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The Marangoni effect and Rayleigh-Benard effect in the two-phase region of solar trough heat-absorbing tube are simulated by
FTM (front tracking method). Considering the Marangoni effect alone, although surface tension gradient and surface tension
affect the interface wave, the two effects have different characteristics. The surface tension gradient caused by the temperature
gradient is one of the factors that swing the interface. The amplitude attenuation of the interface wave decreases with the
increase of the Marangoni number (Ma). In general, the surface tension gradient enhances the convection opposite to the
temperature gradient. Under the gravity field, the Rayleigh-Benard effect influences the development of the vortex structure in
the flow field, which in turn affects the velocity gradient near the interface to influence the evolution of the interface fluctuation.
In a small Rayleigh number (Ra), the buoyancy convection reduces the velocity gradient, thus suppressing the evolution of the
interfacial wave. In the range of Ra< 4.0E4, the larger the Ra, the stronger the inhibitory effect. However, when the Ra number
is large (Ra> 4.0E4), the situation is just the opposite. The larger the Ra is, the stronger the promoting effect is.

1. Introduction

Heat-absorbing tube, the primary part of the solar thermal
system, is a device used to convert solar energy to heat
energy. Its stability and heat transfer efficiency inside have a
direct impact on the operation of the whole system. A lot of
researchers have studied its aspects. By numerical calcula-
tion, Muñoz and Abánades [1] and Kumar and Reddy [2]
obtained results showing that changing the geometrical
parameters can enhance the heat transfer and reduce the
temperature gradient in the tube like adding a porous disk
and using helical internal fins, thereby reducing heat loss.
Flores and Almanza [3] designed a copper-steel composite
bimetallic heat pipe which is helpful to reduce the circumfer-
ential temperature difference. Agrafiotis et al. [4] pointed
out that the use of good thermal shock resistance of the
ceramic material can effectively overcome the damage
caused by temperature gradient. It is obvious to find that
the temperature gradient inside is always harmful, which
is too easy to cause the pipe bending, heat loss increase,

and a series of problems. However, scholars are more
concentrated on the pipe material, structure or other
external factors, and the effect of the radial temperature
gradient on the flow in the tube, and the resulting heat
loss had few analyses.

Poor radial temperature distributions create Marangoni
and Rayleigh-Benard effects. The Marangoni effect and the
Rayleigh-Benard effect cover large areas [5–7], included cov-
ering slags, contaminant transport, hypermonotectic alloy
etc. Two effects were discovered very early [8, 9], but in
recent years, scholars paid close attention to it again because
this seemingly insignificant perturbation has a significant
impact on fluid flow instability, heat transfer, and mass trans-
fer [10–12]. The study for the two effects is mainly focused on
the causes of convection and the effect of heat transfer and
mass transfer on convections [13, 14]; however, little atten-
tion has been paid to the change of interface motion caused
by the convective process.

As mentioned above, the Marangoni effect and Rayleigh-
Benard effect in heat-absorbing tube have been studied
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extensively, but the influence of the two effects on the inter-
face fluctuation has not been explored thoroughly, due to
the high-precision demand for interface tracking. Therefore,
in order to study the interfacial fluctuation under the effect of
convection caused by temperature gradient, this paper
adopts a numerical method (FTM) with high interfacial
numerical accuracy [15, 16], a numerical simulation of inter-
face fluctuation within a two-phase region in a heat-
absorbing tube is carried out, and some characteristics of
Marangoni and Rayleigh-Benard effects on the variation of
the interfacial fluctuation are found, which are expected to
improve the internal working environment and to develop
higher efficiency heat-absorption.

2. Mathematical Model and Numerical Method

2.1. Phase-Interface Tracking N-S Equation and Energy
Equation

Assumptions. The fluid is incompressible Newtonian fluid,
and the fluid density change satisfied the Boussinesq approx-
imation without heat source; its two-dimensional flow
momentum equation and energy equation can be written
as follows:

ρ
∂u
∂t

+ ρ∇⋅ uu = −∇p + ρgβ T − TL + μ∇2u + f ,

∂ρcpT
∂t

+ ∇⋅ ρcpTu = ∇⋅ k∇T

1

These equations are valid for the whole flow field, and the
various fluids can be identified by a step (Heaviside) function
H, which is written in Section 2.4, where u is velocity, p is
pressure, ρ is the fluid density, μ is viscosity, g is acceleration
of gravity, k is the thermal conductivity, cp is the heat capacity
at constant pressure, T is the temperature, f is the volumetric
forces at the interface regardless of gravity, β is the thermal
expansion coefficient, and TL is the reference temperature
in the Boussinesq model, which is the temperature of the
cold wall.

2.2. The Surface Tension.Using the CSF (continuous-surface-
force) method, the expression is

Fσ =
s
σ T kn + ∂σ T

∂ s
t δ x − x f ds, 2

where δ x − x f is a Dirac function that when on the interface
shows 1 and if not shows 0.

The surface tension is assumed to vary linearly with tem-
perature, and the expression is as follows:

σ T = σ0 + γ T − T∗ , 3

where γ is the temperature coefficient, in general, which has a
negative value, T∗ is the initial average temperature of the
interface, and the temperature of the interface point is
obtained from the fixed grid by bilinear interpolation.

2.3. Moving the Interface. The interface is usually combined
with a fixed grid; the exchange of information between the
interface and the grid is achieved through the area weight
function. After the bilinear interpolation is performed, the
moving speed of the interface can be obtained (well, the
interface is always moving without the need of calculating
the speed). Using a simple first-order explicit time integral,
we can get the interface position in the next time step.

x n+1
f = xnf + Δtunf , 4

where x n+1
f and xnf are the position of the interface at time

n + 1 and n, respectively, Δt is the time step, and unf is the
velocity of the interface at time n.

2.4. Reconstruction of Physical Field. For immiscible and
incompressible fluid, fluid holds its characteristics, respec-
tively, at both sides of the interface. When the interface
moves, the distribution of interfacial parameter also changes,
so we use the Heaviside function to characterize this change:

H φ =

1, φ > α

1
2 1 + φ

α
+ 1
π

πφ

α
, φ ≤ α

0, φ < −α,

5

where φ is the distance to the interface of a given point and
2α is the thickness of the transition region between the abso-
lute value of the two fluids. Therefore, the distribution of
density, viscosity, thermal conductivity, and constant pres-
sure heat capacity is obtained by using the abovementioned
instruction function.

2.5. The Physical Model. As shown in Figure 1(a), the heat-
absorbing tubes are placed horizontally and there are three
sections. The second zone of the steam-water two-phase zone
is taken as the research object as shown in Figure 1(b). TH
and TL are the radiation surface temperature (high tempera-
ture) and the back radiation surface temperature (low tem-
perature), respectively. The temperature difference of the
high and low temperature wall is set to 100; all the physical
quantities used in this article have been nondimensionlized.
The calculated domain size is L × L = 1 × 1, the grid number
is 600× 600, where h is the grid spacing, Δt = 0 06h, and an
initial disturbance of 0.1 at Y = 0 5 was provided, due to the
existence of relative movement between the upper and lower
layers of fluid; therefore, an initial shear field [17] can be set
as follows:

1 x, y = tan h
y − 0 5 − 0 01sin 2px

0 02 6

The fluid’s initial speed is defined as follows:

u x, y, 0 = θl x, y ,
v x, y, 0 = 0,

7

where θ is the velocity coefficient.
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2.6. Model Verification. Where there is large shear force
across an initial amplitude between two-component fluids,
the interface is unstable, which is called Kelvin-Helmholtz
instability. According to the results from Lee and Kim [17].
When we set h = 1/256, Δt = 0 064h, Re = 5000, and g = σ
= 0, the analytical nondimensional growth rate γe can be
written as follows:

γe =
4π r
1 + r

8

r is the density ratio between two fluids.
The numerical growth rate γn can be written as

γn =
A t / A0 − 1

t
, 9

where A0 is the initial amplitude.
In this paper, a model verification was provided by com-

paring with the numerical results from analytical results as
shown in Figure 2. It depicts that two results are in good
agreement. The conclusion shows that the numerical method
of this paper can realize the description of the interface insta-
bility process well.

2.7. Dimensionless Definition. The Marangoni number was
defined as

Ma = γ ∇T d
μ2a2

10

The Reynolds number was defined as

Re = ρ2u0d
μ2

, 11

where u0 is the initial velocity of the fluid in the gravity field
defined as u0 = gρ2d

2/2μ2.
The Rayleigh number was defined as

Ra = βρ2g∇Td
3

μ2a2
12

3. Result and Discussion

3.1. Marangoni Effect on Liquid Membrane Flow. In micro-
gravity or zero gravity, the Rayleigh-Benard effect is very
weak; in order to highlight the effects of the Marangoni effect,
gravity is not considered here. Considering that the velocity
of the two-phase zone in the heat-absorbing tube is small,
when the Reynolds number is small, the fluid instability will
not continue to develop but will be restored due to the
smaller shear force at the interface. At the same time, due
to the smaller size of convective heat transfer in the flow field,
a vertical downward temperature gradient can still be formed
near the interface. There will be two effects at this point; on
the one hand, as the temperature changes, the surface tension
coefficient accordingly. As shown in Figures 3(a), 3(b), and
3(c), in the initial stage (t=0.03), the pressure produced by
the interface varies obviously due to the different coefficients
of surface tension. The larger theMa number is, the lower the
pressure difference at the wave crest (high temperature) is,
and the greater the pressure difference at the trough (low
temperature) is. In addition, it can be found in Figure 3(a)
that the internal and external pressures are approximately
symmetrical, but Figures 3(b) and 3(c), Ma is not zero. Due
to the effect of the tangential surface tension, the internal
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and external pressures at the crest and trough interface
become asymmetrical.

On the other hand, the surface tension gradient caused by
the temperature gradient affects the motion of the interface,
which inhibits perturbations moving in the same direction
of the temperature gradient and promotes perturbations
moving in the opposite direction of the temperature gradient.
The numerical value of the surface tension affects the normal
surface tension, while the surface tension gradient affects the
tangential surface tension. In order to distinguish the differ-
ence between the normal surface tension and the tangential
surface tension, Figure 4 depicts the time dependent curves
of the peaks and troughs of the interface when the coefficient
of surface tension and the number of Ma are changed,
respectively. As can be seen from the figure, the wave
crests and troughs are symmetrically changed under the
same conditions. In further analysis, comparing the curves
of Ma=0, sigma (surface tension coefficient) = 0.01, and
Ma=0, sigma=0.02 in Figure 4, increasing the surface
tension coefficient reduces the fluctuation period, and
when the number of fluctuations is the same, the fluctuation
range of the crest and trough increases. But comparing the
curves of sigma=0.01, Ma=0 and sigma=0.01, Ma=3.33E4,
at the crest of the latter, the surface tension decreases
due to the influence of temperature, and only from this point
of view, the wave period of crest should be increased. How-
ever, the reaction in the curve is not the case because the sur-
face tension gradient is downward, and the period of wave
crest decreases at the trough; the surface tension coefficient
is greater than the average because the temperature is lower;
if only the increase of the coefficient of surface tension is con-
sidered, the magnitude of the trough recovery should be
increased. Because of the downward surface tension gradient,
the upward recovery movement is suppressed, and the upper
pole of the first movement of Ma=3.33E4 is smaller than that
of Ma=0; comparing the curves of sigma=0.01, Ma=1.33E4
and sigma=0.01, Ma=3.33E4, respectively, from the two sets

of curves, we can see that the difference of peaks and troughs
due to the surface tension gradient increases with the
increase in the Ma numbers. At the later stage of the motion,
the disturbance amplitude is gradually smaller, and the
repeated fluctuation make the single temperature gradient
near the interface gradually disappear, and the disturbance
fluctuation gradually becomes symmetrical. On the whole,
in the Marangoni system, the existence of the surface tension
gradient increases the unstable factors, and the larger the Ma
number is, the longer is the time required for the interface
disturbance to recover.

Because of the gradient of surface tension, the flow field is
strengthened in the direction of temperature gradient and the
temperature change near the bottom of the interface is
affected. This change fluctuates with the fluctuation of the
interface, and the fluctuation is similar. Figure 5 shows the
change of the average temperature between 0.2 and 0.4 in
the longitudinal direction of the flow field (y-axis). When
the number of Ma is zero, the bottom temperature changes
with a very symmetrical periodic change, while the number
of Ma is not equal to zero. The temperature fluctuation
amplitude is greatly enhanced. At the beginning of the
movement, as the deformation of the interface begins to
recover, the bottom temperature begins to decrease, but the
surface tension gradient promotes downward convection;
the larger the Ma number is, the smaller the temperature
drop is and the faster the temperature rise is. In addition,
the increase of the Ma number increases the magnitude of
the temperature rise.

3.2. The Effect of Rayleigh-Benard Effect on the Stability of
Fluid Interface under Gravity. In the normal gravity field,
the Marangoni effect is almost negligible compared with the
Rayleigh-Benard effect. Therefore, the influence of the
Rayleigh-Benard effect on the flow field of the fluid interface
is studied by setting the upper fluid in the opposite direction
to the underlying fluid; the influence of the Marangoni effect
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Figure 3: The pressure distribution of the interface at T= 0.03 time, Re = 12.5.
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is ignored. Figure 6 shows the streamline with Ra= 0, 1.25E4,
and 6.25E4 and with T=0.09, 1.99, and 4.44, respectively. In
order to observe it better, a separate color note was used each
time. As shown in Figure 6, the vortices generated by the
Rayleigh-Benard effect interacts with the original vortices.
When the Ra number is small (Ra= 1.25E4, Figures 5(b),
5(e), and 5(h)), the center of the flow field generates a vortex
with a larger vortex velocity. When the Ra number is large
(Ra=6.25E4, Figures 5(c), 5(f), and 5(i)), the eddy current
in the center of the flow field does not change significantly
in the X direction, but the velocity of turbulence increases
obviously on both sides. When t=1.99 and Ra=0, the vortex
develops only near the interface, and in the case of
Ra= 1.25E4, the range of the vortex becomes larger and is
almost filled with the half of area. And two plume vortic-
ities are produced in the lower left corner and the lower
right corner. The kinetic energy is constantly dissipated in
the rotary motion, so the velocity of the fluid decreases
gradually. In the case of Ra=6.25E4, the distribution of
vortices is similar to that of Ra= 0, only at the vicinity of
the interface, and the velocity of the upper fluid becomes
larger. By the influence of the Rayleigh-Benard effect, when
Ra is not zero, the flow rate of the lower fluid decreases.
Moreover, the speed at Ra=1.25E4 decreases by a greater
magnitude than that of Ra=6.25E4. The flow rate of the
upper fluid is different from that of the lower fluid. At
Ra= 1.25E4, the flow rate of the upper fluid decreases, while
when Ra= 6.25E4, the flow rate of the upper fluid increases
significantly. In general, when Ra= 1.25E4, the difference of
velocity between fluids decreases; when Ra= 6.25E4, it sug-
gests the opposite. Another big difference is the vortex
structure in later stage, when Ra= 0, it almost disappears;
in the case when Ra is not zero, there is always a vortex
at the center of the flow field.

Figure 7 shows the time-dependent curves of amplitude
in different Ra number. At Ra= 0, the velocity gradient

between fluids is so large that the surface tension can no lon-
ger overcome the shear force and maintain the original state,
which results in the appearance of the fingers at the interface;
this phenomenon has been mentioned by [18]. When
Ra=1.25E4, the Rayleigh-Benard effect reduces the velocity
difference, and the disturbance does not produce the finger-
like protrusions, but the amplitude of interface decreases
gradually. When Ra= 6.25E4, the difference increases and
the amplitude increases. In addition, the interface develop-
ment does not monotonically because of the existence of vor-
tices, and by the same reason, tremors becomes unstable after
T=5 in the case of Ra=6.25E4 and Ra= 0.

So the influence of the Rayleigh-Benard effect on the
interface perturbation is found to have two opposites effects
when the Ra number is small and the Ra number is large.
As shown in Figure 7, since the phase of the interface wave
is different in different cases, the second trough of the curve
in Figure 7 is taken as a form. It can be seen from Figure 8
that in the range of 1.0E4<Ra< 4.00E4, the amplitude of
the interface wave decreases with the increase of Ra number,
that is, with the increase of Ra number, the inhibition
of buoyancy convection on the interfacial wave instability
is increasingly strong, which is opposite to the case of
4.0E4<Ra< 6E.04.

4. Conclusions

In this paper, we consider the flow effect caused by the
uneven temperature distribution in the basic FTM model
and simulate the evolution process of the interface wave at
the shear field with or without gravity, providing a theoretical
basis for the optimization design of the heat-absorbing tube.
The specific research results are as follows:

(1) In the shear field, when only the Marangoni effect
is considered, the interface evolution is affected by
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both surface tension and the gradient of surface
tension. When the motion direction of the inter-
face is the same as that of the surface tension gra-
dient, the motion is promoted. As a whole, the

surface tension gradient increases the instability
due to the temperature change, and the attenua-
tion of the amplitude becomes slower. Therefore,
the choice of large temperature coefficient of the
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fluid can enhance the heat transfer in the heat-
absorbing tube.

(2) In the gravitational field, the Marangoni effect and
the Rayleigh-Benard effect work together, but
compared with the Marangoni effect, the Rayleigh-
Benard effect dominates and does not have obvious
directionality; at first, it affects the development of
the flow field vortex structure, and then the change
of the velocity gradient near the interface affects the
evolution of the interfacial fluctuations. When the
Ra number is small, the buoyancy convection causes
the velocity gradient to decrease and suppress the
evolution of the interface wave, and the function is
stronger in no other Ra number than 4.0E4.
However, when the Ra number is large, the situation
is exactly the opposite to the small one. From what
has been discussed above, it is better to let the Ra
number stay away from 4.0E4 by some means such
as the fluid’s density, viscosity and thermal expansion
coefficient, which make the flow field vortex move-
ment most violently, and is the most favorable for
heat transfer.
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