microbial destruction
or destruction of any other undesirable agent is concerned, of the thermal treatment was
determined based on the F value distribution at the end of the pasteurization process,
revealed through the CFD calculations.

The right-hand side of Equation (4) is generally used to define the required F value
(Frequirea) [27]. For egg pasteurization, a thermal treatment for a 5-log destruction of the
Salmonella enteritidis population [2], characterized by z = 4.1 °C and Dgpoc = 0.17 min [28],
yields an Fegyireq value of 0.85 min:

Fit & =5-0.17 = 0.85 min (5)

For each medium temperature examined, the required heating time, B (min), to achieve
the required F value at the critical point, as suggested by Equation (6), was determined
through a trial-and-error procedure, with a 0.1 min accuracy.

= T(t) — 60 t=t,  T(t) — 60
4.1°C
FALC = / 10 41 dt+ / 10 41 dt=085 ()
t=0 t=B
During such calculations, the distinct contribution of each cycle of the pasteurization
process to the total F value (Fjyy), that is, the heating (Fjearing) and the cooling (Feopring) cycle
F values, as suggested by the first and the second integral of Equation (6), respectively,

was recorded, enabling calculations of the relative contribution of each process cycle to the
total lethality.

2.4. Quality Degradation

For quality retention calculations, Equation (4) was solved for C/C,:

T( ) ref
- f 10 z dt

CE x 100 = 10 D, x 100 )

(4
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Because no specific D and z values were found for quality characteristics (including
nutrients) of shell eggs, quality degradation calculations were based on general thermal
inactivation kinetic parameters reported for quality attributes [29]. In particular, D157 17°c
of 100 and 1000 min coupled with z values of 20 and 50 °C were used. Concentration
calculations at each node point in the egg were calculated though a Custom Field Function
(Equation (7)) after point quality F value calculations (the integral appearing on Equation
(7)) through the forementioned UDF. Average concentration values (% retention) were
thereafter provided using built-in CFD calculations.

3. Results and Discussion

The following paragraphs present the results obtained during pasteurization (heating
and cooling) for three different sizes of whole eggs. Initially, egg pasteurization CFD
simulations were compared with experimental data to evaluate the model and define the
critical point inside of the examined eggs. Subsequently, the F value for Salmonella enteritidis
and quality factors were obtained via the CFD to assess the eggs’ pasteurization process for
safety and quality.

3.1. Convective Heat Transfer Coefficient

Based on the experimental temperature data at the center of the aluminum sphere
(Figure 2a), the convective heat transfer coefficient between the heating medium and the
egg surface was calculated as equal to 644 W/(m?K). For the cooling cycle (Figure 2b), the
corresponding value was equal to 1289 W/(m?K). It is interesting to note that due to water
circulation, the heat transfer coefficient during the cooling cycle was double the respective
value of the heating cycle. These heat transfer coefficient values were subsequently used in
the CFD runs.

0 ¢ 0o I
o 1 Linear (Exp 1) i < Linear (Exp 1)
NG & y =-0.05714547x - 0.26953533 0.5 1 T y =—-0.11385544x — 0.03288984
05 e R?=0.99851596 ‘3\‘:\ R2=0.99941513

.5 Q'{ =
_ N, a4 'S
ETS ). VY ;_If R - Linear (Exp 2)

= -1 B Linear (Exp 2) .15 ] \:\:\ y =—0.1159452x — 0.0132893
2} oy y =—0.0576649x — 0.2644715 g 2 R2 = 0.9997093
A B R? = 0.9960041 = e
= ™~ & ] )
15 "By d S
= B, = B,
k-4 B, = B
= Uy = 55 ] [N
Exp 1 La - e Expl e
2 & Exp2 ) 5 Exp2 N
Linear (Exp 1) \”\a Py 3 Linear (Exp 1) o
— Linear (Exp 2) . — = Linear (Exp 2) 2
-2.5 T T T T T T T " -3.5 T r T T T \
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30
Time (s) Time (s)
(a) (b)

Figure 2. Determination of the convective heat transfer coefficients between the heating (a) and the
cooling (b) medium and the egg surface (from two experiments, Exp 1 and Exp 2, for each case).

3.2. Validation Experiments

Comparisons between temperature predictions and experimental data are presented in
Figures 3 and 4 for a number of individual large-size eggs at different positions inside of the
eggs. Figure 3 shows an example of temperature comparisons for the whole pasteurization
process at the geometric center of the egg, i.e., at point (0, 0.0296, 0). Note that the (0,
0, 0), coordinate point (X, y, z) was taken on the axis of symmetry at the bottom of the
egg, and coordinates reported here are in meters. Figure 4 refers to comparisons between
predicted and experimental unaccomplished temperature ratios during heating at the
geometric center, point B (0, 0.0296, 0), of five different large-size eggs, and at an off-center
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position, A (0.0070, 0.0296, 0), at approximately half of the distance between the center
and the surface of a large-size egg. Comparing the unaccomplished temperature ratios
[(Teo—T)/(Teo—TiT)] permits comparisons between cases where the initial egg temperature
(Tr7) or the heating medium temperature (T«,) differs between replicate experiments. The
agreement between predicted and experimental temperature data was satisfactory, allowing
for further calculations using the developed CFD code with the chosen egg geometry, mesh
quality, thermophysical properties, and heat transfer coefficients.

Experimental
Predicted
- = Medium

Temperature (°C)
(98]
o

0 10 20 30 40 50 60
Time (min)

Figure 3. Comparison between predicted and experimental temperature evolution data during
heating and cooling of large-size egg.

10 1
] Predicted A
! B, A = Egg§5
E Predicted B
—~ 1
e :
s ]
i e
= i
IA
=
~ 0.1

A 1 1 a1l

i

0.01 -r-——r——r—r—r-r-r-r—-r—Tr-r-r-Tr—-Tr-Tr-r-r—Tr-r-r-r-r-rrrr—rrr
0 5 10 15 20 25 30 35
Time (min)

Figure 4. Comparison between predicted and experimental unaccomplished temperature ratios at
different positions, A and B, of the egg’s interior during heating of individual large-size eggs.
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3.3. Thermal Process Calculations

Typical temperature distribution evolutions for the large-size egg during 29.1 min of
heating at 58 °C and 25.0 min of cooling at 20 °C, at vertical and horizontal cross-sections,
are presented in Figures 5 and 6, respectively. Corresponding F value distributions are
depicted in Figure 7.

15 min 20 min 25 min 29.1 min
35 min 40 min 45 min 50 min 54.1 min

Figure 5. Evolution of temperature distribution, vertical cross-section, for the large-size egg during
29.1 min of heating at 58 °C and 25.0 min of cooling at 20 °C.

©0000

10 min 15 min 20 min 25 min 29.1 min

\

30 min 35 min 40 min 45 min 50 min 54.1 min

Figure 6. Evolution of temperature distribution, horizontal cross-section, for the large-size egg during
29.1 min of heating at 58 °C and 25.0 min of cooling at 20 °C.
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0.0
F [min]

20 min 29.1 min i 54.1 min

Figure 7. Evolution of the F value distribution, horizontal and vertical cross-sections, for the large-size
egg during 29.1 min of heating at 58 °C and 25.0 min of cooling at 20 °C.

Based on the F value distribution at the end of the entire process, the critical point
was determined, as presented in Figure 8 for the large-size egg heated at 58 °C. For the
same target F value, the critical point was somewhat displaced depending on the heating
medium temperature, presumably a result of the cooling cycle. More specifically, for a
medium temperature of 54 °C, it was located at x = 0.0023, y = 0.0360, and z = —0.0019; for
56 °C, it was located at x = 0.0019, y = 0.0365, and z = —0.0012; for 58 °C, it was located
at x = 0.0021, y = 0.03754, and z = —0.0010; and for 60 °C, it was located at x = 0.0013,
y =0.0387, and z = —0.0011. That is, the critical point was moving slightly upwards as
medium temperature increased.

0.863

0.862
I 0.861
0.860
0.859
0.858
0.857
0.856
0.855

0.854
F [min]

Figure 8. Determination of the critical point at the end of the pasteurization process, i.e., for

Pg(.)y’cc = 0.85 min, for the large-size egg during 29.1 min of heating at 58 °C and 25.0 min of cooling

at 20 °C.

The required heating time to achieve an Fé(')%occ = 0.85 min, together with the Fjeing

and Foling Values, were determined through a trial and error procedure for the medium,
large, and extra-large-size egg for each medium temperature examined, that is, for 54 °C,
56 °C, 58 °C, and 60 °C (Table 2). For the large-size eggs, heating times were 24.5, 29.1,
37.2, and 55.1 min for medium temperatures of 60 °C, 58 °C, 56 °C, and 54 °C, respectively.
The required heating times for each egg size, medium, large, and extra-large, for each
medium temperature are presented in Table 2. Temperature evolution data at the critical
point during large egg pasteurization at different medium temperatures are presented in
Figure 9. F value evolution at the critical point during large egg pasteurization at different
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medium temperatures is presented in Figure 10. Note that for the same egg size, as the
medium temperature increases, the contribution of cooling to the total lethality increases
(Table 2). Similarly, as the egg size increases, the contribution of cooling to the total lethality
also increases (Table 2). As far as quality is concerned, retention values ranged between
94.22 and 100.00%, which means that thermal pasteurization does not cause real quality
problems, at least for the typical kinetic parameters employed (Table 3).

Table 2. Required heating times, B, for a target Fg(‘)},occ value of 0.85 min (Fyy,;), together with the
Fheating and Fegojing values, during egg pasteurization in different time and temperature conditions.

Heating Heating F Fo.. [ % Contribution
Egg Size Medium T Time B (nTii:l) (;l‘::‘ii';g (i;oill:’;g of Cooling
(@) (min) Lethality
54 53.1 0.85 0.75 0.10 11.8
Medi 56 35.5 0.85 0.62 0.23 271
edium 58 27.8 0.86 0.49 0.37 435
60 234 0.86 0.41 0.45 52.9
54 55.1 0.85 0.74 0.11 13.0
Large 56 37.2 0.86 0.6 0.26 29.9
& 58 29.1 0.86 0.46 0.40 46.2
60 24.5 0.86 0.32 0.53 62.3
54 56.8 0.85 0.71 0.14 16.5
Extra Laree 56 38.8 0.86 0.54 0.32 37.6
& 58 30.5 0.86 0.37 0.49 57.6
60 25.8 0.87 0.25 0.62 729
60
55
50
45
&
~40
bod
2
< 35
9 —CP @ 60°C
30
& —CP @ 58°C
25 —CP @ 56°C
20 CP @ 54°C
15 YTV VTNV YV VYNV VYV YVYTOYVYYVYYOVNYOYYYOYVYYYYVVY Y YUY YVYYVYYOYTOYOYIOYTIOTY
0 10 20 30 40 50 60 70 80 90

Time (min)

Figure 9. Temperature evolution at the critical point (CP) during large-size egg pasteurization, for
processes targeting Fgolocc = 0.85 min at different medium temperatures (@ 54, 56, 58, and 60 °C).
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Figure 10. Féo%occ value evolution at the critical point (CP) during large-size egg pasteurization, for

processes targeting Féo%occ = 0.85 min at different medium temperatures (@ 54, 56, 58, and 60 °C).

Table 3. Retention of quality attributes, characterized by different D and z values, during large-size
egg pasteurization in different time and temperature conditions.

Heating Heating D121:11°C z (°Q) D121:11°C z (°Q) D121:11°C z (°Q) D121:11°C z (°C)
Medium Time B (min) (min) (min) (min)
T (0O (min) 100 20 1000 20 100 50 1000 50
54 55.1 99.95 100.00 94.22 99.41
56 37.2 99.96 100.00 95.77 99.57
58 29.1 99.97 100.00 96.34 99.63
60 245 99.97 100.00 96.67 99.66

4. Conclusions

The required heating times, at several different heating medium temperatures and
for three different egg sizes, were estimated using CFD simulation. Calculations were
performed for a 5-log reduction of the Salmonella enteritidis population at the critical point of
the eggs. Model predictions of the temperature history of internal egg points were in good
agreement with experimental data. The critical point location, approximately at the center
of the yolk, was assessed through F value distribution calculations. Microbial destruction
occurring during the cooling cycle of the pasteurization process was considerable and
should not be ignored during process design, as it can lead to unnecessarily long heating
times. Cooling lethality ranged between 11.8% for the medium-size egg processed at
54 °C and 72.9% for the extra-large-size egg processed at 60 °C of the total destruction.
Finally, quality degradation was minimal during thermal pasteurization, allowing for
process optimization based on different criteria, including cycle time, productiveness, and
energy costs.
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Nomenclature

A heat transfer area, m?

B required heating time, min

C concentration of a heat labile substance, number of microorganisms/mL, spores
per container, g/mL, or any other appropriate unit

Cp specific heat of the product, J/(kg-K)

Dr (noted also as D) decimal reduction time or death rate constant—time at a constant

temperature required to reduce by 90% the initial spore load (oz, in general, time
required for 90% reduction of a heat labile substance), min

m mass, kg

FZ (or simply F) time at a constant temperature, T, required to destroy a given percentage
of microorganisms whose thermal resistance is characterized by z,
or the equivalent processing time of a hypothetical thermal process at a constant
temperature that produces the same effect (in terms of spore destruction) as the
actual thermal process, min

h convective heat transfer coefficient between the heating or cooling medium and
the product, W/ (m2K)
T product temperature, °C
t time, s or min
X, Y, Z orthogonal coordinates
z temperature difference required to achieve a decimal change of the Dt value, °C
Subscripts
cooling referring to the cooling cycle
heating referring to the heating cycle
IT initial condition
p process
process process value
required  required value
total cumulative value
0 heating or cooling medium
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