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This study focuses on numerical modeling of the oleogelation process using grape seed oil and 
beeswax and its validation using experimental approach. The main goal is to investigate how the 
cooling rate affects this process. The necessary physical and thermal properties of the oleogel for 
modeling were determined through experiments. Additionally, differential scanning calorimetry 
was used to characterize phase transitions. The apparent heat capacity method was applied in the 
numerical modeling to simulate the phase change process, and the energy equation was solved using 
the finite element method. The numerical model demonstrated a maximum relative error of 5.4%, 
indicating a strong agreement between the numerical results and experimental data. After validating 
the numerical model, five different cooling rates were investigated. The findings showed that 
oleogelation begins near the bottom boundary of the setup and then propagates toward the center. 
Furthermore, the fraction of the total time required for the phase change to complete varied between 
0.35 and 0.04 as the cooling rate decreased. This indicates that slower cooling rates provide more time 
for heat transfer, allowing for more thorough gelation and completing the phase transition in a smaller 
fraction of the total time. The proposed model can save time and costs while delivering accurate data 
on creating a beneficial oleogel.
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List of symbols
Ceq  	� Equivalent specific heat capacity (J/kg K)
CL 	� Latent heat distribution (J/kg K)
Cp 	� Specific heat capacity (J/kg K)
D 	� Container’s diameter (m)
H  	� Specific enthalpy (J/kg)
h 	� Convection heat transfer coefficient (W/m2 K)
k 	� Thermal conductivity (W/m K)
ka 	� Thermal conductivity of air (W/m K)
kc 	� Thermal conductivity of container (W/m K)
L 	� Latent heat (J)
NuD  	� Nusselt number
P r 	� Prandtl number
P rs 	� Prandtl number at surface temperature
ReD  	� Reynolds number
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T  	� Temperature (°C)
t 	� Time (s)
thc 	� Thickness of container (m)
U  	� Overall heat transfer coefficient (W/m2 K)
r, z 	� Coordinate system (m)
Z  	� Sample height (m)
αm 	� Mass fraction
θ 	� Phase fraction function
ρ 	� Density (kg/m3)
µ 	� Viscosity (N s/m2)
∇ 	� Spatial gradient (vector) operator
Subscripts
ph1	� Phase1 (solution)
ph2	� Phase2 (gel)

The texture of many food products is closely related to the type of fat and oil used in them. It is difficult to 
formulate food products without solid fats because they provide the necessary structure for the products1–3. 
Therefore, solid fats are widely used in the food industry. Due to their solid state, these are high in saturated 
or trans fatty acids, linked to cardiovascular disease, diabetes, and other disorders4. In last few years, a method 
known as oleogelation has been employed to solve this problem. Oleogelation is a type of gel-forming process 
to change liquid oils into a solid-like structure5. In this way, the nutritional value of the initial oil remains 
practically unchanged (rich in unsaturated fatty acids and good for health)2. During this process, oil droplets 
are trapped by a material called oleogelator, which can be of natural or synthetic types, in a three-dimensional 
gel structure6. Thus, the state of oil changes from liquid to solid4. Oleogelators can be divided into two groups: 
low molecular weight and high molecular weight. The first group refers to natural small molecules that self-
assemble to form a stable crystalline network that stabilises the oil phase. This process takes place under 
controlled temperature conditions and is driven by physical interactions between molecules such as hydrogen 
bonding, hydrophobic interactions, and van der Waals forces. Due to these physical interactions, the structure of 
oleogels is highly sensitive to shear forces and temperature. This group includes; simple sugars, waxes, fatty acids, 
carbamates, lecithins, ceramides, monoacylglycerols, diacylglycerols, triacylglycerols, n-alkanes and mixtures of 
γ-oryzanol and phytosterols7,8. The second group of oleogelators consists of macromolecular systems that form 
three-dimensional networks through physicochemical interactions (hydrogen bonds). Their physicochemical 
properties and polymeric structure give oleogels better viscoelastic properties, which depend on the molecular 
weight, concentration, and conformation of the polymer. They include proteins (e.g. β-lactoglobulin), some 
polymers (e.g. colloidal silica), and polysaccharides (e.g. ethyl cellulose, hydroxypropyl methyl cellulose and 
alginates)9. Oleogels have been utilized in the development of numerous food products, such as dairy, spreads, 
confectionery, meat products, and, bakery products10–15.

Grape seed oil is a rich resource of phenolic compounds, unsaturated fatty acids, and vitamins. It plays a 
significant role in cosmetic, pharmaceutical, and food industry applications. These days, the grape seed oil is 
popular for consumption as an edible oil because of its pleasant sensory features16,17. Also, it is ideal for cooking, 
frying and making salads18. It has been determined that consuming grape seed oil reduces the low-density 
lipoprotein amount. It increases the amount of high-density lipoprotein as well18,19. Moreover, the use of grape 
seed oil has been proposed to delay the aging process and prevent the happening of some chronic diseases20,21. 
As mentioned above, the production of oleogels requires an oleogelator with the ability to develop a three-
dimensional network physically strong enough to entrap oil droplets22. Oleogelators are lipid materials with 
low concentrations restraining bulk liquid oil23. Waxes are considered to be a proper oleogelator. Beeswax is an 
organic compound, indeed it is a secretion from bees of the genus Apis124. It is capable of acting as an edible 
gelator (GRAS) for various edible oils like other waxes25–27.

In the gelation process, heat transfer and temperature distribution, and subsequently, phase change 
propagation is affected by the cooling rate. The cooling rate is a critical factor in this process; not only the 
gelation time depends on it but also the cooling rate influences the microstructure and macroscopic properties 
of the gel28–33. Several studies have been performed to investigate the effect of the cooling rate on the gelation 
process28,30,34–42. In previous studies, researchers mainly focused on experimental approaches, while numerical 
simulations have many advantages and provide useful results. As known, in addition to being time-consuming 
and expensive, experimental methods may be affected by test conditions and sources of error.

To the best of our knowledge, the tendency to utilize numerical simulations in the food industry has 
increased recently. However, very little numerical research has been performed in the field of edible oleogels. 
In this investigation, the gelation of an oleogel prepared from grape seed oil and beeswax was simulated and 
validated based on the experimental setup using a numerical approach. After that, the effects of the cooling rate 
were studied by the numerical model. Achieving this goal makes it possible to access results with high accuracy 
and less cost, time and energy so that it can help the food science experts to improve the quality of products for 
instance.

1 Apis mellifera Linnaeus.
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Material and methods
Material
To prepare the solution for the experiments, Grape seed oil with high linoleic acid content was purchased from 
Monini Co. (Umbria, Italy) and beeswax was supplied by Zanburkala Co. (Tehran, Iran). Beeswax contains 35% 
of wax esters (mainly C50), 24% hydroxy esters, 14% hydrocarbon, 12% diesters, 12% free fatty acids and 3% 
unknown compounds19. Samples made of 20% beeswax and 80% grape seed oil were used to produce oleogel.

Experimental setup and measurements
The cooling rate of 0.666 °C/min (the temperature reduction from 85 to 25 °C during 1.5 h) was considered 
for the oleogelation process to compare the experimental and numerical results. In order to prepare the initial 
solution, the oil was heated on a heater to 85 °C; after that, beeswax was poured into it and mixed until the wax 
melted and dissolved completely43. Then the solution was placed into an incubator (KBF 115, BINDER CO, 
Tuttlingen, Germany) with a predetermined cooling program. The velocity of air flow around the container 
was measured using an anemometer (AM4201, Lutron, Taiwan), which was used in the calculations of the 
convection coefficient of heat transfer through the boundaries. In addition, before starting the cooling program, 
thermocouples were located in specific positions of samples to measure the temperature of those placement 
points during the cooling implementation. Experimental data were obtained by monitoring and reporting the 
temperature of the considered points as a function of time during the cooling process. These data were used to 
validate the numerical method. Figure 1 shows the thermocouple placement inside the sample for experimental 
measurements during the cooling process. More details of the number of thermocouples for each experiment 
and the location of them are given in the results validation section.

In numerical simulations, the physical and thermal properties of the sample for both phases are required44. 
The density of samples was measured by using a multi pycnometer (MVP – 5 DC, Quantachrome CO, Boynton 
Beach, USA). A thermal properties analyzer (DECAGON KD2PRO, METER Group Inc, Pullman, USA) was 
used to determine the specific heat capacity and the thermal conductivity of samples. The phase transition 
characterization of the present oleogel was determined using the differential scanning calorimetry technique 
(model DSC-600, Sanaf Co., Iran). In this measurement, the crystallised samples of oleogel at different cooling 
rates were evaluated to measure their thermal profile characteristics. The basic and temperature parameters of 
the DSC were calibrated with a pure tin standard dish. To analyse the melting characteristics, the samples were 
heated from 25 to 85 °C at a gradient of 5 °C/min. Approximately 20 mg of samples were placed in aluminium 
pans, covered with aluminium lids and sealed. The reference sample was grapeseed oil (as oleogel has two 
components, wax and oil, and to check the effect of wax concentration on thermal properties, we should use oil 
without wax as a reference sample)27,43.

Numerical simulation procedure
Physical model
The physical problem is illustrated in Fig. 2. In the experiment, the sample was inside a container with a cylindrical 
geometry and symmetrical conditions around the vertical center line. Therefore, the domain geometry is a two-
dimensional (2D) axisymmetric rectangle filled with grape seed oil and beeswax mixture. In this way, the left 
boundary is the axis of symmetry (center line of the sample). The rest of the boundaries are convection which 
means heat is transferred by convection through those boundaries. Conduction due to the thickness of the right 
and bottom walls of the container is considered as thermal resistance, so the overall heat transfer coefficient is 
used for these boundaries. At the top of the sample up to the edge of the container, there is trapped air, which has 
a lower velocity compared to the air flow on the bottom surface of the container.

The sample container is located in the incubator, whose fan causes uniform airflow inside the chamber 
during the cooling process. Therefore, it is possible to model heat transfer from boundaries. The convection 
heat transfer coefficients h of the top and bottom boundaries were calculated by using the following empirical 
correlation for flow over a disc-shaped surface45:

Fig. 1.  The placement of the thermocouple inside the sample.
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NuD = hD

ka
= 0.356Re0.6

D P r
1
3 � (1)

where D = 2R  is the container diameter, ka is the thermal conductivity of air, ReD   and P r are the Reynolds 
number and the Prandtl number of the surrounding air, respectively. Here, the Reynolds number is defined as 
Re = ρaV D/µa, where the diameter of the container D is the characteristic length, ρa is the air density, µa is 
the air viscosity, and V  is the air velocity around the corresponding boundary, whose values are determined by 
the mentioned anemometer. Also, the Prandtl number is defined as P r = µaCp,a/ka, where the specific heat 
capacity Cp,a, viscosity µa and conduction coefficient ka are related to air at incubator temperature.

For the right wall, the Zukaskas equation46 which is used to determine the heat transfer coefficient of a cross-flow 
around a cylinder, was used:

	
NuD = hD

ka
= 0.26Re0.6

D P r0.37
(

P r

P rs

)0.25
� (2)

where P rs is the Prandtl number of the surrounding air at the surface temperature of the container. The overall 
heat transfer coefficients were written as follows to apply the effect of the plastic polymer container on the heat 
transfer between the ambient and the mixture:

	
for bottom boundary Ub = 1/

( 1
hb

+ thc

kc

)
� (3)

	
for right boundary Ur = 1/

(
1
hr

+
r1ln

(
r2
r1

)
kc

)
� (4)

where U is the overall heat transfer coefficient, h is the convection heat transfer coefficient, kc = 20W/mK  is 
the conduction heat transfer coefficient of the plastic polymer and thc = 1mm is container thickness. Also, r1 
and r2 are inner radius and outer radius of the container, respectively.

Simulation assumptions
The numerical method solves the energy equation considering stagnant fluid inside the domain and obtains the 
results such as the temperature profile and phase distribution in the sample throughout the oleogelation process. 
Since the air velocity above the upper surface is too low to cause fluid flow, it is reasonable to assume no flow 
condition. As mentioned above, a 2D axisymmetric rectangle was considered for the solution domain. The left 
boundary is considered to be insulated because of the symmetry of the problem and for the rest of the boundary 

Fig. 2.  The Coordinate system and schematic of the physical problem.
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conditions, Newton’s law of cooling is applied using air properties. The radiation heat transfer during the cooling 
process was assumed negligible.

Governing equations
Phase change occurs when a substance undergoes a change in state on a molecular level. The latent heat is the 
amount of energy needed to cause phase transition. In this time-dependent study, the apparent heat capacity 
method was applied to capture the phase change interface47–50. In this approach, a single heat transfer equation 
with effective material properties is solved for both phases. The effect of the phase change enthalpy is taken 
into account by increasing the temperature-dependent heat capacity during the phase transition51. The time-
derivative of the enthalpy was calculated as follows52:

	
∂H

∂t
= ∂H

∂T

∂T

∂t
� (5)

H  is the specific enthalpy of the system, t is the time and T  is the temperature.
Instead of applying the effect of latent heat in the energy balance equation exactly when the material reaches 

its phase change temperature Tpc, it was assumed that the phase change takes place in a temperature interval 
between Tpc−ΔT⁄2 and Tpc+ΔT⁄2. In this interval, the material phase is modeled using a smoothed function, θ, 
displaying the fraction of phase. For instance, the fraction of phase 1, θph1, is equal to 1 for T ≥ Tpc + ΔT⁄2 and to 
0 for T ≤ Tpc- ΔT⁄2. The density, ρ, and the specific enthalpy, H , are defined as follows:

	 ρ = θρph1 + (1 − θ)ρph2� (6)

	
H = 1

ρ
(θρph1Hph1 + (1 − θ) ρph2Hph2)� (7)

∂H
∂T  is the equivalent of specific heat capacity Cp

52–54. Therefore, the energy equation for this problem can be 
expressed by:

	
ρCeq

∂T

∂t
+ ∇ · q = Q� (8)

	 q = −k∇T � (9)

where Q is the additional heat sources which in this case is null and k is the effective thermal conductivity which 
is represented as follows:

	 k = θph1kph1 + θph2kph2� (10)

The equivalent specific heat capacity when the material is in the two-phase region where the material phase is 
transiting from solution to gel is calculated as below:

	
Ceq = 1

ρ
(θph1ρph1Cp,ph1 + θph2ρph2Cp,ph2) + CL� (11)

where the indices ph1 and ph2 indicate material in phase 1 (solution) or phase 2 (gel), respectively, and CL is the 
latent heat distribution which is computed using the following equation:

	
CL (T ) = (H2 − H1) dαm

dT
= L

dαm

dT
� (12)

where the mass fraction, αm, is defined from ρ and θ according to:

	
αm = 1

2

(
θph2ρph2 − θph1ρph1

ρ

)
� (13)

Overall, the equivalent specific heat capacity in all the regions is defined as below:

	

{
Ceq = Cph1T Tpc

Ceq = 1
ρ

(θph1ρph1Cp,ph1 + θph2ρph2Cp,ph2) + CL Tpc − ∆T
2 ≤ T ≤ Tpc + ∆T

2
Ceq = Cph2T Tpc

� (14)

where Cph1, and Cph2 are specific heat capacity of solution and gel, respectively.

Boundary conditions at surfaces were expressed as:

	
at right and bottom boundaries : k

∂T

∂n
= U (T − T∞)� (15)
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at the top boundary : k

∂T

∂n
= h (T − T∞)� (16)

	
at the left boundary : ∂T

∂n
= 0� (17)

The properties of the considered mixture in the liquid and gel states, which were determined using the apparatuses 
mentioned in the experiment method section (section "Experimental setup and measurements"), are presented 
in Table 1 and used in the numerical simulation. Moreover, from the DSC measurement, the latent heat was 
determined to be 16,000 J/kg. Also, Tpc and ΔT were measured 53.85 °C and 0.8 °C, respectively.

Model implementation, solver settings and convergency
The governing equation was solved numerically using the finite element method. In this method, the quadratic 
Lagrange scheme was applied for discretization. Streamline diffusion and crosswind diffusion were selected 
as consistent stabilization methods. A 0.001 relative error was set as the convergency criteria for the time-
dependent solver with 1 s time step.

Mesh independency
The mesh independency of the solution was examined by solving the problem for four mesh configurations 
made of 1380, 3105, 5520, and 8625 cells, respectively. The average temperature–time plots of the domain were 
compared for the four mesh configurations. The maximum error between the two finer meshes was less than 1%. 
It can be concluded the mesh with 5520 was the appropriate mesh because there were no noticeable changes in 
the results with increasing the number of cells. In this way, this grid could provide efficient computing time and 
sufficient accuracy for results.

Numerical simulation validation
The present numerical model was validated by comparing the simulation results against the experimental data 
obtained for the oleogelation process of the samples with a cooling rate of 0.666 °C/min. For this purpose, the 
temperature–time plots from the experiment and the numerical method were compared. In the first experiment, 
the temperature was measured at three specific positions (P1, P2, and P3) when the sample height was 3.7 cm in 
the container. The positions of thermocouples are shown in Fig. 3. To conclude that results are independent of 
the sample mass, the second experiment was conducted with a 1.5 cm sample height in the container and the 
temperature of the thermocouple at P3 was used to validate the numerical method.

Fig. 3.  Positions of thermocouple in the container.

 

Phase ρ
(

kg
m3

)
k

(
W

m K

)
Cp

(
J

kg K

)
Solution 891 0.171 1900

Gel 891 0.22 2428

Table 1.  Physical properties of the grape seed oil and beeswax mixture obtained from measurements.
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Figure 4a, 4b, and 4c illustrate the comparison of temperatures for the first experiment (three different points 
inside the sample). It can be seen from these comparisons that numerical results were consistent with experimental 
data and the maximum relative error was 5.4%. In both approaches, it was found that the temperature almost 
remained constant over a range of time. This time range is related to the phase change process that the numerical 
method has been able to model well. In addition, the results of the second selected experiment (less amount of 
sample) for validation are presented in Fig. 4d. It was observed that the temperature of the P3 point obtained 
from the numerical results was in very good agreement with the results measured in the second experiment so 
that the maximum relative error was 5.2%. Hence, the proposed numerical approach could be well used for the 
simulations of the oleogelation process of grape seed oil and beeswax mixture.

Result and discussion
Since the oleogelation phenomenon is inherently transient, in the present study, the various time-dependent 
results for a specific cooling rate and different cooling rates were examined. It should be mentioned that the 
temperature reduction around the sample during the cooling was considered from 85 to 25 °C. In numerical 
simulations, all the runs were taken on core i7 processors, 1.80 GHz, and 8 GB RAM. The maximum CPU time 
was less than 1 h to provide the converged solution.

Transient behavior of the cooling process
First, the heat transfer inside the sample during the specific cooling process was investigated. For this purpose, 
Fig. 5 illustrates contours of temperature distribution at different times (18, 36, 50, 54, 68, 72, 81, and 90 min) for 
a cooling rate of 0.666 °C/min. It was observed that the values related to temperature isotherms decreased over 
time so that the regions near the right and bottom boundaries had lower temperatures with higher gradients.

This showed that the heat transfer rates of the bottom and right boundaries were higher than the upper 
boundary because airflow velocity was higher over these boundaries, which caused higher convection heat 
transfer. Consequently, the gelation process in the middle area near the upper and left boundaries happened 
after it had occurred in other areas because its temperature decreased with a delay. Similar results were found in 
an experimental and numerical study about stratification, solidification, and melting55.

Moreover, it was found from Fig. 5 that the temperature gradient of the solution domain (the number of 
isotherms) increased over time up to the end of the gelation process, then the number of isotherms decreased 
and the temperature distribution became more uniform. The reason for this is that during the phase change, the 

Fig. 4.  Comparison of numerical and experimental temperature data: (a) at P1 for the first experiment, (b) at 
P2 for the first experiment, (c) at P3 for the first experiment and (d) at P3 for the second experiment.
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Fig. 5.  Temperature contours at different times (18, 36, 50, 54, 68, 72, 81 and 90 min).
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heat released was allocated to the phase change in each cell of the grid, so the thermal diffusion was reduced, 
leading to a decrease in the heat transfer between the neighboring points. In fact, in the specific heat capacity 
relation (Eq.  7), the phase change term was added during gelation, and according to the thermal diffusivity 
definition, the thermal diffusion decreased along with the increase of the equivalent specific heat capacity. 
Therefore, the temperature gradient in the solution area increased.

In the phase change phenomenon, the location of the interface between the two phases changes with time 
as latent heat is absorbed or released at a cell of the domain. This is a critical issue that should be investigated in 
the problems of oleogel formation. In the present problem, three points with a step of 25% of the corresponding 
length in the horizontal and vertical central lines of the solution domain were considered to investigate the phase 
change time. The schematic of the location of the phase change measurement points is represented in Fig. 6. 
Phase change over time for these points which are located on horizontal and vertical mid-planes is shown in 
Fig. 7, for a cooling rate of 0.666 °C/min. From Fig. 7a, it can be seen that for the h3 point, which was located on 
the horizontal mid-plane near the right boundary (wall container), phase change happened earlier than the h2 
and h1 points that were away from the right boundary. Also, in Fig. 7b, it can be observed that the phase change 
began from the point closer to the bottom boundary (v1). These results were consistent with Fig. 5 since the 
phase change occurred earlier in areas that cooled faster because of higher heat transfer. These findings were also 
observed in the experiment and are compatible with previous studies55,56. As an example, the comparison of the 
phase contour provided by the numerical method with the image of the experiment after 60 min is presented 
in Fig. 8. It should be noted that the contour of the numerical method has been obtained from the modeling 
domain rotation around the axis of symmetry.

Fig. 7.  Phase indication (θ) vs. time for three points located on (a) horizontal and (b) vertical central lines of 
the domain.

 

Fig. 6.  Schematic of the points located on horizontal and vertical mid-planes.
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Cooling rate effects
In order to investigate the effects of the sample cooling rate, the surrounding air temperature was changed 
from 85 to 25°C over five different times of 1.5, 3, 6, 12, and 24 h corresponding respectively to cooling rates of 
0.666, 0.333, 0.166, 0.083, and 0.041 °C/min. Figure 9 indicates that temperature isotherms were dense in the 
contours of samples with higher cooling rates. This means that as the cooling time decreased, the temperature 
gradient in the domain increased. It was because increasing the cooling rate decreased the duration of each step 
of temperature reduction, resulting in less available time for heat transfer in the domain. This behavior is similar 
to the behavior of solidification of gelatin hydrogen which was observed in a previous study44. However, the 
contours showed that for all the cooling rates, the domain temperature reached the temperature of the phase 
change, which led to the phase change in all modes.

Figure 10 illustrates the average temperature of the domain over time for different cooling rates. An almost 
linear relationship can be observed. Furthermore, it can be seen that the average final temperature of the domain 
declined as the cooling rate decreased. It is worth mentioning that the final temperature changes in response to 
changes in the cooling rates decreased at lower rates (less than 0.166 °C/min. For example, by the increment of 
the cooling time from 1.5 h to 3 h (halving the cooling rate), the average final temperature was reduced by 14.7%. 
For this finding, it can be argued that low cooling rates allow the domain to have more time for heat transfer to 
the surroundings. In fact, the heat could transfer more from the convective boundaries into the surrounding cool 
air. Hence, the average final temperature of samples with slower cooling rates was lower.

Figure 11a and b indicate temperature profiles respectively along the vertical and horizontal mid-lines of the 
domain for different cooling rates at the end of the process. It can be realized that as the cooling rate increased, 
temperature and temperature gradient along the mid-line increased. These figures, in agreement with previous 
figures, showed that in the area in the middle of the sample, with a high cooling rate, the temperature was higher 
than in other regions, while the samples with a lower cooling rate had more uniform temperatures with lower 
values.

Numerical simulation results related to phase change for different cooling rates (0.041, 0.083, 0.166, 0.333, 
and 0.666  °C/min) are given in Table 2. The time for the phase change to reach 50% of the overall domain 
volume, named equilibrium time and the phase change duration were divided by the total cooling time to 
properly compare the time-dependent phase change results for each cooling rate. According to Table 2, as the 
cooling rate increased, the ratio of phase equilibrium time over the total time decreased. Moreover, the phase 
change duration divided by the corresponding total process duration reduced as the cooling rate decreased. In 
other words, by reducing the cooling rate (increasing the total cooling time), the formation of oleogel occurred 
in a smaller fraction of the total time. For example, for cooling with a total time of more than six hours, the 
equilibrium time of the phases approached 50% of the total time. As previously stated, in cooling processes with 
lower rates there was more time for heat transfer through the solution domain. So, more cells of the grid medium 
had time to release latent heat, and phase change occurred earlier. This could be the justification for why the 
phase change was completed in a shorter time fraction for the slower cooling rate.

Conclusion
The oleogelation prepared from grape seed oil and beeswax was numerically investigated based on an 
experimental setup during the cooling process. In particular, the numerical model was validated against 
experimental measurements. Consequently, the corresponding thermophysical properties and experimental 
conditions of the oleogelation process were used to determine the behavior of oleogel formation at different 
cooling rates. The transient results showed that the temperature was lower in the areas near the bottom and right 
boundaries, as a result, the gelation process happened earlier in those areas. Also, it was observed that the cooling 
time significantly affected the temperature values and the phase transition rate. By reducing the cooling rate, the 
temperature and the temperature gradient inside the final oleogel decreased because there was enough time 
for heat transfer. Therefore, the final temperature at the lowest cooling rate was equal to the final temperature 
of the surroundings, 25 °C. Furthermore, the cooling rate reduction caused a smaller fraction of the total time 
spent on the phase change. Consequently, the phase change time was reduced from 35% to less than 5% of the 
corresponding total time and the rest of the time was spent on the reduction of the temperature. Accordingly, 

Fig. 8.  Comparison of gelation propagation of numerical (right image) and experimental (left image) method 
after 60 min. The fraction of phase 2 (gel) is plotted on the right image.
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Fig. 9.  Final temperature distribution contours for different cooling rates (0.666, 0.333, 0.166, 0.083 and 0.041 
°C/min).
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Fig. 11.  Temperature distribution at (a) vertical and (b) horizontal mid-planes of the domain for different 
cooling rates.

 

Fig. 10.  Average temperature of the solution domain as a function of time for different cooling rates.

 

Scientific Reports |         (2025) 15:1213 12| https://doi.org/10.1038/s41598-024-82352-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the proposed model can save costs and time. On the other hand, it provides accurate data on the formation of a 
beneficial oleogel that can be used in various applications or products, especially in the food industry.

Data availability

All data generated or analyzed during this study are included in this published 
article.
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