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A B S T R A C T   

To analyze the oscillation and evolution characteristics of nanofluid thermocapillary convection instability, a 
two-phase mixture model was utilized to simulate nanofluid thermocapillary convection in a rectangular cavity 
and investigate the impact of nanoparticle volume fraction on the oscillatory flow. The results indicate that the 
two-phase mixture model has a lower critical temperature difference compared to the single-phase model, and 
the oscillation mode exhibits distinct changes for small nanoparticle volume fractions. At a high Marangoni 
number, the thermocapillary convection displays periodic oscillatory behavior, with the flow field composed of 
several dynamic convection vortices. An increase in nanoparticle volume fraction results in a decrease in the 
critical temperature difference, as well as the amplitude and variation range of temperature oscillation. However, 
the oscillation period shows an approximate linear increase. Furthermore, there is a non-uniform distribution of 
nanoparticles at the vicinity of solid wall, especially a significant concentration gradient near the side wall.   

1. Introduction 

Thermocapillary flow is the predominant form of spontaneous con
vection in the microgravity environment of space, where surface tension 
fluctuates with temperature and the inhomogeneity of surface tension 
becomes the driving force of liquid flow. After Smith and Davis first 
proposed the thermocapillary convection instability mode of the hy
drothermal wave [1], other researchers thoroughly investigated the 
instability of thermocapillary convection with single-phase fluids [2–5]. 
The aspects studied are the role of the Prandtl number, aspect ratio, and 
Marangoni number on thermocapillary convection properties [6,7]. To 
explore new ways to change the low thermal conductivity and poor heat 
transfer performance of typical fluidic workpieces, Choi and Eastman 
first studied nanofluids in 1995 [8]. A nanofluid comprises a stable and 
homogeneous suspension formed by adding nanoscale particles of metal 
or non-metal oxide to a base fluid. Nanofluids, known for their excep
tional efficiency and heat transfer performance, offer promising pros
pects in the realms of heat transfer enhancement and renewable energy 
utilization. Since their introduction, nanofluids have garnered signifi
cant attention from researchers [9–13]. In the study conducted by M. 
Sheikholeslami [14–21], Darcy law was utilized to simulate the flow of 
MHD in porous media, revealing a weakening of convection with the 

increase in magnetic force and an influence of radiation on the distri
bution of temperature gradients. Moreover, porous media simulations 
utilize non-Darcy’s law, and the investigation focuses on studying the 
transport characteristics and entropy generation of magnetic nanofluids. 
Nanofluid thermocapillary convection, an important subfield of nano
fluids, finds applications in diverse areas, including microfluidic chan
nels and heat pipes [22–24]. As a result, nanofluid thermocapillary 
convection has garnered considerable interest from scientists. 

Aminfar et al. [25] accounts for gravity when examining thermoca
pillary convection features. The relationship between the volume frac
tion and the properties of nanofluid thermocapillary convection in the 
floating zone is demonstrated. The buoyant-Marangoni convection in a 
steady state was explored numerically by Saleh et al. [26]. This study 
investigated how the nanoparticle volume fraction affects the fluid 
structure and velocity, and how the different nanoparticles affect the 
critical Marangoni number. Kolsi [27] focused on the numerical study of 
buoyancy and thermocapillary convection in a three-dimensional rect
angular liquid cavity, the simulations concentrated on the impact of 
Marangoni number and nanoparticle volume fraction on entropy. Hei
kholeslami et al. [28] studied the MHD influence on the steady-state 
Marangoni convection of nanofluids. Abdullah et al. [29] used a linear 
stability analysis method for thin liquid-layer nanofluid Marangoni 
convection at a vertical temperature difference and found that 
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nanoparticle volume fraction and size are intimately linked to flow 
patterns. Gevorgyan et al. [30] decided to irradiate the nanofluid using a 
laser in order to heat the nanofluid and monitor the change in flow 
velocity. It was also further analyzed by changing the light intensity and 
nanoparticle concentration. Jiang et al. [31] considered the influence of 
the complex relationship between nanoparticles and surface tension on 
thermocapillary convection, focusing on convective strength and en
tropy changes of nanofluids. 

Currently, research is being conducted on nanofluid thermocapillary 
convection using primarily single-phase and mixed models. Zhou et al. 
[32] examined the oscillation properties and development of nanofluid 
thermocapillary convection at moderate Prandtl number, demonstrating 
the fluctuation of the critical Marangoni number and flow forms at 
different nanoparticle volume fractions. However, a single-phase model 
cannot disclose the precise distribution of nanoparticle concentration 
and cannot more accurately represent the properties of the nanofluid. As 
is common knowledge, because nanofluid is a mixed fluid, factors such 
as gravity, friction between nanoparticles and the base fluid, Brownian 
force, settling, and diffusion phenomena have an impact on the fluid 
flow, causing a slip velocity relative to the continuous phase. The find
ings will be more accurate if numerical simulations are performed using 
the mixture model. Jiang [33] investigated nanofluid’s steady-state 
thermocapillary convection numerically using two-phase mixture 
model, revealing the impact that nanoparticles had on the thermoca
pillary convection and the free surface velocity. Chen [34] numerically 
simulated the steady-state thermocapillary convection of a graphene 
nanofluid while in microgravity using a two-phase mixture model, 
without investigating the nanofluid thermocapillary convection oscil
latory features. 

At present, the research on the flow instability of nanofluid ther
mocapillary convection relies mainly on single-phase model, which is 
straightforward theoretically and requires little computing effort. 
However, more precise findings will be obtained by using a two-phase 
mixture model. Therefore, the primary goals of this paper are to 
clarify the difference between the two-phase mixture model and the 
single-phase model, and more accurately reveal the oscillation charac
teristics and evolution process of nanofluid thermocapillary convection. 

2. Physical and mathematical model 

This paper uses the rectangular liquid cavity model with horizontal 

temperature difference heating to research the thermocapillary con
vection instability. The rectangular liquid cavity shown in Fig. 1 has 
length L and height H (L = 20 mm and H = 3 mm). The left and right 
ends have a temperature difference of ΔT (ΔT = Th-Tc), with the left end 
being hot and the right end being cold. The liquid is considered to be in 
an ideal state, adiabatic with respect to the air and the bottom, and 
undeformed. The left and right walls are heated slightly to explore 
thermocapillary convection instability of nanofluids in laminar flow. 
Only the situation where surface tension has a linear relationship with 
temperature is studied in this work. Additionally, the buoyant convec
tion is not accounted for. Inside the cavity, the initial velocity field is 
zero, and the starting temperature is T= (Th + Tc)/2. The two-phase 
mixture model considers the velocity difference between the particle 
phase and the liquid phase, which makes the calculation results more 
accurate than the single-phase model and does not increase much 
computational resources. For the numerical analysis of nanofluid ther
mocapillary convection in this paper, the two-phase mixture model with 
the following control equation is employed [35]. 

Continuity equation: 

∂ρnf

∂t
+∇Â⋅

(

ρnf V→nf

)

= 0 (1) 

Momentum equation:  

Nomenclature 

a acceleration,m2/s 
Cp specific heat, J/kg K 
Pr Prandtl number,Pr = Cpμ/λ 
T temperature,K 
P pressure,Pa 
t time, s 
V→ the velocity vector,m/s 
H Height, m 
L Length, m 

Greek symbols 
τ oscillatory period, s 

ρ density,kg/m3 

μ dynamic viscosity,Pa s 
λ thermal conductivity,W/m K 
YT surface tension temperature coefficient,N/m K 
α volume fraction 

Subscipts 
f the base fluid 
nf nanofluid 
p nanoparticles 
h hot 
c cold 
k the kth phase 
n the number of phases  

Fig. 1. Physical model.  

∂
(

ρnf V→nf

)

∂t
+∇Â⋅

(

ρnf V→nf V→nf

)

= − ∇P+∇Â⋅

[

μnf

(

∇V→nf +

(

∇V→nf

)T
)]

+∇Â⋅

(
∑n

k=1
αkρk V→dr,k V→dr,k

)

(2)   
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Energy equation: 

∂
∂t
(
∑n

k=1
αkρkEk)+∇Â⋅

∑n

k=1
αk V→k(ρkEk+P) = ∇

(
λnf∇T

)
(3)  

Ek = hk −
P
ρk

+
V→k

2

2
(4) 

In the equation above, V→nf is the mass-averaged velocity, m/s,V→dr,k is 
the drift velocity of the kth phase. Formula 4 is applied to the 
compressible phase; the incompressible phase with Ek = hk, where hk is 
the sensible enthalpy of phase k. 

ρnf =
∑n

k=1
αkρk (5)  

V→nf =

∑n
k=1αkρk V→k

ρnf
(6)  

μnf =
∑n

k=1
αkμk (7)  

V→dr,k = V→k − V→nf (8) 

The slip velocity represents that of the second phase (nanoparticle, p) 
with respect to the first phase (base fluid, f): 

V→pf = V→p − V→f (9) 

The following equation represents the relationship between drift 
velocity and slip velocity: 

V→dr,p = V→pf −
αpρp

ρnf

(

V→f − V→p

)

(10) 

Volume fraction equation of nanoparticles (p): 

∂
(

αpρp

)

∂t
+∇Â⋅

(

αpρp V→nf

)

= − ∇Â⋅
(

αpρp V→dr,p

)

(11) 

Equation (12), published by Manninen et al. [36], calculates the slip 
velocity, and equation (13), proposed by Schiller and Naumann [37], 
calculates the drag function fdrag. 

V→pf =
ρpd2

p

18μnf fdrag

ρp − ρf V→f

ρp
a→ (12)  

fdrag

{
1 + 0.15Re0.687

p Rep ≤ 1000
0.00183Rep Rep ≥ 1000

(13) 

Which 

Rep =
V→nf dpρpf

μnf
(14)  

a→= g→−

(

V→nf∇

)

V→nf (15)  

2.1. Thermophysical properties of nanofluids 

To investigate nanofluids flow numerically, it is first necessary to 
determine their thermophysical properties. According to Das [38] study, 
nanofluids are different from conventional mixtures and therefore, 
different models are needed to calculate their thermal properties. In this 
paper, the density and specific heat equations of the nanofluid can be 
given as: 

ρnf = αpρp +
(
1 − αp

)
ρf (16)  

(
ρcp
)

nf = αp
(
ρcp
)

p +
(
1 − αp

)(
ρcp
)

f (17) 

Eq. (16) provides a density value. Eq. (17) is the specific heat 
expression based on the thermal equilibrium assumption of nano
particles and base fluid [39]. 

Eq. (19) presents the dynamic viscosity formula for nanofluids pro
posed by Brinkman [40]. Likewise, Formula 18 predicts the effective 
thermal conductivity of nanofluids, based on an empirical formula 
developed by Corcione through a comprehensive analysis of experi
mental data in the literature [41]. These formulas are crucial to un
derstanding the behavior of nanofluids, and their importance is widely 
recognized in the scholarly literature. 

λnf = λf

[(
λp + 2λf

)
− 2αp

(
λf − λp

)

(
λp + 2λf

)
+ αp

(
λf − λp

)

]

(18)  

μnf =
μf

(
1 − αp

)2.5 (19)  

2.2. Boundary conditions 

The two-dimension rectangular cavity has the following boundary 
conditions for thermocapillary convection. 

u = v = 0,T = Tc at x = 0 (21)  

u = v = 0,
∂T
∂y

= 0 at y = 0 (22)  

μ ∂T
∂y

= − YT
∂T
∂x

, v = 0,
∂T
∂y

= 0 at y = h (23) 

For the x and y direction velocities, respectively, use u and v. 

2.3. Thermophysical parameters of nanofluids 

Nanoparticles have a 50 nm diameter and are spherical in shape. The 
thermophysical properties of nanofluids simulated numerically in this 
paper are provided in Table 1. 

3. Solution method 

Discretization of governing equations using the finite element 
method. For solving discrete equations, the PARDISO solver is utilized, 
whereas the reverse Euler method is utilized for numerical processing. 
The evolution of flow field is calculated using the backward difference 
formulation. The maximum time step is chosen to satisfy the Courant- 
Friedrichs-Lewy convergence criterion and is determined by the live 
temperature. Streamlining diffusion and sidewind diffusion is used for 
the Navier-Stokes and dispersive phase transport equations. Since the 
oscillatory features of nanofluid thermocapillary convection are being 
investigated, the average oscillation period is employed as a criterion to 
evaluate the numerical convergence under consideration in this 
research. Table 2 displays the average oscillation period of thermoca
pillary convection at various mesh sizes for mesh A, B, C, and D. Addi
tionally, the mesh processing in this paper refines the mesh at the free 
surface to better capture the oscillatory processes related to the ther
mocapillary flow. For the numerical simulation in this research, mesh C 
is more appropriate when considering the cost of calculation time and 
numerical precision. 

4. Results and discussion 

When a small temperature difference is applied to this cavity, a 
steady thermocapillary convection occurs, resulting in the formation of 
a stable vortex cell. However, as the temperature difference increases, 
the thermocapillary convection will transition from a steady-state to an 
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unsteady-state (oscillation), particularly when the left–right tempera
ture difference surpasses the critical temperature difference. Whenαp =

0.01, ΔTcri is about 6.45 K. As the temperature difference increases, the 
flow field gradually becomes unstable, and perturbed vortices start to 
emerge on the right (cold) side. Once the temperature difference reaches 
8 K, the perturbed vortices appear throughout the cavity. 

Fig. 2 illustrates the evolution of the flow field throughout one 

oscillation period at ΔT = 8 K andαp = 0.01. The figure shows that a 
fixed vortex cell is located near the hot left wall with continuous in
tensity and position. The convective vortex cells located in the center 
and right side of the cavity reciprocally migrate from right to left, 
leading to the separation and merging of vortex cells and generating 
various flow patterns. For instance, figures (a) to (d) depict the migra
tion of the vortex cell located in the cavity’s middle to the right and its 
merging with the right vortex cell, generating an independent large 
vortex cell. At the same time, a separate vortex cell is generated near the 
left vortex cell’s free surface corner, gradually increasing in size. 
Figures (e) to (h) show that the already-formed large vortex cell located 
on the right side migrates toward the cavity’s left side and combines 
with the middle vortex cell. At the same time, the vortex cell’s intensity 
increases, and a new vortex cell separates at the right wall and free 
surface corner. 

Fig. 3 depicts the temperature contour distribution that corresponds 
to Fig. 2. Since the left side of the flow field is a fixed vortex, the 
structure of the isotherm on the left unchanged. The connected portion 

Table.1 
Thermophysical parameters.  

Thermal properties ρ
(
kg/m3) Cp(J/kg K) λ(W/K m) Î¼(PaÂ⋅s) YT(N/K m)

Base fluid (silicon oil) [42] 960 1400 0.11 5.01 × 10-4 − 6.4 × 10-5 

Nanoparticles (Copper) [43] 8970 380 387 / /  

Table 2 
Average oscillatory period at different mesh (αp = 0.05 ΔT = 8 K).  

Mesh Mesh 
numbers 

Average 
element 
quality 

Simulation 
time 

Average 
oscillatory 
period (s) 

Deviation 
(%) 

A 6906  0.8408 3 h 45 min  6.17 6.01 
B 12,192  0.8548 6 h 12 min  5.99 3.35 
C 18,496  0.8551 7 h 36 min  5.89 1.09 
D 23,942  0.8569 9 h 34 min  5.87 ——  

Fig. 2. Vortices evolution as ΔT = 8 K andαp = 0.01 at eight evenly distributed instances within one oscillation period.  

Fig. 3. Isotherms evolution as ΔT = 8 K andαp = 0.01 at eight evenly distributed instances within one oscillation period.  
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of the vortex cell in the flow field is represented by the central dense 
isotherm, which periodically migrates to the left. In the thermocapillary 
convection oscillation, the density of the isotherms coincides with the 
position of the vortex, suggesting the link between the flow and tem
perature fields. Meanwhile, a monitoring point was set up at the 
midpoint of the free surface (x = 10 mm, y = 3 mm) to investigate the 
instability of nanofluid thermocapillary convection. As can be observed 
from Fig. 4, the temperature and velocity values at the free surface 
monitoring point exhibit periodic oscillations. 

Since the fluctuations in the rectangular liquid cavity are small. It is 
difficult to describe the fluctuations clearly by the total velocity or the 
total temperature. In this paper, the fluctuations of velocity, tempera
ture and flow function are divided into two parts, such as ψ′(x, y, t) =

ψ(x, y, t) − ψ0(x, y), where ψ(x, y, t) is a transient quantity that varies 
with time, ψ0(x, y) = 1

τ
∫ τ

0 φ(x, y, t)dt is a constant time average, τ′ is the 
length of time well beyond the oscillation period. 

Fig. 5 demonstrates the evolution of the fluctuating velocity pattern 
throughout the entire oscillation period in a two-dimensional rectan
gular cavity. The study found that the velocity fluctuations can be 
divided into two regions, upper and lower, based on y = 2/3H. Over the 
entire oscillation period, two prominent velocity disturbance vortices 
emerge in the central and right sections of the free surface in the upper 
region, and three more notable velocity disturbance vortices in the lower 
region. In the upper area, the velocity fluctuations are more pronounced 
near the free surface, where they alternate between positive and nega
tive values as they move from the cold end to the hot end. The lower area 
also shows the same trend, but the range of velocity fluctuations is 
smaller than that in the upper area. The stratification of the velocity 
wave throughout the cavity is due to the creation of driving forces on the 
free surface that make the flow unstable. The velocity fluctuation range 
in the upper area is larger because the disturbance intensity at this re
gion is larger. Additionally, the velocity changes in the upper and lower 
regions are opposite in the vertical position. It can also be observed that 
the maximum fluctuation range is 1.1 × 10-3 during the whole oscilla
tion period, the fluctuation field is very weak compared with the mean 
field, and the mean-field mainly controls the convection process. As seen 
in Fig. 6, the fluctuating stream function is composed of several cells that 
migrate from the cold end to the hot end of the cavity over time, in the 
same direction as the propagation of the temperature wave, and pro
gressively fill the cavity. The distribution of cell changes periodically 
during the evolution process, which changes its structure and intensity 
subsequently. At the same time, the thermocapillary convection oscil
latory cell structure in the cavity corresponds to the distribution of the 

oscillatory fluctuation field. 
Fig. 7 shows the relationship between the critical temperature dif

ference and the nanoparticle volume fraction. It is evident from this 
graph that the critical temperature difference lowers as the nanoparticle 
volume fraction increases. The above indicates that as the nanoparticle 
volume fraction increases, overall heat transfer between the fluids in
tensifies, leading to an instability of the nanofluid thermocapillary 
convection. This happens because a rise in the nanoparticle volume 
fraction not only causes the thermal conductivity of the nanofluid to 
increase, but also causes a decrease in momentum due to the irregular 
micro-motion, micro-diffusion, and other motions of nanoparticles, 
which enhance the convective heat transfer, resulting in the nano
particle thermocapillary convection becoming less stable. 

Because the two-phase mixture model varies from the single-phase 
model in that it considers the slip velocity between nanoparticles and 
the base liquid, the critical temperature differences determined using 
the two models are different for the same volume fraction. To better 
represent the difference between the two models for the critical tem
perature difference, the essential concept of temperature difference ratio 
is used, i.e., the critical temperature difference calculated with the two- 
phase mixture model divided by the critical temperature difference 
calculated with the single-phase model. The blue line in Fig. 7 indicates 
the critical temperature difference ratio versus volume fraction. When 
the nanoparticle volume fractions are low, the critical temperature dif
ference ratio is relatively small, indicating that the difference between 
the single-phase model and the two-phase mixture model is significant 
under these conditions. As the volume fraction increases, the critical 
temperature difference rate remains stable at about 0.92, showing little 
distinction between the two models’ results. This is primarily due to the 
fact that the single-phase equation is valid at appropriate thermophys
ical properties. However, when a little volume fraction is added to a 
fluid, the fluid’s thermophysical properties are drastically altered in 
comparison to their original state. Therefore, the difference in calcula
tion with a single-phase model is large. In addition, the difference be
tween the two models diminishes as the volume fraction increases. 

Fig. 8 shows the distribution of the fluctuating temperature field at 
different nanoparticle volume fractions for ΔT = 8 K. Since the tem
perature fluctuation varies throughout the oscillation, we provide the 
temperature fluctuation distribution when the temperature at the 
monitoring point reaches its lowest point during the oscillation. The 
illustration demonstrates that while the strength of the temperature 
wave fluctuates for various volume fractions, the distribution’s basic 
shape remains the same, showing the nanoparticle volume fraction af
fects the thermocapillary convective instability, but the effect is weak. 

Fig. 4. Velocity (a) and temperature (b) time histories at monitoring points at the free surface (L/2, H) as ΔT = 8 K andαp = 0.02.  
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From Fig. 8, it is clear that increasing the nanoparticle volume fractions 
can enhance heat transfer overall and reduce the critical temperature 
difference, but increasing the nanoparticle volume fractions at a 
particular time during oscillation does not necessarily enhance heat 
transfer, as shown in Fig. 8. Fig. 8 reveals that the range of temperature 
changes grows as the volume fraction rises, indicating that the heat 
transmission effect diminishes gradually as the nanoparticle volume 
fraction rises. This is because, while both the nanofluid’s viscosity and 
thermal conductivity increase proportionally with volume fraction, the 
negative effect of the former is much more pronounced than the latter. 

Also, there is a significant separation between the centers of the positive 
and negative disturbance waves. This suggests that the disturbance wave 
becomes extremely unstable at a temperature difference of ΔT = 8 K. 

Fig. 9 gives the fluctuation velocity field for different nanoparticle 
volume fractions at ΔT = 8 K. Since the velocity fluctuations are varied 
during one oscillation period, the distribution of the velocity fluctua
tions at the peak of the temperature value at the monitoring point is 
given. The velocity fluctuation distribution does not change with vol
ume fraction. Additionally, the range of velocity variation tends to 
diminish as a result of the nanoparticles increasing the fluid’s viscosity. 
Fig. 10 shows that the cells in the left area of the fluctuating flow 
function field are negative, and the cells in the other areas are positive, 
which indicates a fluctuation pattern different from the nanofluid 
thermocapillary convection and similar to temperature fluctuation. 
Notably, as the volume fraction of nanoparticles declines, the fluctua
tion range of the flow function also gradually shrinks, and the flow 
function’s fluctuation exhibits a time-evolving trend. In addition, 
changing the nanoparticle volume fraction doesn’t change the general 
structure of the flow function fluctuation cell element in the whole 
cavity, but the flow function fluctuation is slightly enhanced near the left 
wall, and new vortex cells emerge. 

The velocity oscillation time histories of the monitoring points at 
different nanoparticle volume fractions at ΔT = 8 K are presented in 
Fig. 11. As observed, the velocity evolution process demonstrates com
parable oscillation characteristics at different nanoparticle volume 
fractions, but there are variations in the oscillation range and oscillation 
period of the velocity. Notably, an increase in volume fraction leads to a 
significant reduction in the maximum and minimum velocities, making 
them more uniform. Fig. 12 illustrates that an increase in volume frac
tion results in a decreased amplitude and an elongated velocity oscil
lation period. This observation implies that nanoparticle volume 

Fig. 5. Velocity disturbances evolution as ΔT = 8 K andαp = 0.01 at four evenly distributed instances within one oscillation period.  

Fig. 6. Stream function disturbances as ΔT = 8 K andαp = 0.01 at four evenly distributed instances within one oscillation period.  

Fig. 7. Variation of the critical temperature difference with nanoparticle vol
ume fraction using two-phase mixture model (black); Variation of the critical 
temperature difference ratio with nanoparticle volume fraction (blue). 
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fraction may govern the oscillation characteristics of thermocapillary 
convection. 

Thermocapillary convection is generated by a temperature gradient 
on the free surface of a rectangular liquid cavity. The velocity of the free 
surface is a critical parameter that affects the fluid flow throughout the 
entire cavity. Because the velocity at the monitoring point is oscillating, 
the surface velocity distribution at different volume fractions for the 
velocity values of the monitoring point at the peak is given. As shown in 
Fig. 13, the velocity is dramatically higher near the hot and cold walls 
because of the substantial temperature gradient in that area. Meanwhile, 
the free surface velocity near the hot end decreases as the nanoparticle 
volume fraction increases, which is due to the increase of the nano
particle volume fraction, which increases the viscosity of the fluid and 

the resistance of fluid motion during the flow, so the nanoparticle vol
ume fraction is a significant factor affecting the resistance to nanofluid 
flow. There is also a general tendency in the free surface velocity, and it 
is affected by the volume fraction. 

Fig. 14 displays the horizontal velocity curve for various nano
particle volume fractions at × = L/2., where the flow velocity decreases 
continuously with increasing volume fraction, but the shape is generally 
similar. This trend is related to a rise in dynamic viscosity brought on by 
the growth of volume fractions, resulting in smaller velocities. For a 
specific volume fraction of nanoparticle, the horizontal velocity un
dergoes an increasing–decreasing-increasing process as y increases, and 
the velocity at the free surface is approximately three times the return 
velocity at y = 1/3H. This is because the thermocapillary convection is 

Fig. 8. Temperature fluctuation distribution under different nanoparticles volume fractions asΔT = 8 K.  

Fig. 9. Velocity fluctuation distribution under different nanoparticles volume fractions asΔT = 8 K.  

Fig. 10. Stream function fluctuation distribution under different nanoparticles volume fractions asΔT = 8 K.  
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driven by the free surface, which is greater than the velocity inside the 
cavity. At this moment, there is a steady reflux in the rectangular cavity. 

From Fig. 15, It is demonstrated that the volume fraction reduces and 
increases dramatically near the hot and cold walls of the horizontal 
median, whereas the volume fraction is uniformly distributed in the 
remaining portions of the horizontal median. Notably, the volume 
fraction fluctuates more obviously on the bottom boundary, where it 
decreases and increases sharply at the hot and cold walls, respectively. 
In addition, the volume fraction generally shows a decreasing trend from 

the cold end to the hot end. The mentioned phenomenon is brought on 
by thermocapillary force formed by the effect of the temperature 
gradient driving the flow of fluid from the hot end to the cold end; the 
fluid sinks at the cold end, increasing the volume fraction of particles at 
the cold end’s bottom, and the volume fraction from the cold end to the 
hot end decreases due to the fluid viscosity inside the formation of 
reflux. Repeated reflux leads to a decreasing particles volume fraction at 
the hot end and an increasing particles volume fraction at the cold end. 
The above similar phenomena are observed for other volume fractions of 

Fig. 11. Time histories of velocity fluctuations at the free surface monitoring point at ΔT = 8 K with different volume fractions.  

Fig. 12. Variation of average velocity oscillatory amplitude (a) and period (b) at monitoring point with nanoparticle volume fraction asΔT = 8 K.  
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nanofluids, suggesting that the non-homogeneity of the nanoparticle 
volume fraction during thermocapillary oscillation is mainly near the 
walls. 

5. Conclusion 

In previous studies, the nanofluid thermocapillary convection 
instability within a rectangular cavity was investigated using a single- 
phase model. However, given the higher accuracy of the two-phase 
mixture model compared to the single-phase model, this study adopts 
the two-phase mixture model to analyze the oscillatory characteristics of 
thermocapillary convection in nanofluids. Additionally, the study 
compares the disparity in critical temperature differences between the 
single-phase model and the two-phase mixture model. Following are the 
specific conclusions:  

1) With increasing nanoparticle volume fraction from 0.01 to 0.05, the 
critical temperature difference decreases from 6.88 K to 6.1 K and the 
velocity oscillation amplitude from 0.0066 m/s to 0.0061 m/s, 
whereas the period of the oscillation grows linearly from 4.9 K to 5.9 
K.  

2) The fluctuation ranges of temperature wave and flow functions in the 
whole flow field rise with increasing nanoparticle volume fraction, 
but ranges of velocity variations decrease.  

3) The non-homogeneity of the nanoparticle volume fraction is most 
pronounced in the vicinity of the walls in the thermocapillary con
vection oscillation process.  

4) The critical temperature differences obtained using the two-phase 
mixture model are less than that obtained by the single-phase 
model. Additionally, the difference between the two models for the 
critical temperature difference get less as nanoparticles volume 
fraction rises. 
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