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Abstract: This study investigates the heat and mass transfer characteristics of a binary mixture
(R134a/R245fa) evaporated in a porous medium. The Eulerian model coupled with the multiphase
VOF model and species transport equations is employed to establish a multi-component evaporation
model. The effects of heat flux ranging from 200 kW/m2 to 500 kW/m2, porosity ranging from
0.4 to 0.6, and mass fraction ratios (R134a/R245fa) of 3:7, 5:5, and 7:3 are explored. The results
indicate that an increase in heat flux contributes to an increase in the evaporation rate. For the
overall evaporation rate, the evaporation rates of R134a and R245fa improve by 11.3%, 6.9%, and
16.3%, respectively, while the maximum improvement in heat transfer coefficient is only 1.4%. The
maximum evaporation rate is achieved at intermediate porosity in the porous medium, and the
highest heat transfer coefficient is obtained at a porosity of 0.4. With the increase in mass fraction, the
evaporation rate of the corresponding species also increases, while the overall evaporation rate and
heat transfer coefficient remain almost unchanged.

Keywords: binary zeotropic mixture; species transport; evaporation heat transfer; porous medium

1. Introduction

Micro-Electro-Mechanical Systems (MEMS) have shown their extensive potential
applications, such as atomization [1], wearable devices [2], electric chips [3,4], and other
fields. With the development of highly integrated and miniaturized MEMS, the heat and
mass issues in confined space have become increasingly prominent. Microscale flow heat
transfer with phase change holds significant importance in addressing their challenges.
However, the conventional flow boiling behavior in microchannels encounters severe
problems such as boiling instability and local dryout [5,6]. In contrast, the fast evaporation
in porous media not only reduces the boiling instability but also enhances the heat transfer
performance with a high surface-to-volume ratio of a porous structure [7]. Moreover, the
zeotropic mixtures exhibit a wider temperature range for heat and mass transfer compared
to the pure substances and can mitigate the local intense boiling phenomena and reduce
temperature gradients, resulting in a more uniform heat and mass transfer process. Hence,
the thermal transport of zeotropic mixtures in porous media is currently one of the most
effective approaches to achieve efficient performance for new MEMS devices with a heat
and mass transfer process.

In recent decades, numerous researchers have conducted studies aiming to under-
stand and characterize the behavior of binary mixtures heat transfer processes, including
microchannel boiling [8,9], pool boiling [10,11], droplet evaporation [12,13], and capillary
evaporation [14,15]. Dang et al. [16] conducted the experimental research on the flow
boiling process of the pure refrigerants R134a and R245fa, as well as their binary zeotropic
mixtures with varying blending ratios, in parallel and segmental microchannels. For the
pure refrigerants, the heat transfer performance of R134a was found to be superior to that

Energies 2023, 16, 6526. https://doi.org/10.3390/en16186526 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16186526
https://doi.org/10.3390/en16186526
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0008-4473-0423
https://doi.org/10.3390/en16186526
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16186526?type=check_update&version=1


Energies 2023, 16, 6526 2 of 15

of R245fa. However, R134a was more prone to triggering local dryout. In most operating
conditions, the heat transfer performance of binary mixtures decreases compared to that of
pure refrigerants. However, for the high heat flux stage, the heat transfer performance of
zeotropic mixtures demonstrates its improvement. Vajc et al. [17] performed an experiment
on the pool boiling heat transfer characteristics of water–glycerol binary mixtures. They
compared the variations of heat transfer coefficients for different component concentrations
and found that the heat transfer coefficient decreases exponentially with the increase in
glycerol mass fraction in the mixture. However, with an increase of water mass fraction, it
is more likely to induce dryout. Regarding the subcooled pool boiling process, the mixtures
with a higher mass fraction of glycerol demonstrate more pronounced sensitivity to the
subcooling effects on their heat transfer performance. Hu et al. [18] compared the boiling
heat performance of pure fluid (water), a 5% mass fraction ethanol–water solution, and a
5% mass fraction butanol–water solution. They found that, compared to the critical heat
flux of water, the 5% mass fraction ethanol–water solution increases by 1.52 times, and
the 5% mass fraction butanol–water solution increases by 1.91 times. They attributed the
enhancement of boiling heat transfer to the Marangoni effect induced by surface tension.
Canbazoglu et al. [19] experimentally investigated the enhanced solar radiation-induced
evaporation process of ethanol–water mixtures in a porous medium. They comprehensively
considered the effects of equilibrium vapor pressure, surface tension, dynamic viscosity,
and density on the evaporation rate.

Li et al. [20] established a numerical model for the pool boiling process of a single
bubble and investigated the heat transfer mechanism of an R32 + R1234yf binary mixture. In
contrast to the pure refrigerants, they identified two micro-layer evaporation modes: bubble-
point-controlled mode and thickness-controlled mode. Furthermore, they found that the
evaporation of micro-layers can terminate due to an increase in bubble-point temperature.
Yang et al. [21] developed a multiphase VOF model and an improved Lee method to
investigate the non-isothermal phase-change process of NH3/H2O mixtures in a two-
dimensional horizontal microchannel. They found that the approach used in the Lee model,
which determines the evaporation–condensation process based on saturation temperature,
is not applicable for the evaporation process of binary mixtures. Instead, the mass transfer
rate should be related to the ammonia concentration gradient at the liquid–vapor interface.
After modifying the Lee model accordingly, a good agreement was achieved with the
experimental data. The results indicated that the heat transfer performance of NH3/H2O
mixtures can exceed that of pure water under certain operating conditions.

The evaporation in porous media offers significant benefits in micro-scale thermal
management systems. However, the phase change characteristics of binary zeotropic
mixtures in porous media remains unclear, and the development of numerical models is
not yet fully refined. Therefore, this work establishes a binary mixture multi-component
evaporation model based on the VOF model coupled with the species transport model. The
aim is to investigate the influence of porosity, temperature, and component concentration
on the heat and mass transfer characteristics of binary zeotropic mixtures evaporated in
porous media. The obtained results are expected to achieve efficient evaporation devices, as
well as in the design of porous tobacco atomization structures, solar-powered evaporation
power generation, and electric chip cooling, etc.

2. Governing Equation

The Eulerian model offers the distinct advantages for the complex multicomponent
and multiphase flow problems, enabling the solving of mass, momentum, and energy
equations for each phase. In this model, both the flow and heat transfer equations are
governed by the Eulerian model. However, the multi-fluid VOF model offers a framework
for coupling the VOF and Eulerian multiphase models. This integration enables the
utilization of specific discretization schemes and sharp interface regimes. By addressing the
shared velocity and temperature formulation, this approach overcomes certain limitations
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of the VOF model. The multi-fluid VOF model offers precise interface sharpening schemes
(Geo-Reconstruct) for volume friction.

Continuity equation:
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where τq is expressed as the stress–strain tensor of phase q. µq and λq are the shear and

bulk viscosity for phase q, respectively.
→
g is the acceleration of gravity. The definition of

→
F q

is the force term, including the external body force, the lift force, the wall lubrication force,

etc.
→
R pq represents the interaction force between the phases.

→
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the interphase velocity, which is related to the mass transfer process.
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where ke f f ,q is the effective thermal conductivity, eq is the internal energy, T is the tempera-

ture, hpq is the interphase enthalpy, hj,q is enthalpy of species J in phase q, and
→
J j,q is the

diffusive flux of species J in phase q. Sq represents the source term, and Qpq is defined as
the intensity of heat exchange between two phases.

The continuum surface force (CSF) model can be adopted to obtain the surface tension
force, which has a significant effect on the liquid–vapor interface. The surface tension force
is expressed as follows:

→
F = σκv∇α · 2ρ

ρl + ρv
(4)

The curvature of the liquid–vapor interface is calculated as:

κv = ∇ · ∇α

|∇α| (5)

The Lee model is applied for the phase change modeling. In the evaporation and
condensation process, the mass transfer process through the liquid–vapor interface is
determined by the saturation temperature (Tsat). When the fluid temperature (Tl) exceeds
the saturation temperature, the evaporation process occurs, and mass transfer is calculated
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using Equation (4). Conversely, the condensation occurs when the temperature is lower
than the saturation temperature.

.
mpq = rlαlρl

Tl − Tsat

Tsat
(6)

.
mqp = rvαvρv

Tsat − Tv

Tsat
(7)

where rl and rv is defined as the evaporation/condensation relaxation coefficient, which is
related to the factors such as fluid, geometrical structure, grid quantity, etc. Based on the
description in the literature [22], rl = rv = 100 is selected as the parameter to determine
the mass transfer during the evaporation and condensation process.

This work focuses on the exploration of the heat transfer characteristics by utilizing a
binary mixture (R134a/R245fa) as the working fluid. Consequently, during the investigation
of phase change processes, the two components of the mixture are treated as a unified
phase using the mixture rule. The Species Transport Equations are applied to govern the
transport of the two components.

∂

∂t
(ρYi) +∇ ·

(
ρ
→
v Yi

)
= −∇ ·

→
J i + Ri + Si (8)

where Yi represents the species,
→
J i is expressed as the diffusion flux of species in laminar

flow. Ri is the net rate of production of species i by chemical reaction and Si is the rate of
creation by addition from the dispersed phase, which are both equal to zero in this model.
Di,m and DT,i denote the mass diffusion coefficient and the thermal diffusion coefficient of
species (i), respectively.

→
J i = −ρDi,m∇Yi − DT,i

∇T
T

(9)

To enhance the computational efficiency of multi-component phase change processes,
the porous structure is approximated as a continuum media in the present model. By
defining the porosity and solid material, the characteristics of a porous media are imparted
to the continuum medium. Consequently, the effective thermal conductivity, the relative
viscosity, the apparent velocity, and the other parameters need to be modified accordingly.
Furthermore, to improve the accuracy, the viscous resistance factor and the inertia resis-
tance factor are introduced as the additional corrections to accurately depict the transport
behavior of fluids within the porous media. These two factors are determined by the Ergun
equation, with a pore diameter of 20 µm. Based on the different porosities of 0.4, 0.5, and 0.6,
the viscous resistance factors are calculated as 2.1 × 1012, 7.5 × 1011, and 2.8 × 1011, while
the inertia resistance factors are calculated as 1.6 × 106, 7 × 105, and 3.2 × 105, respectively.
Moreover, the relative permeability in porous media based on the Corey power law model
also plays a significant role in the fluid transport. Due to the capillary forces generated at
the solid–liquid interface, the influence of capillary forces becomes more pronounced as
the pore size decreases. In this case, the Skjaeveland model, which considers both inflow
and outflow processes, is adopted to describe the capillary pressure effect of fluids in
porous media.

Pc,q =
Pe,w(

(αq−αqr)
(1−αqr)

)aw −
Pe,nw(

(1−αq−αpr)
(1−αpr)

)anw (10)

where Pc,q denotes the capillary pressure of phase q. The subscripts “w” and “nw” represent
the wetting and the non-wetting, respectively. Pe,w and Pe,nw are the inlet pressure. aw
and anw are the pore index, which is closely related to the pore scale and the uniformity
of distribution.
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3. Numerical Model
3.1. Physical Model and Mesh Scheme

Figure 1 shows the schematic diagram of porous media. To achieve the ultra-fast
transport characteristics, the pore size of the porous structure is generally small. Here, a
porous structure with a pore size of 20 µm is selected. After the porous evaporator core
fully wicks the binary mixture solution (R134a/R245fa) from the liquid pool, the mixture
solution is stored in the porous structure as the working fluid for the phase change process.
According to Ref. [11], in the simulation, the evaporation temperature at the saturated state
for each case is set to 26 ◦C. This work will focus on an isolated two-dimensional porous
structure filled with the binary mixture solution (R134a/R245fa). The dimensions of the
structure are 10 mm in length, 5 mm in height, and the porosity ranges from 0.4 to 0.6. The
bottom wall serves as the heating surface, while the top is the outlet. The two-dimensional
computational domain is divided into a structured grid using a quadrilateral grid method.
The grids near the heating wall and the outlet are refined to ensure a more accurate heat
and mass transfer across the liquid–vapor interface.
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3.2. Boundary Conditions and Initial Conditions

According to the aforementioned governing equations, in order to calculate the local
two-dimensional flow and heat transfer characteristics of the porous medium, it is necessary
to set the initial conditions and boundary conditions for the governing equations. The
specific initial conditions are as follows:

(1) At the initial time, the porous medium is fully saturated with the liquid phase. The
composition ratio of the solution is set to 3:7, 5:5, and 7:3 for R134a and R245fa,
respectively.

(2) The gauge pressure inside the porous medium is initially set to 0 Pa.
(3) The initial temperature inside the porous medium is set to 296 K, resulting in a

subcooling of 3 K.
(4) The initial velocity of the computational cells inside the porous medium is set to 0 m/s.

Boundary conditions:

(1) The outlet boundary condition is set as a pressure outlet, and the backflow temperature
at the outlet is set to the saturation temperature.

(2) The side walls are considered adiabatic ones, and the velocity is set to a no-slip
boundary condition.
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(3) The heating wall is specified as a constant heat flux boundary condition, ranging from
100 kW/m2 to 500 kW/m2.

3.3. Case Setup

The present numerical model employs a pressure-based solver to perform the transient
simulations of the two-component mixture evaporation process in a porous medium. The
Eulerian model coupling with the multiphase VOF model is utilized for the unsteady
calculations. The time step is set to an adaptive type, with a minimum time step of 10−5 s
and a maximum iteration limit of 20 per time step. The simulations are conducted using
an implicit scheme to reduce the dependency of the time step on the simulation stability
while ensuring computational accuracy and efficiency. The sharp interface scheme is used
for the liquid–vapor interface. The effects of contact angle and surface tension are taken
into account in the simulations, where the surface tension is modeled using the CSF model.
The interfacial heat transfer coefficient at the liquid–vapor interface is controlled by the
Ranz–Marshall equation. The continuity equation and momentum equation are considered
to have a convergence accuracy of 1 × 10−5, while the energy equation has a convergence
accuracy of 1× 10−6. For the numerical simulation of the evaporation process in the porous
medium, the Phase-Coupled Simple algorithm, which exhibits a high convergence rate,
is employed for the flow field calculations. The pressure difference is discretized using a
second-order upwind scheme, and the momentum and energy equations are discretized
using a first-order upwind scheme.

3.4. Grid Independence Analysis

To comprehensively consider the computational cost and accuracy, the mesh indepen-
dent verification is performed for the evaporation process under the conditions of a porosity
of 0.5, a heating power of 100 kW/m2, and a mass fraction percentage of (R134a/R245fa) of
5:5. Table 1 presents the data for the average temperature of the heating surface and the
fluid mass inside the porous medium using four different grid numbers. The parameter
e% = |Ni − Ni+1|/Ni is defined to evaluate the results of mesh sensitivity verification.
Based on the results, a mesh of 80,000 is ultimately selected as the computational grid for
the evaporation process in the porous medium.

Table 1. The parameters of porous evaporation (average wall temperature and mass) for grid
independence analysis.

No. Grid
Number Tavg (K) e% m (g) e%

1 10,000 300.281 0.014% 31.28 0.477%
2 20,000 300.324 0.007% 31.43 0.412%
3 80,000 300.345 0.006% 31.56 0.032%
4 125,000 300.328 - 31.55 -

3.5. Validation

To validate the reliability of the established numerical model, the pool boiling heat
transfer coefficient is calculated using a binary mixture of R134a and R245fa as the working
fluid. The calculated results are compared with the experimental data from Ref. [11] to
demonstrate the accuracy of the present model. Figure 2 shows a comparison between the
experimental data in Ref. [11] and numerical data using the present model for pool boiling
heat transfer coefficients. A 50% mass fraction mixture of R134a and R245fa is used for the
validation, with a heat flux range of 42 kW/m2 to 160 kW/m2. As the heat flux increases,
both the experimental and numerical heat transfer coefficients exhibit an upward trend.
The maximum error between the experimental and numerical heat transfer coefficients is
14.6%, indicating that present numerical model can accurately predict the heat and mass
transfer of the binary mixture in the boiling phase change process. This demonstrates a
strong reliability of the established numerical model.
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Figure 2. The comparison between the experimental data in Ref. [11] and numerical data using this
model for the pool boiling heat transfer coefficient.

4. Results and Discussion

The evaporation heat transfer characteristics of a binary mixture (R134a/R245fa)
in a porous medium are discussed and analyzed using the numerical simulation. The
evaporation process is influenced by various factors, such as heat supply and the porous
medium’s structural parameters, mass fraction of the binary mixture, etc. The focus of
present study is on three important factors that affect the evaporation of a binary mixture:
heat flux, the porosity of the porous medium, and the mass fraction of the binary mixture.

4.1. Effect of Heat Flux on Evaporation Heat Transfer

Figure 3a,b shows the mass variation curves and the evaporation rate variation curves
for the pure refrigerants R134a, R245fa, and the mixture of R134a/R245fa, respectively.
These curves are discussed under the conditions of a porosity of 0.5, a mass fraction ratio
of 5:5 for the binary mixture, and a heat flux of 200 kW/m2. The total evaporation rate
(

.
m0), R134a component evaporation rate (

.
m1), and R245fa evaporation rate (

.
m2) were

determined by calculating the time derivative of the measured mass (
.

mi = dmi/dt). In
the numerical simulations, the mass is monitored for each component of the liquid and
vapor phases within the computational domain. This strategy has also been adopted in
Ref. [23]. It can be observed that it remains relatively unchanged in the mass for two pure
refrigerants and the mixtures before t = 0.07 s. This indicates that during this time, the
mass transfer from liquid phase to vapor phase is nearly the same as the mass transfer
from vapor phase to liquid phase. However, after t = 0.07 s, the mass curve for liquid
decreases rapidly, indicating the intense evaporation of the binary mixture in the porous
medium. Figure 3b also confirms this result. Before t = 0.07 s, the evaporation rates for
all three substances are nearly zero. However, after t = 0.07 s, the evaporation rate curves
dramatically increase. During the intense evaporation process (t = 0.07–0.1 s), the total
evaporation rate, R134a evaporation rate, and R245fa evaporation rate fluctuate around a
constant rate, respectively. As a result, the slopes of the mass variation curves are linear.
In the initial stage of intense evaporation, the evaporation rates of R134a and R245fa are
similar. As the evaporation proceeds, the evaporation rate of R134a is slightly higher than
that of R245fa. This is attributed to the physical properties of two refrigerants. The large
surface tension and dynamic viscosity of R245fa hinder the mass transfer from liquid phase
to vapor phase. In the initial stage, R134a and R245fa have a similar mass fraction and
larger masses, so the difference in evaporation rates between the two is not significant, but
the evaporation rate of R245fa is consistently lower than that of R134a. As the evaporation
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progresses, the difference in evaporation rates becomes more pronounced. After t = 0.1 s,
the evaporation rate starts to fluctuate significantly, and even negative evaporation rates
occur, indicating the condensation phenomena occur at the outlet. This is also the reason
for the sudden increase in the mass of R245fa in the mass curve during the time ranging
from 0.1 s to 0.15 s. On the other hand, the mass of R134a liquid gradually decreases, and
the evaporation rate curve suggests that R134a does not undergo a noticeable condensation.
The following contours will explain the reasons for this phenomenon in detail. As the
evaporation continues, the liquid in the porous medium dries up, and the evaporation
process within the porous medium comes to an end.
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Figure 4a,c represents the phase contours at a heat flux of 200 kW/m2 and 400 kW/m2,
respectively. The red region indicates the vapor phase, while the blue region represents
the liquid phase. Due to the influence of the porous medium structure, the nucleation
of the binary mixture does not occur within the porous medium. Instead, an irregular
liquid–vapor interface is formed within the porous medium, facilitating a mass transfer
between the vapor and liquid phases. The intense evaporation within the porous medium
causes the liquid–vapor interface to gradually migrate from the heating surface towards
the outlet. Due to the stochastic fluid permeation within the porous medium, the migration
of the liquid–vapor interface is not smooth, resulting in several certain locations of interface
migrating faster than others. When a local liquid–vapor interface just contacts the outlet,
some vapor overflows from the gap of the interface (as shown in Figure 4a at t = 0.101 s
and Figure 4c at t = 0.054 s). Due to the lower vapor density of R245fa, it is more prone to
accumulation at the gaps of the liquid–vapor interface. Therefore, R245fa is more likely
to undergo condensation compared to R134a. In conclusion, R245fa is more prone to
condensation at the outlet. The negative evaporating rate of R245fa in the evaporation rate
curve in Figure 3 better illustrates the occurrence of condensation. As the condensation
takes place and the vapor blockage occurs at the outlet, the liquid–vapor interface and
the gaps at the outlet are completely filled, allowing the evaporation to continue until
the liquid inside the porous medium is completely dried out. Figure 4b,d represents the
mass fraction contours of R134a liquid at the heat fluxes of 200 kW/m2 and 400 kW/m2,
respectively. In the diagram, the black line represents the liquid–vapor interface, with the
lower part indicating the vapor phase and the upper part representing the liquid phase.
The red region represents the maximum mass fraction of R134a, which accounts for 50%
of the total mass. It can be observed that in the liquid phase region, the mass fraction of
R134a gradually decreases near the liquid–vapor interface. This is because R134a is more
easily evaporated compared to R245fa. The evaporation rate curve also indicates that the
evaporation rate of R134a is higher than that of R245fa.
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Figure 5a represents the variation of the mass of binary mixture over time for different
heat fluxes ranging from 200 kW/m2 to 500 kW/m2. As the heat flux increases, the onset
of intense evaporation occurs earlier. At a heat flux of 200 kW/m2, a noticeable decrease
in liquid mass is observed at t = 0.071 s, while at a heat flux of 500 kW/m2, the onset of
intense evaporation is advanced to 0.021 s. Correspondingly, the end time of evaporation
also advances. Interestingly, with the increase in heat flux, the overall evaporating rate, the
evaporating rate of R134a, and the evaporating rate of R245fa show the improvement, as
shown in Figure 5b–d. At a heat flux of 200 kW/m2, the overall evaporating rate, R134a
evaporating rate, and R245fa evaporating rate are 673.7 g/s, 357.2 g/s, and 316.4 g/s,
respectively. When the heat flux rises to 500 kW/m2, the corresponding evaporating rates
are 749.6 g/s, 381.7 g/s, and 367.9 g/s, with enhancement ratios of 11.3%, 6.9%, and 16.3%,
respectively. This indicates that the evaporating rate of R245fa is more sensitive to the
changes in heat flux. Figure 6 shows the curves of the heating surface temperature and heat
transfer coefficient as a function of heat flux. It is evident that with an increase in heat flux,
both the heating surface temperature and heat transfer coefficient gradually increase. The
maximum increase in the heat transfer coefficient is 1.4%, indicating that the heat transfer
coefficient is not highly sensitive to changes in heat flux.
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4.2. The Effect of Porosity on Evaporation Heat Transfer

Figure 7a represents the variation of the mass of the binary mixture over the time for
different porosities ranging from 0.4 to 0.6. The discussion is based on a binary mixture with
a mass fraction ratio of 5:5 and a heat flux of 400 kW/m2. It can be observed that a porous
medium with a low porosity has a larger volume fraction for solid material, resulting
in a smaller initial mass of liquid and a shorter overall evaporation time. Additionally,
in porous media with higher porosities, preferential evaporation occurs. For example,
at a porosity of 0.4, at t = 0.028 s, the intense evaporation has already begun, while the
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time has been advanced to 0.21 s at a porosity of 0.6. Figure 7b–d shows the variation
of the overall evaporating rate, the evaporating rate of R134a, and the evaporating rate
of R245fa over time for different porosities. It is observed that as the porosity increases,
the evaporating rates of all three substrates initially increase and then decrease. The
overall evaporating rates for porosities of 0.4, 0.5, and 0.6 are 439.9 g/s, 676.4 g/s, and
608.5 g/s, respectively. The evaporating rates of R134a are 220.1 g/s, 343.8 g/s, and
306.1 g/s, respectively. The evaporating rates of R245fa are 219.9 g/s, 332.6 g/s, and
302.4 g/s, respectively. This is because the inertial resistance coefficient and the viscous
resistance coefficient in the porous medium are strongly correlated with the porosity. As
the porosity increases, both the viscous resistance coefficient and the inertial resistance
coefficient decrease, effectively reducing the flow resistance of liquid and vapor in the
porous medium and enhancing convective heat transfer. Furthermore, a higher porosity
corresponds to a larger effective heat transfer area, which benefits the increase in the
evaporating rate. However, as the porosity increases, the proportion of solid material in
the porous medium decreases, leading to an increase in the initial mass of liquid and a
decrease in the effective thermal conductivity, which hinders the evaporation process to
some extent. Taking all factors into the consideration, the maximum evaporation rate is
achieved when the porosity is 0.5. As shown in Figure 8, it presents the variations of the
heating surface temperature and heat transfer coefficient with porosities. With an increase
in the porosity, the heating surface temperature gradually increases while the heat transfer
coefficient decreases. Although the maximum evaporation rate is obtained at a porosity of
0.5, the dominating factor in the heat transfer process is the reduction in effective thermal
conductivity. Considering all aspects, the porous structure with a porosity of 0.4 exhibits a
higher heat transfer coefficient. This indicates that the heat transfer coefficient is strongly
influenced not only by the evaporation rate but also by the structural parameters of the
porous medium.
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Figure 8. Variation of temperature of heating wall and heat transfer coefficient with porosities.

As shown in Figure 9, they depict the phase contours at porosities of 0.4 and 0.6,
respectively. It is worth noting that at the lower porosities, the liquid–vapor interface within
the porous medium appears more tortuous. This can be attributed to the narrower flow
space and more complex flow characteristics in the porous structure with a lower porosity,
which are prone to a localized evaporation. Additionally, it is observed that as the porosity
increases, the diffusion layer gradually thickens. This is in contrast to the aforementioned
phenomenon, where the higher porosity in the porous structure provides a broader flow
space, allowing for more efficient diffusion processes. According to Equations (8) and (9),
it can be observed that the mass transport in the species transport equation is strongly
influenced by the diffusion coefficient, D, which is influenced by the physical properties
of the species, such as viscosity. Comparatively, R134a has a larger diffusion coefficient
than that of R245fa. Therefore, in Figure 9, during the evaporation process in the porous
medium, there is a phenomenon of preferential diffusion, indicated by the decrease in the
mass fraction of the R134a liquid phase.
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4.3. The Effect of Mass Fraction on Evaporation Heat Transfer

Figure 10a shows the variation of the mass of a binary mixture with the time for
different mass fractions ratios (R134a/R245fa) of 3:7, 5:5, and 7:3. Figure 10b–d represents
the variation of the total evaporation rate, the R134a evaporation rate, and the R245fa
evaporation rate with the time for different mass fractions. These discussions are based
on a porous medium with a porosity of 0.5 and a heat flux density of 400 kW/m2. It is
important to note that under different mass fractions, there is no significant change in
the total mass variation or total evaporation rate. However, the evaporation rate of each
component has significant effects. With an increase in the mass fraction of R134a in the
mixture, the evaporation rate of R134a gradually increases from 211.4 g/s to 460.3 g/s.
On the other hand, the evaporation rate of R245fa gradually decreases from 480.4 g/s to
184.4 g/s. This indicates that higher mass fractions result in faster evaporation rates for
the corresponding component. Furthermore, due to the lack of significant changes in the
total evaporation rate, the heating surface temperature and heat transfer coefficient remain
consistent for the three different mass fractions, as shown in Figure 11.

Energies 2023, 16, x FOR PEER REVIEW 13 of 15 
 

 

4.3. The Effect of Mass Fraction on Evaporation Heat Transfer 
Figure 10a shows the variation of the mass of a binary mixture with the time for dif-

ferent mass fractions ratios (R134a/R245fa) of 3:7, 5:5, and 7:3. Figure 10b–d represents the 
variation of the total evaporation rate, the R134a evaporation rate, and the R245fa evapo-
ration rate with the time for different mass fractions. These discussions are based on a 
porous medium with a porosity of 0.5 and a heat flux density of 400 kW/m2. It is important 
to note that under different mass fractions, there is no significant change in the total mass 
variation or total evaporation rate. However, the evaporation rate of each component has 
significant effects. With an increase in the mass fraction of R134a in the mixture, the evap-
oration rate of R134a gradually increases from 211.4 g/s to 460.3 g/s. On the other hand, 
the evaporation rate of R245fa gradually decreases from 480.4 g/s to 184.4 g/s. This indi-
cates that higher mass fractions result in faster evaporation rates for the corresponding 
component. Furthermore, due to the lack of significant changes in the total evaporation 
rate, the heating surface temperature and heat transfer coefficient remain consistent for 
the three different mass fractions, as shown in Figure 11. 

 
Figure 10. Variation of (a) mass of binary mixture, (b) total evaporation rate, (c) R134a evaporation 
rate, and (d) R245fa evaporation rate with time for different mass fractions of binary mixture 
(R134a/R245fa = 3:7, 5:5, and 7:3). 

Figure 10. Variation of (a) mass of binary mixture, (b) total evaporation rate, (c) R134a evapora-
tion rate, and (d) R245fa evaporation rate with time for different mass fractions of binary mixture
(R134a/R245fa = 3:7, 5:5, and 7:3).



Energies 2023, 16, 6526 14 of 15
Energies 2023, 16, x FOR PEER REVIEW 14 of 15 
 

 

 
Figure 11. Variation of temperature of heating wall and heat transfer coefficient with mass fraction. 

5. Conclusions 
The present study employs the Eulerian model coupled with the multiphase VOF 

model and species transport model to develop a multi-component evaporation model for 
a binary zeotropic mixture. The focus is on exploring the flow and heat transfer character-
istics of binary mixtures evaporated in porous media with regard to heat flux, porosity, 
and mass fraction. The main conclusions can be summarized as follows: 

During the initial stage of evaporation, there is no significant change in the evapora-
tion rate. As the evaporation rate curve rapidly increases, the vigorous evaporation takes 
place within the porous media, with the evaporation rate fluctuating around a relatively 
constant value. As the liquid–vapor interface approaches the outlet, the local condensation 
phenomena occur. Eventually, the evaporation process ends with the dryout of liquid 
within the porous media. 
(1) With the increase in heat flux, the overall evaporation rate, R134a evaporation rate, 

and R245fa evaporation rate show certain improvements, with the increases of 11.3%, 
6.9%, and 16.3%, respectively. The evaporation rate of R245fa is more sensitive to 
changes in heat flux. As the heat flux increases, the heat transfer coefficient slightly 
increases, with a maximum improvement of 1.4%. 

(2) Taking into account factors such as inertia resistance coefficient, viscosity resistance 
coefficient, flow space, and effective thermal conductivity, the overall evaporation 
rate and R134a (R245fa) evaporation rates achieve their maximum values at a poros-
ity of 0.5 in the porous medium. Additionally, the maximum heat transfer coefficient 
is observed at a porosity of 0.4. 

(3) In a binary mixture, as the mass fraction of the component increases, the correspond-
ing evaporation rate also increases. When the mass fraction ratio (R134a/R245fa) is 
5:5, the evaporation rate of R134a is slightly higher than that of R245fa. However, for 
three different mass fractions, the overall evaporation rate and heat transfer coeffi-
cient remain nearly constant. 

Author Contributions: Conceptualization, Z.L.; Methodology, B.Z., P.C., Z.W., Z.S., W.D. and P.H.; 
Software, P.C., B.K. and W.W.; Validation, Z.W., Z.S. and B.K.; Formal analysis, B.Z., P.C., Z.W. and 
Z.L.; Investigation, P.C. and Z.P.; Resources, Z.W.; Data curation, W.W. and P.H.; Writing—original 
draft, B.Z.; Writing—review & editing, W.D., Z.P. and Z.L.; Project administration, W.D.; Funding 
acquisition, Z.P. and Z.L. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research was funded by the China Tobacco Hunan Industrial Co., LTD. 2022 Open 
Project (KY2022KF0001). 

Data Availability Statement: The data presented in this study are available in article. 

Figure 11. Variation of temperature of heating wall and heat transfer coefficient with mass fraction.

5. Conclusions

The present study employs the Eulerian model coupled with the multiphase VOF
model and species transport model to develop a multi-component evaporation model for a
binary zeotropic mixture. The focus is on exploring the flow and heat transfer characteristics
of binary mixtures evaporated in porous media with regard to heat flux, porosity, and mass
fraction. The main conclusions can be summarized as follows:

During the initial stage of evaporation, there is no significant change in the evaporation
rate. As the evaporation rate curve rapidly increases, the vigorous evaporation takes
place within the porous media, with the evaporation rate fluctuating around a relatively
constant value. As the liquid–vapor interface approaches the outlet, the local condensation
phenomena occur. Eventually, the evaporation process ends with the dryout of liquid
within the porous media.

(1) With the increase in heat flux, the overall evaporation rate, R134a evaporation rate,
and R245fa evaporation rate show certain improvements, with the increases of 11.3%,
6.9%, and 16.3%, respectively. The evaporation rate of R245fa is more sensitive to
changes in heat flux. As the heat flux increases, the heat transfer coefficient slightly
increases, with a maximum improvement of 1.4%.

(2) Taking into account factors such as inertia resistance coefficient, viscosity resistance
coefficient, flow space, and effective thermal conductivity, the overall evaporation
rate and R134a (R245fa) evaporation rates achieve their maximum values at a porosity
of 0.5 in the porous medium. Additionally, the maximum heat transfer coefficient is
observed at a porosity of 0.4.

(3) In a binary mixture, as the mass fraction of the component increases, the corresponding
evaporation rate also increases. When the mass fraction ratio (R134a/R245fa) is 5:5,
the evaporation rate of R134a is slightly higher than that of R245fa. However, for
three different mass fractions, the overall evaporation rate and heat transfer coefficient
remain nearly constant.
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