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A B S T R A C T

This study proposes simulating the cooking of eggs by modeling fluid egg products as phase-change materials 
(PCMs) within a computational fluid dynamics (CFD) model. A simplified physical prototype was built to conduct 
experiments to tune a simpler version of the mathematical model. The information was later used to build a 
complete mathematical model of a real egg that was compared with experimental data. Phase transition tem
perature ranges, and the energy required to initialize the transition were specified. Heat transfer coefficients 
were estimated for both models. Experiments for thermal processing and phase change were conducted at 
temperatures between 90 and 100 ◦C. The real egg model was validated with experimental data reported else
where. The simulations assess the time required to cook an egg (800–1200 s), demonstrating a homogeneous 
increase in temperature and phase transition. However, potential overestimation in simulations was observed, 
likely due to differences in quantifying techniques and non-uniform cooking processes.

1. Introduction

The cooking of food is a complex process that involves key phe
nomena such as phase change or solidification. In cooking, this last term 
encompasses the process by which proteins unfold (denaturation) and 
then aggregate to form a solid mass (coagulation) during cooking. When 
an egg is exposed to heat during cooking, the proteins within the egg, 
including those in the albumen (egg white) and yolk, undergo significant 
changes. The application of heat causes these proteins to denature, 
meaning that their molecular structure unfolds and loses its original 
configuration. This process results in observable changes in texture and 
appearance (Luo et al., 2024). The denaturation of proteins leads to 
coagulation, especially in the egg white. As the protein molecules un
fold, they begin to aggregate and form bonds with each other, creating a 
cohesive gel-like network. This network formation results in the solidi
fication of the egg white, which becomes firm and opaque. In addition to 
affecting the texture, the heating process also influences the transport of 
species within the egg and alters its physical properties (Llave et al., 
2018), (Jiang et al., 2024).

Cooking chicken eggs, due to their worldwide consumption, abun
dance, and nutritional benefits for the human diet, has been extensively 

studied (Morris et al., 2018), (Iannotti et al., 2014). Pasteurization is an 
important process for ensuring the microbiological safety and quality 
characteristics of foods. In eggs, this process occurs at a minimum 
temperature of 55–60 ◦C (Bermudez-Aguirre and Niemira, 2023), 
(Abbasnezhad et al., 2016). Eggs are composed of a shell, albumen or 
white, yolk, an air cell, and membranes (Ogura et al., 2020). However, 
egg white and yolk are the primary focus of most investigations. The egg 
white is composed of water and proteins, while the egg yolk is composed 
of proteins and lipoproteins and can split into granules and plasma (Razi 
et al., 2023), (Davari et al., 2024). Under heating, proteins undergo a 
denaturation and coagulation process that aggregates them and gives 
them a hard consistency. According to Rossi et al. (Rossi and Schiraldi, 
1992), under environmental pressure conditions, the solidification of 
isolated egg white and yolk proteins occurs at a specific temperature 
range. However, lower temperatures have been reported for the dena
turation of the egg whites and yolks (Abbasnezhad et al., 2015). The 
importance of the pasteurization process is to eliminate microorganisms 
that could cause serious health problems (Omar et al., 2018), (He et al., 
2024). Nevertheless, these processes usually involve heating the prod
uct, which can lead to certain consequences for the egg. Proteins may be 
affected, and their nutritional value may also be compromised. This is 
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the reason for the use of new emerging technologies, such as high hy
drostatic pressure (HHP), pulsed electric fields (PEF), pulsed light (PL), 
ultrasound (US), and ozonation (Agregán et al., 2023). These technol
ogies can help minimize the impact on the food’s characteristics.

Numerical methods such as finite difference, finite element, and 
finite volume have been used to model heat transfer in various products 
(Szpicer et al., 2023a), (Jenko, 2015), (Kumar et al., 2012). Other 
studies have been devoted to modeling the cooking of foods by speci
fying CFD models (Szpicer et al., 2023b), (Chhanwal et al., 2012), which 
consider the phase transport in porous media, phase change, changes in 
the structure of the materials, and diffusion of species (Khan et al., 
2018). In computational simulations, a variety of thermal analyses can 
be performed such as temperature change, heat transfer, temperature 
profiles, and more (Denys et al., 2003). The coagulation process of eggs 
is modeled as a phase change process or phase change material (PCM), 
which is triggered at a given temperature, occurs throughout a tem
perature interval, and requires latent heat (Szpicer et al., 2023c). 
Computational fluid dynamics models have been specified for the study 
of chicken eggs for pasteurization processes in the poultry industry 
(Denys et al., 2004), (Denys et al., 2005), (Ramachandran et al., 2011), 
ventilation and humidity control in storage containers (Kumar et al., 
2012), (Kumar et al., 2009), and academic capstone projects on the 
cooking of eggs (Galante et al., 2011).

Numerous studies have addressed the chicken egg model to simulate 
the internal convective streams during egg pasteurization (Jenko, 2015), 
(Gut et al., 2003). The physicochemical properties of different chicken 
egg components have been reported in different studies (Coimbra et al., 
2006), (Abanikannda et al., 2007). Chicken eggs have also been sub
jected to analysis using various computational fluid dynamics (CFD) 
approaches (Wang et al., 2021), (Wang et al., 2024). The geometry of 
eggs has been a focal point of interest and research, leading to the 
development of different models (Pero et al., 2019). CFD could also 
validate the effectiveness of the proposed device by modeling food 
heating or cooking processes (Denys et al., 2003). In some of these an
alyses, as seen in (Ramachandran et al., 2011), an experimental 
pasteurization model is presented, demonstrating its viability through 
CFD validation. Certain analyses simplify the study by treating eggs as a 
unified entity (Pero et al., 2019), while others simulate the distinct 
components of eggs, such as yolk, white, air, and shell. Simulating all the 
components increases the computational time due to the refinement of 
the mesh at the thinner domains, such as the one representing the shell. 
For this reason, authors such as in (Pero et al., 2019) assumed eggs as 
homogeneous single-component entities with average property values. 
In this work, a control geometry is proposed as a physical model of the 
egg for experimentation. This approach allows for greater control of 
variables and reduces the number of factors to consider when generating 
the computational simulation. Consequently, the CFD model that in
tegrates PCM can be validated. The cooking process involves a change in 
the state of the food, which occurs through the transition and modifi
cation of the material’s properties due to the increased temperature. 
This demonstrates the capability of this approach to model a phase 
change from liquid to solid. Subsequently, A second geometry, designed 
to closely resemble a real egg, was created and analyzed using CFD. This 
geometry was then compared with previous experimental results.

2. Methodology

2.1. Materials

For greater control of the experiments and reducing external vari
ables, as well as being able to homogenize the model over the cooking 
process and phase change measurements, a system with a control ge
ometry (sphere) was used instead of real eggs. Using real eggs introduces 
natural factors to consider, such as the type of egg, shell thickness, 
porosity, yolk size, and the amount of gas trapped inside which can 
affect internal material movement, to obtain a homogeneous single 

component entity (Abanikannda et al., 2007), (Melo et al., 2021). The 
physical model used only egg white within a thin plastic spherical shell, 
a minimal amount of gas, epoxy resin, and a thermocouple. The egg 
white used in the experiments was obtained from a commercial brand 
(Claras de Huevo San Juan, Mexico). This brand provides pasteurized 
liquid egg whites, ensuring food safety. The spherical shells used in the 
experiments were standard ping-pong balls. These spheres were made of 
PVC material, ensuring their durability and suitability for the experi
mental setup. They had a mean diameter of 40 mm and a wall thickness 
of 2 mm.

Using the control-physical model, the experiments were conducted 
with enhanced precision in setting the variables under study. This 
methodological approach facilitated improved visualization and more 
accurate measurement of both the cooking and phase change processes. 
Consequently, it enabled a more focused analysis and rigorous com
parison of the experimental outcomes, thereby enhancing the depth and 
reliability of our findings.

2.2. Experimental setup and measurements

2.2.1. Thermal processing
The experimental cooking (EC) nomenclature was employed for the 

temperature measurement process. The following steps were followed: 
(I) Weighing the sphere: the sphere was weighed employ an electronic 
balance; (II) Creating a hole in the sphere: a hole was generated in the 
sphere, which served as an entry point for injecting egg white, subse
quently, the same aperture was used for inserting the thermocouple; (III) 
Injecting egg white: egg white was injected into the sphere until it 
reached a saturated state with an average mass of 30 g and a variation of 
1.19 g; (IV) Inserting a thermocouple: a thermocouple connected to a 
digital thermometer was carefully placed in the center of the sphere; (V) 
Sealing the sphere: the hole in the sphere was covered with epoxy resin 
or any suitable material; (VI) Heating water: approximately 2 L of water 
was heated in a beaker or a suitable container. The temperature of the 
heating water bath was set to three different values for the experiment, 
A = 90 ◦C, B = 95 ◦C, C = 100 ◦C, the temperature was monitored with 
an alcohol thermometer; (VII) Placing the sphere in heating water: the 
prepared sphere was then placed in hot water. The cooking time was 
determined based on factors such as the desired internal temperature to 
be reached and the reference values for the cooking of the egg for human 
consumption (Omar et al., 2018). This time was chosen to avoid over
cooking or burning the egg white (Shahbaz et al., 2018). (VIII) 
Measuring temperature vs. time: throughout the cooking process, the 
temperature inside the sphere was measured using a type K thermo
couple and a digital thermometer. The experimental setup is shown in 
Fig. 1. These temperature readings were recorded to create a plot of the 
temperature as a function of time, allowing for a visual representation of 
the cooking progress. By adhering to this standardized and controlled 
methodology, the experiments were executed consistently, ensuring 
uniform conditions to compare experiments.

2.2.2. Relative phase abundance
The phase change (PC) nomenclature was implemented for the phase 

change process. The following steps were conducted: (I) The procedure 
closely resembles thermal processing, with the distinction that a ther
mocouple was not inserted; (II) The sample was thermally treated during 
a specific timespan (60–500 s) (Llave et al., 2018), (Pero et al., 2019); 
(III) Removing the sphere: after the selected time had elapsed, the 
sphere was removed from the water; (IV) Cut the sphere: the sphere was 
carefully cut to extract the remaining liquid; (V) Weighing the phases: 
the liquid phase and solid phase materials were individually weighed; 
(VI) Calculating phase fraction: the fraction of each phase (liquid and 
solid) was determined by comparing their weights to the initial weight 
of the injected egg white. This calculation provides valuable information 
about the extent of phase change and the distribution of phases within 
the physical model.
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2.3. Computational fluid dynamics model

CFD software is essential in engineering and scientific analysis for 
the efficient solution of partial differential equations (PDEs). These 
equations govern fluid flow phenomena and more, and there are three 
primary numerical methods employed for their solution. The finite dif
ference method (FDM) discretizes the classical form of the PDE, while 
the finite element method (FEM) discretizes the weak form, and the 
finite volume method (FVM) discretizes the conservation form. Among 
these methods, FVM stands out for its mathematical simplicity, partic
ularly when compared to some of the more complex variants of FEM 
(Wu et al., 2022). Moreover, FVM excels in scenarios where the con
servation of quantities is crucial, making it the preferred choice for 
simulating various engineering problems that require accurate preser
vation of conserved quantities. In the analysis, ANSYS® Fluent software 
was used, which implements the Green-Gauss finite volume method 
with a cell-centered formulation (Moukalled et al., 2016). This choice of 
software is particularly suitable for our simulations due to its robust 
capabilities in accurately solving conservation equations and its 
user-friendly interface, facilitating efficient setup and analysis of com
plex fluid flow problems.

For the simulations, the geometries were sketched using ANSYS® 
SpaceClaim, and the mesh was created in ANSYS® Mechanical. The 
specification of the model and visualization of the results were con
ducted in ANSYS® Fluent. The software employs algorithms specifically 
designed to represent the behavior of fluid flow, including conservation 
equations for mass, energy, and momentum within a defined domain 
(Table 1). These equations are coupled with the model to accurately 
represent the momentum and heat transfer occurring within the system.

2.3.1. Geometry
The geometry of the sphere, set at the center of the drawing plane 

with a diameter of 40 mm, was a solid piece or a single volume. The 
resulting geometry is illustrated in Fig. 2.

2.3.2. Mesh and mesh independence test
The mesh serves as a discretization of the domain or volume, 

enabling the representation of the physical system in a numerical form. 
This is why meshing is crucial for numerical simulations and calcula
tions. The volume is divided into small sub-volumes or elements. The 
mesh was created using the mechanical mesh tool with the physics 
preference of CFD and the solver preference of Fluent. The element order 
was specified as linear, and the mesh type included both tetrahedral and 
hexahedral elements. To ensure the quality and viability of the mesh, a 
mesh independence test was performed to ensure that the simulation 
results were not influenced by the number of elements. Four refinement 
levels were evaluated: 40000, 110000, 260000, and 350000 elements 
(Fig. 3). The parameter that was studied was the average temperature of 
the volume that the model reached at 10 s from the beginning.

By conducting a mesh independence test, it was determined that 
employing a mesh comprising approximately 260,000 elements was the 
most appropriate. Using a finer mesh would not affect the accuracy of 
the results and would significantly increase computational time. The 
properties of the mesh in the model are detailed in Table 2, and the mesh 
distribution within the geometry is shown in Fig. 4.

2.3.3. Initial and boundary conditions
The Fluent solver was configured as pressure-based, and the analysis 

was set to transient. Models were specified for energy (equations (3)– 
(5)) and phase change (equations (7)–(9)). The initial value of the 
temperature was specified at 25 ◦C. Materials were defined with prop
erties and parameters for the egg white and the spherical shell. The 
properties used in the analysis are outlined in Table 3
(Bermudez-Aguirre and Niemira, 2023), (Jenko, 2015), (Moukalled 

Fig. 1. Experimental setup.

Table 1 
Equations used in the analysis, description, and variables.

Conservation 
equations

Equation ID

Continuity equation ∂ρ
∂t

+ ∇⋅(ρ v→) = Sm
(1)

Conservation of 
momentum

∂
∂t
(ρ v→)+ ∇⋅(ρ v→ v→) = − ∇p+ ∇⋅(τ═)+ ρ g→+ F→ (2)

Conservation of 
energy

∂
∂t

(

ρ
(

e +
v2

2

))

+ ∇⋅
(

ρv
(

h +
v2

2

))

= ∇⋅
(

k∇T −

∑

j
hj Jj
→

+ τ═ ⋅ v→
)
+ Sh

(3)

Enthalpy H = h+ ΔH (4)
Sensible enthalpy h = href +

∫ T
Tref

CpdT (5)

Liquid fraction β =
T − Tsolidus

Tliquidus − Tsolidus
if Tsolidus < T < Tliquidus

(6)

β = 0 if T < Tsolidus
β = 1 if T > Tliquidus

Solid Fraction ΦS = 1 − β (7)
Energy equation for 

PCM problems
∂
∂t
(ρH)+ ∇⋅(ρ v→H) = ∇⋅(k∇T) + S (8)

Density ρ = ρ0 + ρ1T (9)
Thermal conductivity k = k0 + k1T (10)
Specific heat cp = cp0 + cp1T (11)
Rayleigh number

RaD =
gD3βv(Ts − T∞)

να
(12)

Nusselt number
NuD =

hD
k

(13)

​
D = 2

(
3Vegg

4π

)1 /3 (14)

Churchill correlation
NuD = 2+

0.589Ra0.25
D

[

1 +

(
0.469

Pr

)9 /6]
(15)

For Pr > 0.5 and RaD < 1× 1011
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et al., 2016). To effectively simulate the thermal processing and the 
phase change, properties were expressed using polynomial functions 
(equations (10)–(12)). This enables the visualization of how properties 
change over time in response to temperature (Denys et al., 2005), 
(Atilgan and Unluturk, 2008). The cooking processes for the simulation 
were modeled using a PCM approach, with data for the egg white pro
vided in Table 4. One domain is considered for discretization, the egg 
white, and one interface or wall, the shell (i.e. the egg white domain is 
modeled with distributed-parameters system, while the shell is formu
lated as thermal resistance). The model is assumed to be surrounded by 
water, so a convective condition is defined at the wall surface. The wall 
thickness was set as 2 mm. The free-stream temperatures were those 
discussed in the experimental section (90 ◦C, 95 ◦C, 100 ◦C), and the 
heat transfer coefficient was specified as 2144 W m− 2⋅K− 1. To determine 
the heat transfer coefficient, a free convection correlation for a spherical 

geometry was used (equations (12)–(15)), (Rodríguez Maestre et al., 
2021), (Nellis and Klein, 2009). The transient model was simulated for 
up to 800 s.

3. Results and discussion

3.1. Experimental results

3.1.1. Thermal processing
The temperature measurements within the physical model are dis

played in Fig. 5. Conducting the experiments not only allows us to 
compare these data with the simulated data to validate the CFD model, 
but also to verify the behavior of the proposed physical model. The plot 
displays the mean values of the cases studied, with error bars 

Fig. 2. (A) Sketch of the sphere; (B) section view of the geometry in the drawing tool.

Fig. 3. Mesh independence test of the variable of volume average of the tem
perature at 10 s.

Table 2 
Mesh properties for the geometry.

Geometry Element size (m) Nodes Elements

Sphere 7e-4 50310 268009

Fig. 4. Mesh distribution in the geometry.
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representing the standard deviation based on experiments conducted 
with at least 5 replicates for each scenario.

3.1.2. Relative phase abundance
To evaluate phase transition (i.e., solidification: the process of 

transforming a substance from a fluid phase to a solid phase. In the 
context of cooking, solidification commonly refers to the coagulation of 
proteins, such as the denaturation and subsequent aggregation of pro
teins in eggs during cooking, leading to the formation of a solid mass). 
The solid fraction was chosen as a parameter to construct the plot shown 
in Fig. 6, where the error bars were obtained with at least three repli
cates. The initial phase is the liquid form of the egg white, while the fully 
cooked form represents the solid form phase (ΦS). By analyzing the solid 
fraction, the transformation of egg white from its initial liquid state to its 
final solid state during the cooking process can be tracked. This plot 
provides valuable insights into the progression of phase change and 
helps us understand the degree of completion or the time required for 
the solid fraction to reach a certain level. The use of the solid fraction as 
a measure enables a clearer understanding of the transformation 
occurring within egg white. It provides a quantitative representation of 
the phase change process and facilitates the comparison of different 
cooking scenarios or conditions.

It is important to clarify that an opportunity to reduce costs and 
energy expenses exists (Szpicer et al., 2023b). Typically, the reference 
point for cooking an egg is when the water reaches its boiling point, 
which can take between 5 and 10 min. Adding the time required for the 
egg to cook, which is another 10–15 min, results in a total energy/fuel 
consumption range of 20–30 min. However, through a review of the 
literature and experiments, it was observed that the minimum phase/
cooking change for human consumption begins at 150–200 s or when 

the temperature reaches 60–65 ◦C (Bermudez-Aguirre and Niemira, 
2023), (Omar et al., 2018). This indicates that waiting for the water to 
reach boiling is not necessary; instead, the time should be considered 
starting from the beginning of heating, potentially reducing the total 
cooking time by 3–5 min. While this may not significantly impact 
small-scale cooking, it can lead to substantial savings on a larger or in
dustrial scale. Additionally, this consideration does not account for the 
positive environmental impact, such as reduced energy, fuel, or water 
consumption, resulting in significant savings and a reduced carbon 
footprint.

3.2. Computational simulation results

3.2.1. CFD temperatures
In the thermal processing simulations (S), the internal temperature of 

the sphere was monitored and recorded throughout the cooking process. 
This allowed for a comprehensive understanding of how the tempera
ture evolved, providing insights into the heating behavior and the pro
gression of cooking (Fig. 7).

3.2.2. CFD phase change
The phase change indicates cooking progress as egg white transitions 

from its initial liquid to a solid phase. The percentage of liquid was 
measured as a volume-average, which served as a measure to quantify 
the phase change extent (Fig. 8).

In material sciences, a PCM is a material that stores a large amount of 

Table 3 
Thermal properties of the polynomial profile of egg white and spherical shell.

Egg Components Density [ρ] Thermal conductivity [k] Specific heat capacity [cp]

ρ0 [kg⋅m− 3] ρ1 [kg⋅m− 3K− 1] k0 [W⋅m− 1⋅K− 1] k1 [W⋅m− 1⋅K− 1] cp,0 [J⋅kg− 1⋅K− 1] cp,1 [J⋅kg− 1⋅K− 1]

White 1133.19 − 0.06 0.390 4.1 2629.05 2.39
Shell 1300 – 0.16 – 900 –

Table 4 
Thermodynamic parameters for egg PCM.

Process Phase 1 Phase 2 Phase change temperature (1–2) [K] Transition interval (1–2) [K] Latent heat [kJ kg− 1]

White solidification Liquid white Solid white 336.15 3 12.2

Fig. 5. Temperature measured at the center of the physical model as a function 
of time at different heating water temperatures.

Fig. 6. Egg white solid fraction (ΦS) as a function of time at different heating 
water temperatures.
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energy as latent heat. Commercial CFD software, such as ANSYS® 
Fluent, includes phase change modeling features that allow the simu
lation of this type of processes. Some studies have focused on defining 
the optimal thermal conditions for pasteurization without reaching the 
phase change (Szpicer et al., 2023b). However, it is important to note 
that certain limitations arise when simulating the phase change process. 
The current CFD model is primarily developed to manage pure mate
rials, alloys, and mixtures. In contrast, egg white is a complex mixture 
containing proteins, fat, ash, and other components (Coimbra et al., 
2006). This complexity should be considered when interpreting the re
sults of the experimental part. Although the model may not perfectly 
capture all the intricacies of egg white composition (Jiang et al., 2024), 
(Liu et al., 2024), it still provides valuable insights and predictions. The 
combination of monitoring the internal temperature and analyzing the 
phase change allowed a comprehensive evaluation of the cooking pro
cess. It provided information on the relationship between temperature 
and phase transition, allowing a better understanding of the thermal 
behavior and cooking kinetics of the egg. Under this assumption, the 
materials change their phase and their characteristic physicochemical 

properties in a certain temperature range based on a specific tempera
ture threshold (Abbasnezhad et al., 2016), (Wang et al., 2021). This 
phase change requires latent heat for the transformation process to 
occur (Pero et al., 2019).

3.3. Comparison experimental vs CFD simulation

Figs. 9 and 10 show the comparison of the experimental and simu
lated egg white temperature and solid phase relative abundance as a 
function of time under different heating fluid temperature. A compari
son of the experimental measurement and the CFD model is presented in 
Fig. 9, for the thermal processing and Fig. 10 for the phase change 
(solidification). Fig. 9 shows a close agreement between the experi
mental and simulated temperature profiles. However, slight variations 
in the alignment of the experimental data with the simulation are 
observed, mainly attributable to differences in the position of the tem
perature measurement probe. In the experiment, the thermocouple was 
placed at the central point of the physical model, while in the simula
tion, the volume-averaged temperature was determined over the entire 
egg white domain. A similar behavior was reported in (Wang et al., 
2021), (Pero et al., 2019). From Fig. 9, it is highlighted that the thermal 
behavior of the physical model can be accurately predicted by the 
simulation model. This is relevant considering that the egg white phase 
transition process along with conduction and convection heat transfer 
mechanisms are involved.

Regarding the relative abundance of the egg white solid phase, it can 
be intuitively expected that higher solidification degrees will be ach
ieved with higher heating fluid temperatures, as shown in Fig. 10. 
However, Fig. 10 reveals a slight difference between the experimentally 
determined and numerically predicted solid-phase relative abundance 
history. In this case, the solid-phase relative abundance was under
estimated by the CFD simulation model under all three heating fluid 
temperatures tested. This can be justified based on the experimental 
approach used to quantify the solid phase fraction in the physical model. 
During the solidification process of egg white, a continuous network is 
generated due to the aggregation of proteins, which gives a hard con
sistency to this egg product (Ferry, 1948). This network encloses a 
certain amount of liquid egg white, which is finally quantified within the 
egg white solid fraction. Therefore, the experimentally measured egg 
white solid fraction could be expected to be higher than numerically 
predicted. From the simulation data, it is observed that the solidification 
process of the egg white occurs uniformly from the outer surface of the 
sphere towards the center. However, in the experiments the cooking 
process is governed by the heterogeneity of the egg white (Razi et al., 

Fig. 7. Volume-averaged temperature profile in the egg white CFD model over 
time at different heating temperatures.

Fig. 8. Phase change profile that represents changes in the liquid fraction to 
solid fraction during the cooking process.

Fig. 9. Temperature of the physical and simulated (volume-averaged) spherical 
models under different heating fluid temperatures. For the physical model, 
temperature was measured at the center of the sphere.
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2023). In other words, even that there is a geometric order in the so
lidification, this is not fully homogenous, resulting in areas where liquid 
becomes trapped within the solid.

Based on the experimental validation of the simulation model, a 
second model was generated to predict the behavior thermal behavior of 
an authentic egg. This model includes the egg white and egg yolk do
mains (Fig. 11), where the egg shape was delineated according to data 
provided elsewhere (Kruenti et al., 2022), (Grunden et al., 1975). The 
eggshell was specified as a thermal resistance within the mathematical 
model; thus, no geometrical subdomain was represented. The mesh 
features are summarized in Table 5 and are shown in Fig. 12. It was 
determined that for this scenario, which involves multiple domains and 
an interface between them, a mesh with a larger number of elements is 
required to obtain a better response.

The specified thermal properties and the thermodynamic parameters 
of the egg components governing these reactions were obtained from the 
literature and are provided in Table 6 (Jenko, 2015), (Moukalled et al., 

2016). As shown in Table 7, solidification occurs at different tempera
ture intervals for the egg yolk and the egg white components. The liquid 
phase was within the temperature range from 0 ◦C to 60 ◦C, while the 
solid phase begins within the temperature range of 60 ◦C–65 ◦C (Wang 
et al., 2021), (Shahbaz et al., 2018). The initial value of the temperature 
of the egg domain was set at 25 ◦C. The egg is assumed to be surrounded 
by water. However, no water domain is simulated. Instead, a convection 
condition was specified on the outer surface boundary of the egg ge
ometry to simulate the heat exchange process. The wall thickness 
(eggshell) was set as 0.3 mm as reported in (Yamak et al., 2016). The 
free-stream temperature was specified at 95 ◦C, and the heat transfer 
coefficient was specified as 2144 W m− 2⋅K− 1 as a free convection cor
relation (equations (12)–(15)) (Rodríguez et al., 2021), (Nellis and 
Klein, 2009). The transient model was simulated for up to 2000 s. For the 
simulations, the Egg Simulation (ES) was used to explore several sce
narios, providing insights into the temperature distribution over time 
within the egg domain and the phase transition from liquid to solid 
phase. According to (Omar et al., 2018), the egg is expected to be fully 
cooked and ready for human consumption approximately 1200 s after 
the start of the process.

Fig. 13 illustrates the thermal distribution within the egg domain, 
displaying a homogeneous heating process from the outer wall to the 
center egg similar to the case of study in (Wang et al., 2021), (Wang 
et al., 2024), (Pero et al., 2019). In Fig. 14, the transition from liquid to 
solid phase of the egg is show, highlighting the visible phase change 
process within both the white and yolk domains. Furthermore, Fig. 15
demonstrates the evolution of temperature distribution and phase 
change within the egg under different water heating scenarios 
(75 ◦C–105 ◦C).

Fig. 16 shows different scenarios of egg cooking from different 
research works, with the aim of comparing the simulations obtained 
from the egg model (i.e., the egg-like CFD model) to experimental data. 
The measurement of the temperature was done in the egg yolk. The 
difference in the experimental data is due to a heterogeneity in the 
materials and initial temperatures in each research work. As mentioned 

Fig. 10. Volume-averaged temperature of the solid-phase relative abundance 
in experimental and simulated egg white models under different heating fluid.

Fig. 11. (A) Egg point creation; (B) geometry of the egg model; (C) section view of the egg model.

Table 5 
Mesh properties of the geometries.

Geometry Element size (m) Nodes Elements

Egg white 5.75e-4 161087 862667
Egg yolk 5.75e-4 15453 80153
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in the work of Chantarapanont et al. (2000), the curve departs from the 
trend of the others, since its cooking process does not begin at room 
temperature conditions, but rather a lower temperature in a range of 
10–21 ◦C. Also, the use of larger eggs which, due to the greater amount 
of material, takes longer to cook. Despite those observations, a close 
correlation is observed between the simulated data and the experi
mentally measured values reported elsewhere (Chantarapanont et al., 
2000), (Grijspeerdt and Herman, 2003), (Minéia et al., 2005). This gives 
confidence to use the proposed CFD model to predict different cooking 
scenarios.

4. Conclusions

In this study, the cooking process of a hard-boiled egg was proposed 
to be simulated by treating the fluid egg products as a phase-change 
material (PCM). This involved creating a control geometry as a 

physical model of the egg white, as well as a model that represents the 
geometry of a real egg. This approach enabled the specification of a 
computational fluid dynamics (CFD) model using PCM mathematical 
models to predict the transition from fluid to solid phases and to track 
the fluid and solid fractions. Control experimental measurements from a 
physical model were compared to mathematical model. The objective of 
these experiments was to verify whether representing the cooking pro
cess as a phase-change material system could accurately predict the 
temperature and evolution of phase changes over time. For the param
eters needed for the mathematical model, the physical and transport 
properties of the simulated egg products (e.g., density, thermal con
ductivity, specific heat capacity, viscosity, activation latent energy, 
phase-transition temperature range, etc.) were screened from the liter
ature. The temperature dependence of these properties was considered 
in the model. The characteristics of the domain, eggshell thickness, ge
ometry dimensions, and volumes of egg white and yolk were obtained 
from the literature. To validate the CFD model, a set of control experi
ments was designed to minimize variability posed by real chicken eggs. 
An estimation of the heat transfer coefficient was conducted for both the 
physical model and the real egg model, assuming a control volume 
surrounded by hot water. Additionally, determination, measurement, 
and comparison of the solid fraction (i.e., the hard-boiled egg fraction) 
were performed. The experimental results showed consistent behavior 
across different study scenarios, evident in both temperature profiles 
and phase changes. In the phase-change experiments, non-uniform 
behavior in the transition of states was observed, which stemmed 
from the random initiation of the process within the material. The 
simulation results confirmed that the time needed to cook an egg or boil 
it, between 800 and 1200 s, coincided with the findings of previous 
studies. Moreover, a uniform increase in temperature within the 

Fig. 12. (A) Mesh for the egg model; (B) Section view for the egg showing the egg white and yolk.

Table 6 
Thermal properties of the domains (Jenko, 2015), (Moukalled et al., 2016).

Domain Density [kg 
m− 3]

Thermal conductivity [W 
m− 1 K− 1]

Heat capacity cp (J 
kg− 1 K− 1)

Egg liquid 
yolk

1100 0.31 3700

Egg liquid 
white

1134 0.48 3800

Egg solid 
yolk

1032 0.34 2700

Egg solid 
white

1100 0.40 3700

Egg shell 2300 2.25 888

Table 7 
Thermodynamic parameters for egg solidification processes (Wang et al., 2021), (Shahbaz et al., 2018).

Process Phase 1 Phase 2 Phase change temperature (1–2) [K] Transition interval (1–2) [K] Latent heat [kJ kg− 1]

Yolk solidification Egg yolk Solid yolk 343.15 3 12.2
White solidification Egg white Solid white 336.15 3 12.2
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simulated egg product was noted, progressing evenly from the outer wall 
toward the center of the model volume. The phase transition front 
initiated from the outer wall and propagated homogeneously toward the 
center of the model. Strong agreement was observed between the 
experimental and simulated temperature profile data. However, the 
temperatures and phase transitions obtained from the simulation may 
have been overestimated. This discrepancy could be attributed to dif
ferences in the measurement process: while the thermal transition ex
periments measured a point within the physical model, the CFD utilized 

a volume averaged. Additionally, the solidification process of a hard- 
boiled egg may occur heterogeneously, potentially retaining some 
liquid material encapsulated within the solid continuous phase, in 
contrast to the homogeneous form predicted in the CFD model. The 
model of the real egg showed good alignment with the temperature 
profile compared to previous experimental studies reported elsewhere. 
Based on the findings from the physical control model, a complete egg 
model including the egg white, yolk, and eggshell was specified using 
ANSYS® Fluent. A close correlation was observed between the 

Fig. 13. Temperature profile inside the egg model at different time frames.

Fig. 14. Phase change of the egg white and yolk (solidification) at different time frames.
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simulated temperature profile and the experimental data reported 
elsewhere. Some discrepancies were observed among different experi
mental datasets reported in the literature, which have been attributed by 
some authors to differences in egg size, geometry, shell color, initial 
temperature, among others. Differences in experimental conditions may 
also contribute to these discrepancies in some of the temperature pro
files compared in this work.
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Nomenclature

Cp Specific heat capacity [J⋅kg− 1⋅K− 1]
D Diameter of the sphere [m]
F→ Gravitational body force and external body forces [m⋅s− 2]
g Gravity acceleration (scalar) [m⋅s− 2]
g→ Gravity acceleration [m⋅s− 2]
H Enthalpy [J⋅kg− 1]
ΔH Latent enthalpy [J⋅kg− 1]
h Sensible enthalpy [J⋅kg− 1]
h Heat transfer coefficient [W⋅m− 2⋅K− 1]
hj Formation enthalpy [J⋅mol− 1]
href Reference enthalpy [J⋅kg− 1]
I Unit tensor [Pa]
Jj
→ Diffusion flux of species [mol⋅m− 2⋅s− 1]

k Thermal conductivity [W⋅m− 1⋅K− 1]
keff Effective conductivity [W⋅m− 1⋅K− 1]
p Static pressure [Pa]
Sh Volumetric heat sources [W⋅m− 3]
Sm Source term
T Temperature [K]
Tref Reference Temperature [K]
Ts Temperature at the surface [K]
T∞ Bulk temperature of the fluid [K]
x0 + x1T Coefficients of polynomial correlation
v→ Velocity of the fluid [m⋅s− 1]
α Thermal diffusivity [m2⋅s− 1]
βv Volumetric thermal expansion coefficient [K− 1]
μ Molecular viscosity [Pa⋅s]
ρ Density of the fluid [kg⋅m− 3]
τ═ Shear stress tensor [Pa] τ═ = μ

[

(∇ v→ + v→T
) −

2
3
∇ ⋅ v→I

]

ν Kinematic viscosity [m2⋅s− 1]
NuD Nusselt number [dimensonless]
Pr Prandtl number [dimensonless]
RaD Rayleigh number [dimensonless]
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