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Abstract— Non–mixing two-phase flows in microchannels 

have become a popular technique for cooling applications due to 

their thermal performance and flow generation simplicity. Slug-

flow is one of the regimes in two-phase flow that has higher rates 

of heat and mass transfer in microchannels compared to other 

types because of the internal fluid recirculation within the slugs. 

The addition of nanoparticles to one of the phases in slug-flow 

could further increase the heat transfer rates. Therefore, in this 

research, nanofluid-based liquid-liquid slug-flow was studied. 

Studies were carried out numerically using ANSYS Fluent®. A 

series of studies were carried out to investigate the effect of 

nanoparticles on heat transfer. Aluminium oxide (Al2O3) was 

selected as nanoparticles due to its physical and chemical 

stability along with its high thermal conductivity. Numerical 

results were validated with the experimental data available in 

the literature. Interface capturing of two-phase flow was done 

using VOF (Volume-of-Fluid) and Eulerian–Eulerian mixture 

models. The results showed a significant heat transfer 

enhancement when using nanoparticles in either phase. Two-

phase slug-flow itself has shown up to four-times the increase in 

heat transfer in terms of Nusselt Number in the literature. This 

could be increased by more than eightfold by incorporating 

nanoparticles into the secondary phase. 

Keywords—nanofluid, two-phase flow, CFD, heat transfer, 

microchannels, microfluidics 

I. INTRODUCTION 

Microfluidic based technologies have evolved and 
developed over the past few years. Fluid flow in 
microchannels for cooling applications has shown promising 
outcomes in heat transfer due to its high surface area to 
volume ratio. Therefore, microchannel flows are used in heat 
exchangers, LoCs (Lab on a Chip), MEMS 
(microelectromechanical systems) and microreactors. 
Tuckerman and Pease [1] have introduced the heat removal 
concept in electronic cooling by using a liquid flow in 
microchannels. The recorded heat removal rate from the study 
was 0.79 kW/cm2 with single-phase flow with integrating a 
microchannel into a heat sink [2]. Electronic cooling by heat 
sinks with embedded channels, in the presence of a fluid flow 
is already proven and well established to be an effective 
method of heat removal. However, there are limitations for 
heat removal with single-phase microchannel flows since they 
are in a laminar flow regime by nature. To overcome these 
limitations, two-phase flows have been introduced. While 
two-phase flow could be gas-liquid or liquid-liquid, liquid-
liquid two-phase flows in microchannels were widely used 
recently due to their better thermal performance and simplicity 
of flow generation. There are many two-phase flow patterns, 
among all, slug flow has the highest thermal performance due 

to flow characteristics. Nanofluids have become one of the 
best choices in heat transfer due to their ability to increase the 
thermal conductivity of liquids with added nanoparticles. 

  

In nanofluids, particles are used in low concentration or low 
density (<1.0 vol %) and also the colloidal dispersion 
nanoparticles are having one dimension within the range of 1 
– 100 nm [3].  

II. LITERATURE REVIEW 

A. Heat transfer with nanoparticles in two–phase flow 

Two-phase slug flow is the widely used flow pattern in 
cooling applications where the two-phase flows are employed. 
Slug flow is a train of  a secondary phase plugs in a primary 
phase [4]–[7]. When there is a fluid film between the 
secondary phase plug and the channel wall, the flow is called 
a Taylor flow [8], [9]. In 2010, Janes et al. [10] has done a 
study on liquid-liquid two-phase and heat transfer in gas-
liquid and liquid-liquid plug-flow systems. In their study, 
water–air, oil-air, and oil-water have been experimented. It 
has been observed that the flows are almost behaving as 
Taylor flows.  

Most of the experimental studies have been done to 
identify the effect of the friction in liquid-liquid two-phase 
flow [11]–[13]. Lim et al. [14] in 2013, conducted a study on 
heat transfer characteristics and flow visualization of gas-
liquid two-phase flow in microchannel under constant heat 
flux at the wall. Correlation between Nusselt number and axial 
location as well as the Nusselt number and void fraction have 
been presented as findings.  

Nomenclature  

Symbols 

�� - Local Nusselt number 
ℎ - Heat transfer 

coefficient 
� - Diameter 
� - Thermal conductivity 
�� - Reynolds number 
�	 - Prandtl number 

 - Heat flux 
� - Temperature 
� - Dynamic viscosity 
 - Volume fraction 
� - Nanoparticle 

diameter 
� - Thermal diffusivity 
�  - Nanoparticle constant 

(= 1 for Al2O3) 

 
 

Acronyms 

���� - Micro 
electromechanical 
systems 

��� - Volume of Fluid 
��� - Computational Fluid 

Dynamics 
��� - Lab on a Chip 
CHF - Critical heat transfer 
 

Subscripts  

�� - Nanofluid 
� - Water 
��   - Wall 
! - Mean / bulk  
" - Nanoparticle 
��� - Effective 
#/# - Volume/volume 



With the increasing demand for high heat removal rates in 
many cooling applications, a significant attention has been 
paid to convective heat transfer with nanofluids as a method 
for increasing heat transfer performance. Adham et al. [15] 
discussed the various aspects of nanofluids based 
microchannel heat sinks. They noted that further studies are 
required to analyse the effect of nanofluid type and geometries 
of microchannels on heat transfer. Rea et. al, in 2008 
experimentally studied the convective heat transfer of Al2O3 
nanofluids in laminar flow regime and showed that heat 
transfer rates were increased in the fully developed region 
with nanoparticles [16]. Forced convection of Al2O3-water 
nanofluids was experimentally studied by Zeinali Heris et al. 
[17] and showed that Nusselt number is increased with 
increasing volume fraction. Kalteh et al. studied nanofluids 
heat transfer in microchannels both experimentally and 
numerically [18]. They also used Al2O3-water as the working 
fluid and showed heat transfer increase with increasing 
Reynolds number and particle volume fraction.  

There is limited number of studies available on nanofluid 
based two-phase flow in the literature. In 2018, G. Qiangshun 
et al. [19] numerically studied the fluid flow and heat transfer 
in a two-phase nanofluid. They employed water-alumina as 
the nanofluid and modelled numerically under two main 
cases; water–alumina nanofluid-filled cavity with a rising 
silicone oil drop and stratified flow of water–alumina 
nanofluid, water and silicone oil in a channel [19]. They 
showed that nanoparticle distribution was mainly due to 
convection and diffusion distribution of nanoparticles was 
weak. They also showed that the presence of nanoparticles 
near the wall helps in augmenting heat transfer while no 
promotion of internal heat transfers due to the presence of 
nanoparticles within the bulk. Nanofluid based two-phase slug 
flow heat transfer in a square microchannel was numerically 
studied by Morteza et al. in 2020 [20]. Al2O3-water was used 
as the nanofluid, and the air was used as the secondary phase. 
They used the boundary mesh adaptation technique to reduce 
the computational time and showed the presence of vortices 
and fluctuations in the liquid film region. Their results showed 
that Nusselt number is a function of slug and unit cell length 
and an increase of heat transfer by 10% compared to water-air 
two-phase flow. Zong, J., & Yue, J. experimentally studied the 
effect of nanoparticle addition on flow patterns and pressure 
drop of gas-liquid slug flow in microreactors. They used N2 as 
the secondary phase while water mixed with nanoparticles as 
the primary phase. TiO2/water, TiO2/water+Ethelene Glycol 
and Al2O3/water were used as the water-based nanofluids. 
They showed the existence of liquid film around N2 bubbles 
in the nanofluid and gas cases in contrast to no liquid film with 
water-gas two-phase flow. This revealed that the addition of 
nanoparticles has changed the wetting properties of the wall 
to be more hydrophilic. Pressure drops measured in their 
experiments were reported to be well aligned with the model 
presented by Kreutzer et al. [21].   

Further studies are required to understand the 
hydrodynamics and heat transfer of nanofluid based two-
phase slug flow in microchannels.  Therefore, this study is 
focused on numerical studies of fluid flow and heat transfer of 
nanofluid based two-phase slug flow in microchannels.  

III. METHODOLOGY 

In this study two-phase flow with nanoparticles in a 
circular microchannel is modelled numerically. Simulations 
are carried out in 2D axisymmetric space. Water and light 

mineral oil were used as the primary and secondary working 
fluids respectively [22]. Al2O3 nanoparticles were added to 
each phase separately to study the effect of the addition of 
nanoparticles on slug flow heat transfer (fig. 1). This was 
simulated as three-phase flow model which allows 
investigating the behaviour of the nanoparticles 
independently, without the influence of physical and chemical 
properties of base phase or secondary phase. In many studies, 
nanoparticles added phase was considered as a single-phase 
by altering its thermophysical properties to study the 
nanoparticle effect. This can reduce a considerable amount of 
computational time since CFD solvers treat as a single-phase 
flow [23]. However, the drawback of this method is the 
difficulty of evaluating the effect of nanoparticles 
independently. However, nanofluids are two-phase fluids by 
nature due to Brownian force, Brownian diffusion, friction 
force, thermophoresis, and gravity within them [24]. 
Therefore, using multiphase models can lead to obtaining 
more realistic results. Lagrangian-Eulerian and Eulerian-
Eulerian models were used as main two-phase approaches to 
model nanofluids. 

In this study, ANSYS Fluent® [25] was used to solve the 
general momentum, energy, and continuity equations along 
with other interaction force equations between the phases. 
Eulerian model was used for the study of nanoparticles in the 
microchannel. Also, this study is divided into two main 
subcases: nanoparticles injection in primary phase and 
nanoparticle injection in secondary phase. A number of cases 
with different volume fractions of nanoparticles in the primary 
phase as well as in the secondary phase were considered. 
Initially, secondary phase was patched before starting the 
simulation.  
 

The volume fraction of light mineral oil 

Fig. 1. Initial Setup 

A. Mesh Generation and study validation 

A mesh independency study has been carried out to check the 
accuracy of mesh elements used in this simulation. Fig. 2 
shows the corresponding results obtained from cases with 
different mesh sizes. According to Fig. 2, the percentage 
variation of the values between 0.5 µm mesh case and 1.0 µm 
mesh case is 6% while the difference between 5.0 µm element 
size case and 1.0 µm mesh case was higher than 10%. 

Therefore, 1.0 µm structured mesh elements were used 
throughout the study. The mesh elements are refined 
automatically at the two-phase interface continuously based 
on the gradient of volume fraction, with the threshold values 
for refining and coarsening to be 0.15 and 0.1 respectively. 
Fig. 3 shows the 1 µm element size mesh with refined gradient 
adaptation to track the fine interface between the phases. Fig. 
4 shows the mesh overlay with the phase contour for more 
clear understanding.  

B. Boundary Conditions 

The numerical model consists of two main sections: flow 
developing region and constant temperature wall region where 
the heat transfer is considered. A 3000 µm long microchannel 



with a 100 µm diameter was selected in this model while 
providing a sufficient part for flow development. All the 
properties of the fluids and the nanoparticle are the same as 
Table I. Table II has shown the summary of the cases which 
have been carried out. The interfacial tension with water is 
0.04925 N/m used in the simulation. 

The slug flow will develop over a length of 10D with a 
wall temperature of 300K before entering the heating portion. 
The heating wall (20D) is kept at a constant temperature of 
350K, which is approximately the temperature of the heated 
electronic chip. While the boundary condition for the 
channel's output is specified as a 0 Pa pressure outlet, the 
inlet's boundary condition is set as a velocity inlet with a 
constant velocity of 0.2 m/s for each case, due to the highest 
Nusselt number observation in two-phase slug flow [4], [27]. 
Nanoparticle concentration selection was based on 
experimental and numerical results found on [26], [28]–[30]. 
Results of those studies were also used to validate the results 
obtained in this study. 

TABLE I.  MATERIAL PROPERTIES INCLUDING NANOPARTICLES 

Material 
 

Density 
(kg/m3) 

Specific 
Heat 

(J/kg.K) 

Thermal 
Conductivity 

(W/m.K) 

Dynamic 
Viscosity 

(Pa.s) 
Water 998 4182 0.6 0.001002 
Light 

Mineral Oil 
838 1670 0.17 0.023 

Aluminium 2690 917 239 N/A 
Al2O3 

Nanoparticle 
[26] 

3970 
50 nm 

spherical 

765 40 N/A 

TABLE II.  SUMMARY OF TESTED CASES 

Case 
No. 

 

Inlet Velocity 
(m/s) 

Nanoparticle 
Domain 

Nanoparticle 
concentration 

(v/v %) 

01 0.2 Light mineral oil 0.2 

02 0.2 Light mineral oil 0.5 

03 0.2 Water 0.2 

04 0.2 Water 0.5 

 

IV. RESULTS & DISCUSSION 

Results obtained from the numerical simulations are 
presented in this section. Results are presented in two main 
sections: nanoparticles in the base phase and nanoparticles in 
the secondary phase. First, the study of nanoparticles in the 
secondary phase will be discussed and the latter part will 
present the effect of the nanoparticles on heat transfer when 
they are added to the base phase.  

A. Effect of nanoparticles in secondary phase on heat 

transfer 

Fig. 5 and Fig. 6 show the droplet formation of the –two-
phase flow with Al2O3 nanoparticles and temperature 
distribution inside a droplet, respectively. To study the effect 
of heat transfer quantitatively, the Nusselt number was 
calculated. 

The correlation shown in (1) proposed by Ramirez Tijerina 
et al. [31] was used to calculate the Nusselt number. In their 
study, they have used a straight tube for the experiments and 

proposed a correlation for the Nusselt number of nanofluid 
where the flow experience a constant wall temperature. Local 
Nusselt number from the CFD results has been calculated 
using (2). The properties of the nanofluid such as viscosity and 
thermal conductivity can be calculated using the correlations 
presented by Sharma et al. [32] as given in (3) and (4) 
respectfully. These calculated values were compared with 
properties obtained by the numerical simulation as a 
validation for the study. 

 

Fig. 2. Velocity distribution in water along a perpendicular line in the 
midplane 

 

Fig. 3. Computational mesh with gradient adapted refinements 

 

Fig. 4. Mesh overlay with phase contour 

 

Fig. 5. Volume fraction of Nanophase Al2O3 

Properties of the nanophase which were obtained from the 
CFD study have been aligned with the above-mentioned 
correlation as well as with the experimental effective thermal 
conductivity (�%&&) values of 1.130 and 1.274 for the cases 
one and two, respectively. These experimental values were 
obtained from the study which was conducted by Hemmat 
Esfe et al. in 2014 [30]. Fig. 7 shows the effective thermal 
conductivity comparison of the nanofluid phase in the 
different cases. All the CFD results are between 3.0 % - 4.0 % 



variation with the literature values and the experimental data. 
A summary of the results is presented in Table III. 

 

Fig. 6. Temperature variation inside a bubble (Nanodomain – Secondary 
phase) 
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TABLE III.  EFFECT OF NANOPARTICLES IN SECONDARY PHASE ON 
HEAT TRANSFER CASE PARAMETERS 
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01 2.00% 
(v/v) 

Dynamic 
viscosity 

0.0225412 
(Pa.s) 

0.0220279 
(Pa.s) 

L
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ht
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al
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 /

A
l 2

O
3 Thermal 

conductivity 
0.1997 

(W/m.K) 
0.1974 

(W/m.K) 
Average 
Nusselt 
Number 

17.1245 
Using Eq. (2) 

02 5.00% 
(v/v) 

Dynamic 
viscosity 

0.0228117 
(Pa.s) 

0.0221027 
(Pa.s) 

Thermal 
conductivity 

0.2236 
(W/m.K) 

0.2057 
(W/m.K) 

Average 
Nusselt 
Number 

20.524 
Using Eq. (2) 

 Fig. 8 shows the Nusselt number comparison of the 
nanofluid based liquid-liquid two-phase slug flow with 
respect to single-phase and liquid-liquid two-phase slug flow 
without nanoparticles. According to the results, nanofluid 
Nusselt number has been increased compared to the two-phase 
liquid-liquid slug flow.  

 This happens because the thermal conductivity of the 
primary phase has not changed since the nanoparticles were 
added to the secondary phase. Therefore, the ratio of 
convection heat transfer to conduction heat transfer is 
increased. As a result of that, the average Nusselt number has 
been increased. 

 The Nusselt number variation with the axial length is 
shown in Fig. 9 to illustrate the change in the Nusselt number 
along with two consecutive droplets. Nusselt number has been 

decreased rapidly in the middle of the droplet due to the 
reducing the thermal gradient in this region. The reason for 
higher Nusselt numbers in nanofluid is that convective heat 
transfer increases due to nanoparticle circulation. 

 Fig. 10 show the relative velocity magnitude of the Al2O3 
nanoparticles with respect to the host phase in a single droplet. 
This relative velocity of the nanoparticles creates convective 
heat currents inside the bubble to increase the overall 
convective heat transfer in the two-phase flow. 

 

Fig. 7. Effective Thermal Conductivity (�'& �6⁄ ) Comparison of nanofluid 
phase  

 

Fig. 8. Nusselt number comparison of the nanofluid-based liquid-liquid 
two-phase slug flow with respect to single-phase and liquid-liquid two-phase 
slug flow without nanoparticles 

It is certain that using Al2O3 nanoparticles in a two-phase 
liquid-liquid slug flow will increase the overall thermal 
conductivity of the fluid flow. This leads to having a higher 
overall heat transfer rate with the fluid flow. This has 
increased the average Nusselt number by 2.1 times than a two-
phase liquid-liquid slug flow without nanofluid and 5.1 times 
than a single-phase laminar flow. 

B. Effect of nanoparticles in primary phase on heat 

transfer 

 When considering the nominal thermal conductivity* of 
water, the Nusselt number was increased in the flow as shown 
in Table IV with respect to the two-phase liquid-liquid slug 
flow without nanoparticles. Even though, the nanoparticles 
were introduced to primary phase, did not considered as a part 
of primary phase in this study [33]–[35].  The Nusselt number 
was calculated using both nominal and updated thermal 
conductivities as tabulated in Table IV. 



 Fig. 11 shows the temperature contours inside a single 
droplet. This indicated the droplet has the same temperature 
distribution as the two-phase liquid-liquid slug flow without 
nanoparticles [4]. According to the results, the average 
Nusselt number has been decreased compared to two-phase 
liquid-liquid slug flow without nanoparticles. 

 

Fig. 9. Nusselt number variation with the axial length (nanoparticles are 
presented in secondary phase) 

 

Fig. 10. The relative velocity magnitude of the Al2O3 nanoparticles with 
respect to the host phase in a single bubble 

TABLE IV.  EFFECT OF NANOPARTICLES IN PRIMARY PHASE ON HEAT 
TRANSFER CASE PARAMETERS 
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01 2.00
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(v/v) 

Dynamic 
viscosity 

0.0009829 
(Pa.s) 

0.0009596 
(Pa.s) 

W
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 /A
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3 

Thermal 
conductivity 

0.7051 
(W/m.K) 

0.6969 
(W/m.K) 

Average 
Nusselt 
Number 

20.874* 
16.6769** 

Using Eq. (2) 

02 5.00
% 

(v/v) 

Dynamic 
viscosity 

0.0095285 
(Pa.s) 

0.0096291 
(Pa.s) 

Thermal 
conductivity 

0.7891 
(W/m.K) 

0.7251 
(W/m.K) 

Average 
Nusselt 
Number 

22.231* 
16.903** 

Using Eq. (2) 

* Using 0.6 W/m.K as thermal conductivity (nominal) of primary 
phase 

** Using respective thermal conductivity of nanofluid 

 

Nusselt number variation with respect to the different 
cases is shown in Fig. 12. Even it gives low Nusselt numbers 
due to the high thermal conductivity of the nanophase, the 

two-phase flow with nanoparticles has reached the maximum 
temperature with a shorter distance than the two-phase flow 
without the nanoparticles. 

 

Fig. 11. Temperature variation inside a bubble (Nanodomain – Primary 
phase) 

 

Fig. 12. Nusselt number variation with the axial length (nanoparticles are 
presented in primary phase) 

V. CONCLUSION 

Studies were carried out to investigate the effect of 
nanoparticles on heat transfer by introducing nanoparticles to 
each primary and secondary phase. For all the studies 
nanoparticle size was maintained as a constant at 50 nm. The 
nanoparticles were treated as an independent solid phase. The 
Nusselt number has further increased than two-phase liquid-
liquid slug flow when nanoparticles were introduced to 
secondary phase. In the results, the maximum was reported as 
40 while maintaining an average of 20 with a 5 % volume 
fraction of Al2O3 nanoparticles. This happens due to the 
nanoparticle circulation inside the droplet. This fluid 
circulation helps nanoparticles to transfer heat more 
effectively.  

Finally, the same set of studies was carried out by 
introducing nanoparticles to primary phase. According to the 
results, the maximum Nusselt number was recorded as 16 with 
a 2 % v/v of Al2O3 nanoparticles with respect to the modified 
thermal conductivity of the primary phase. If the nanophase is 
treated as an independent solid phase the maximum Nusselt 
number was 22 when the volume fraction is 5 % v/v.  

With the use of two-phase liquid-liquid slug flow and 
introducing nanoparticles to one phase have enhanced the total 
heat transfer of the flow. Adding nanoparticles to the 
secondary phase has increased the Nusselt number 
significantly. The same has happened when nanoparticles 
were introduced to the primary phase but were smaller in 
quantity comparatively. This happened due to the influence 
made by the nanoparticles on the fluid’s thermal conductivity. 
Thermal conductivity has been increased by 1.3 times by 
adding 5 % of nanoparticles to the primary phase. Thus, the 
saturation temperature has reached within a shorter length. 



According to the results, it can be stated that introducing 
nanoparticles to the base phase has increased the heat transfer 
efficiency by 2.1 times in terms of the Nusselt number.  
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