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Heat transport in three-layer turbulent thermal convection
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We report an experimental study of heat transport in a three-layer turbulent Rayleigh-
Bénard convection. The experiments were conducted in a cylindrical cell (with diameter D)
filled with a FC77 layer with height H = D. A very thin layer of water and a very thin layer
of mercury were introduced to the top and bottom of the FC77 layer to provide slippery
boundary conditions. We performed high spatial resolution temperature measurements
across the water-FC77 and FC77-mercury interfaces, determined the temperatures at the
two interfaces, the Rayleigh number (Ra) and the Nusselt number (Nu) across the FC77
layer. The experiments were conducted in the Ra range of 2.81 × 109 to 1.24 × 1011 for the
FC77 layer. It is found that not only the amplitude but also the scaling exponent (with Ra)
of Nu is greatly enhanced in this three-layer system compared to the canonical single-layer
system, especially in the high Ra range. In particular, Nu first scales as Ra0.31 and then
Ra0.38 when Ra exceeds a transitional Rayleigh number Rat = 2.52 × 1010, whereas in
the canonical single-layer FC77 case, Nu is found to scale as Ra0.26. Temperature measure-
ments show that the boundary condition above and below the FC77 layer is asymmetric
especially when Ra > Rat : the temperature drop across the top half (in contact with the
water layer) of the FC77 layer is smaller than that across the bottom half (in contact
with the mercury layer), and the top thermal boundary layer (TBL) becomes thinner and
follows a steeper scaling with Ra compared to the bottom TBL. We consider a hypothetical
experiment where the top and the bottom boundary conditions are symmetric, denoted as
a “water-FC77-water” three-layer system, in which the temperature drop across the bottom
boundary layer �Tb would be the same as that across the top boundary layer �Tt . We
found in this water-FC77-water three-layer system, with the increase of Ra, Nu vs Ra
scaling transitions from Nu ∼ Ra0.31 to Nu ∼ Ra0.46 with the transitional Ra the same
as Rat identified before. A closer check of the evolution of Ra of the water layer, FC77
layer, and the mercury layer reveal that the transition of the Nu vs Ra scaling is due to the
transition of the thin water layer from a conduction state to a convection state, whereas the
mercury layer remains in a conduction state.
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I. INTRODUCTION

Thermal convection is a ubiquitous phenomenon in nature and in industrial applications. An ide-
alized paradigm to study the ubiquitous convection phenomenon is the Rayleigh-Bénard convection
(RBC) [1–3], which consists of a fluid layer confined between two parallel thermal conducting
plates heated from below and cooled from above. The dynamics of the flow are determined
by three dimensionless parameters: the Rayleigh number [Ra = αgH3�T/(νκ )] describing the
intensity of buoyancy-driven turbulence, the Prandtl number (Pr = ν/κ) characterizing the fluid
properties, and the aspect ratio (� = D/H) representing the geometry of the convection cell. Here,
g is the gravitational acceleration; α, ν, and κ denote the thermal expansion coefficient, kinematic
viscosity, and thermal diffusivity of the working fluid, respectively, while �T is the temperature
difference across the cylindrical convection cell with a diameter of D and height of H . The two
response parameters are, respectively, the Nusselt number [Nu = J/(λ�T/H )] (λ is the thermal
conductivity of the fluid), which characterizes the heat transport efficiency of the system; and the
Reynolds number (Re = uH/ν), which reflects the flow strength, where J is the total heat flux
supplied to the convection cell and u is the characteristic velocity of the flow.

One of the central issues in the turbulent RBC is to understand how turbulent flow transports heat
across the convective fluid layer. Numerous previous studies have attempted to modulate turbulent
heat transport efficiency by modulating the plumes and the large-scale circulation, which are the
main carriers of heat transfer. Typical modulation methods include tilting the system to change
the large-scale flow structure [4–8] and adding geometric constraints to change the coherence of
the flow structure [9–13]. Since the heat transport efficiency in the RBC is mainly limited by
the boundary layer located near the hot and cold plates, these modulation methods do not break
through the constraints of the boundary layer on the heat transport, so the improvement of the heat
transport efficiency is relatively limited [1]. Therefore another common approach is to modulate the
heat transport by modulating the interaction between the boundary layer and the bulk region, for
example, by using rough elements as boundaries [14–19], bringing bubbles and particles into the
system [20–23], introducing shear boundary conditions [24–28], adding oscillations [29–31], and
so on.

The presence of a slip boundary can also significantly modulate the heat transport efficiency of
the system compared to the canonical no-slip solid wall boundary condition. For example, Huang
et al. through numerical simulation, recently found that the heat transport efficiency increases with
the slip length [32]. However, there is a lack of systematic experimental studies on how heat
transport efficiency changes when the boundary conditions deviate from the conventional no-slip
boundary condition. Experimentally, slip boundary conditions are mainly achieved by mutually
immiscible fluids with different densities. Previous studies on layered thermal convection have
focused on the nonturbulent regime near the onset of convection [33–37], mainly describing the
dependence of the coupling mode on the control parameters and the fluid properties. Recent
studies have gradually moved to the turbulent regime; for example, Solomon and Gollub [38,39]
experimentally revealed the dependence of heat transfer on the strength of the shear, which is
induced by an immiscible mercury layer. Xie and Xia [40] experimentally explored the interplay
between the flow dynamics behaviors of a two-layer flow and illustrated the dependence of the
turbulent heat transport efficiency on the coupling modes of the two-layer fluid flow. Yoshida et al.
[41,42] systematically modeled the effect of the viscosity ratio of the two layers and found that the
coupling gradually transitions from viscous to thermal coupling with the increase of the viscosity
ratio. Later, Noto et al. [43] determined the coupling structure between the two-layer fluids by
developing a simultaneous measurement of the velocity field of the two layers. Liu et al. [44,45]
revealed the criteria for the breakup of a two-layer fluid interface through numerical simulations and
further extended the Grossmann-Lohse theory from canonical single-layer convection to a two-layer
one. Huang et al. [46] investigated the thermal boundary layer between two-layer fluid interfaces and
found that the boundary layer on a liquid interface can still be well described by the boundary layer
equations on a solid boundary, except that for a liquid interface, a slip length needs to be introduced
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FIG. 1. The schematic of the convection cell, the three layers of fluids (from bottom to top, the three
layers of mutually immiscible fluids are mercury, FC77, and water, and their heights are 0.3, 19.2, and 0.3 cm,
respectively), and the thermistors.

into the boundary layer equations. Recently, Wang et al. explored heat transfer and flow structure in
two-layer convection, and it is found that the global heat transfer can be divided into three regimes
due to the evolution of the flow structure in the bottom layer, though the Prandtl number of each
fluid layer was not constant during the experiment [47]. However, these studies in turbulent regimes
have either focused on the effect of slip boundary on heat transport or on the turbulent structure of
two-layer thermal convection. It is still unknown how heat transport evolves when both the top and
the bottom boundary conditions are replaced with slip boundaries.

In this paper, we fill this gap by measuring the heat transport in a three-layer turbulent RBC with
three immiscible fluids: mercury, FC77 (a type of Fluorinert electronic liquid from 3M company),
and water. The middle thick FC77 layer is the main working fluid, while both the bottom thin mer-
cury layer and the top thin water layer presumably provide slippery boundary conditions. Therefore,
it is expected that the thermal boundary layers of the FC77 layer are modified and its heat transport
behavior is altered. The remainder of this paper is organized as follows. The experimental setup is
introduced in Sec. II. Section III presents the main experimental results, including the temperature
drop across the two liquid-liquid interfaces, the Ra dependence of the heat transport, and the thermal
boundary layer thickness of the middle FC77 layer. The main findings are summarized in Sec. IV.

II. EXPERIMENTAL SETUP

The convection cell used in the experiments has been described in detail previously [48,49], and
only its key features are presented here. The top and the bottom plates of the convection cell are
made of copper with thickness 1.4 cm and the sidewall is made of Plexiglas with thickness 0.3 cm.
As shown in Fig. 1, the vertical cylindrical sidewall has a height of 19.8 cm and an inner diameter of
19.2 cm. The cell is filled with three mutually immiscible layers of fluids; they are, from bottom to
top, mercury, FC77, and deionized water. The heights of these three layers are 0.3, 19.2, and 0.3 cm,
respectively, so that the aspect ratio of the FC77 layer is � = 1. For convenience, the water, FC77,
and mercury layers are referred to as the top, middle, and bottom layers, respectively. The middle
FC77 layer is the main working fluid, while the top water layer and bottom mercury layers provide
slip (or partially slip) boundary conditions. The physical properties of the three types of fluids
at 30 ◦C are listed in Table I for reference. The surface of the copper plate is coated with nickel
to prevent oxidization and provide a mirror-finish surface. The nickel film is especially necessary
because the copper plate easily reacts with mercury to form copper-mercury amalgams.
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TABLE I. Physical properties of water, FC77, and mercury at 30 ◦C.

Fluids ρ (kg/m3) λ (W/m K) Cp (J/kg K) α (1/K ) κ (m2/s) ν (m2/s)

Water 996 0.614 4179 3.03 × 10−4 1.48 × 10−7 8.01 × 10−7

FC77 1764 0.0626 1060 1.39 × 10−3 3.34 × 10−8 6.64 × 10−7

Mercury 13477 8.26 140 1.81 × 10−4 4.38 × 10−6 1.12 × 10−7

Five large thermistors with diameter 2.4 mm (model 44031, Omega Inc.) are embedded into the
top (bottom) plate to measure the temperature in the plate, and they are 1 cm (0.4 cm) away from
the fluid-solid interface for the top (bottom) plate. One of the five thermistors is located at the center
of the plate, while the other four are evenly embedded at half the radius from the center. A different
type of small thermistors with diameter 0.2 mm (model AB6E3-B05103J, Thermometrics Inc.) are
used to measure the temperature in fluids. This thermistor has a response time of 15 ms, which
ensures a high sensitivity to the temperature fluctuations. As shown in Fig. 1, two small thermistors
are mounted on a frame made from a stainless-steel tube with diameter 1 mm. One of the thermistors
(referred to as thermistor 1) is placed along the central line of the cell, which is used to measure
the temperature across the mercury-FC77 interface. The other one (referred to as thermistor 2) for
measuring the temperature across the FC77-water interface is at a half-radius away from the center
line of the cell to avoid the influence of the filling stem which is at the center of the top plate. A
motorized translation stage (MTS50, Thorlabs Inc.) is used to move the frame vertically with spatial
resolution of 1 μm.

In order to have high precision heat transport measurements, the convection cell and the top
plate are surrounded by two layers of nitrile rubber sheets and one layer of styrofoam for thermal
insulation. The bottom plate lies in a copper basin with three wood plates in between. The temper-
ature of the copper basin is regulated to be close to that of the bottom plate to minimize the heat
exchange between the bottom plate and the surroundings. Finally, the whole apparatus was placed
inside a homemade thermostat where the temperature was modulated to match the bulk temperature
of the FC77 layer. The temporal and spatial temperature stability of the thermostat was better than
0.1 ◦C. During the experiment, the bulk temperature of the FC77 layer has been kept at around
31.6 ◦C, which corresponds to the Prandtl number Pr = 19.4. The bottom plate is heated by a heater
embedded in the bottom plate, and the temperature of the top plate is regulated by a recirculating
refrigerator (Polyscience 9702). The Rayleigh number Ra of the FC77 layer varies from 2.81 × 109

to 1.24 × 1011.

III. RESULTS AND DISCUSSIONS

A. Temperature profiles across the interfaces

The main working fluid FC77 lies in between the thin mercury and water layers. To evaluate
the heat transfer in the FC77 layer it is necessary to determine the temperatures at the mercury-
FC77 interface and the FC77-water interface. To this end, we first make the measurement of the
temperature across both the mercury-FC77 and the FC77-water interfaces. As shown in Fig. 1,
the thermistors 1 and 2 are used to measure the temperature profile across the two interfaces. To
measure the temperature across the mercury-FC77 layer, the frame is first set at the position such
that thermistor 1 touches the interface which is determined approximately by a traveling microscope.
It is then moved up to the position such that thermistor 1 is in the FC77 layer and about 2 mm above
the interface. This is the starting point for our measurement of the mercury-FC77 interface. We
then move the thermistor 1 downwards along the vertical direction across the interface step by step;
the step is 0.2 mm when the thermistor is far away from the interface, and is 0.05 mm when the
thermistor is approaching the interface. At each position, the temperature recording time varies
from 30 to 120 min depending on Ra and its distance to the interface; the recording time is longer
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FIG. 2. (a) Mean temperature 〈T 〉 and rms temperature σ profiles across the mercury and FC77 interface
for Ra = 3.85 × 1010. Solid squares and open circles are 〈T 〉 and σ respectively. (c) The time series and (b) the
PDF of the temperatures at positions A, B, C, and D marked in (a). Please note that plotted in (b) is the PDF
of (Tb − T )/�T , not the temperature T itself, where Tb is the temperature of the bottom plate, and �T is the
temperature difference across the FC77 layer. The curves in (b) are the Gaussian distribution function fits to
the data.

when Ra is low or when the position is close to the interface. The z axis points upward, while the
subscript 1 (2) of z denotes the measurement of the mercury-FC77 interface (FC77-water interface).
A typical temperature profile consists of about 30 vertical positions across the interface.

Typical mean temperature 〈T 〉 and rms temperature σ = 〈(T − 〈T 〉)2〉1/2 profiles across the
mercury-FC77 interface for Ra = 3.85 × 1010 are shown in Fig. 2(a), where the heat flux provided
to the bottom plate is 611.3 W/m2 and the temperature on the top plate is 25.0 ◦C. As the thermistor
is approaching the FC77-mercury interface from above (z1 decreases), it can be seen from the figure
that the mean temperature increases and can be roughly divided into several regions. The first region
is the bulk region of the FC77 layer, where the mean temperature remains almost constant, as
shown by the first three data points (from the right) shown in Fig. 2(a). With the decrease of z1,
the thermistor enters the second region where the mean temperature exhibits a significant increase.
At the same time, the rms temperature increases to a maximum value and then decreases. The
well-defined peak in the rms temperature profile indicates the beginning of the thermal boundary
layer region of the FC77 layer. When the thermistor is about crossing the FC77-mercury interface,
due to the existence of the surface tension, the interface is deformed, and forms a bump pointing to
the mercury side. When the thermistor enters the mercury layer, due to the surface tension of the
interface, the head of the thermistor is still surrounded by FC77 but the thermistor can already sense
the signals from the mercury layer. Thus the temperature gradient and temperature fluctuation drop
gradually, but are still larger than those in the pure conductive bulk of the mercury layer. We believe
this region is not the boundary layer of the mercury layer as the Rayleigh number of the mercury
layer is only 63, which is far below the onset Ra = 1101 for a fluid layer with one boundary slip
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and the other boundary nonslip, and the rms does not have a peak. Instead this region should be the
transitional region as a result of the deformed interface between mercury and FC77. The last region
is the bulk region of the mercury layer, where the mean temperature increases linearly. The constant
temperature gradient in the mercury layer indicates pure conduction inside, which is confirmed by
the absence of peak in the rms temperature profile and very small temperature fluctuation.

Figure 2(c) shows the time series of temperatures at the four typical positions marked as A, B,
C, and D, as shown in Fig. 2(a). Point A (z1 = 1 mm) is outside the thermal boundary layer of the
FC77 layer, and it can be found that the time trace of temperature shows a large number of positive
spikes due to hot plumes released from the thermal boundary layer. Accordingly, the corresponding
probability density function (PDF) is skewed toward higher temperature, as shown in Fig. 2(b). Point
B (z1 = 0.2 mm) is near the FC77-mercury interface and inside the thermal boundary layer of the
FC77 layer, and small, mostly positive, but also some negative peaks on a more fluctuating baseline
could be observed. The PDF of the temperature fluctuation is nearly Gaussian shaped except for the
slightly longer left tail, as shown in Fig. 2(b), which is similar to that in the single-layer convection
[48,50–52]. Point C (z1 = −0.1 mm) is close to the mercury-FC77 interface and inside the mercury
layer, the temperature fluctuation is still relatively strong due to the influence of the FC77 layer,
but is much weaker than those at positions A and B. And its PDF also approximately conforms to
Gaussian distribution. Point D (z1 = −2.4 mm) is near the bottom plate and well in the mercury
layer, it is found that the temperature seems to fluctuate randomly with very small fluctuations
and the corresponding PDF remains in the Gaussian shape, as shown in Fig. 2(b). Plumes should
dominate at point D if a convective flow exists like that in the FC77 layer; this is apparently not the
case. Combining this with the mean temperature and rms temperature profile, we can conclude that
no convection is taking place inside the mercury layer.

Similarly, we measured the temperature profile across the FC77-water interface, as shown in
Fig. 3. In the bulk region of the FC77 layer, at position A, e.g., z2 = −1.5 mm, the temperature
trace shows lots of negative spikes due to the emission of the cold plumes as shown in Fig. 3(c),
thus the corresponding PDF skews toward lower temperature. Inside the thermal boundary layer
of the FC77 layer at position B (z2 = −0.3 mm), one sees strong temperature fluctuations in both
directions which is also corroborated by the peak in the rms temperature profile. As the distance
to the top plate decreases, the temperature fluctuation gradually decreases and the PDFs at the
positions C and D, e.g., z2 = 0.1, 1.3 mm, are always close to a Gaussian distribution. Inside the
water layer, the mean temperature decreases slowly and no peak in the rms temperature profiles
is observed. It is seen that right after the thermistor crosses the interface (say, position C) the
temperature gradient becomes smaller than that in the FC77 layer, but it is still larger than that
in the bulk of the water layer where the temperature gradient becomes constant (say, position D).
We believe that the relatively larger temperature gradient at position C (compared to position D) is
induced by the fact that although the thermistor is already in the water layer, it is still surrounded by
FC77, i.e., the local interface is deformed due to the surface tension and forming a bump pointing
to the water side when the thermistor travels from the FC77 layer to the water layer. Similar to the
argument for the mercury layer, we see no evidence of convection in the water layer for this case.
One can see that at z2 = 2.9 mm, the temperature is almost the same as at z2 = 2.5 mm; this is
due to the fact that the thermistor has already touched the bottom surface of the top plate around
z2 = 2.5 mm, which is observed by a traveling microscope. Note that this means a further increase
of z2 will result in the bending of the thermistor tip from the stem that connects the tip and the wires,
while the tip itself will remain in touch with the top plate.

B. Determination of the temperature at the two interfaces of the FC77 layer

To calculate the Rayleigh number and the Nusselt number of the FC77 layer, we need to
determine the temperature at the bottom and top interfaces of the FC77 layer. This can be done
after the temperature profiles across the two interfaces have been measured. It is well known that
inside a narrow region of the thermal boundary layer, the temperature varies almost linearly with
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FIG. 3. (a) Mean temperature 〈T 〉 and root-mean-square (rms) temperature σ profiles across the water and
FC77 interface for Ra = 3.85 × 1010. Solid squares and open circles are 〈T 〉 and σ . (c) The time series and
(b) the PDF of temperatures measured at positions A, B, C, and D marked in (a). Please note that plotted in
(b) is the PDF of (T − Tt )/�T , not the temperature T itself, where Tt is the temperature of the top plate and
�T is the temperature difference across the FC77 layer. The curves in (b) are the Gaussian distribution function
fits to the data.

the distance from the boundary [48,53,54]. Such a situation can be also applied to the FC77 layer
in the three-layer system, as shown in Fig. 4. In addition, as shown in Figs. 2 and 3, there is no
peak in the rms temperature profiles in the thin mercury and water layers, which suggests there is no
convective flow in the two thin layers. Thus, the mean temperature develops linearly in the mercury
and water layers because heat is transported by conduction in both layers. Therefore, in the ideal
case, one expects the interface to be the place where the linear region of the FC77 boundary layer
intersects with the conductive mercury or water layer. As shown in Fig. 4(a), the intersection of
the conductive mercury layer and the FC77 layer occurs at z1 = −0.035 mm, which is very close
to the interface determined by the traveling microscope. Similarly, in Fig. 4(b), the intersection
of the FC77 and water layers is observed as z2 = −0.011 mm, which is also close to the interface
determined by the traveling microscope. Accordingly, the temperature at the intersection is regarded
as the temperature at the interface. Based on the so determined temperatures at the interfaces, Nu
and Ra can be calculated and their relationship is obtained. It should be noted that extrapolations
had to be made to estimate the temperature difference across the FC77 layer, which could impact
the reported scaling laws with the convective fluid boundaries. It also should be noted that unlike in
the case of the canonical single-layer convection under the Boussinessq condition, the temperature
at the top and bottom interfaces of the FC77 layer in the three-layer system is not symmetric with
respect to the temperature at the center of the FC77 layer. For example, when Ra = 3.85 × 1010,
the temperature at the top interface, center, and the bottom interface is 27.60 ◦C, 31.62 ◦C, and
36.03 ◦C, respectively. The temperature difference between the top interface and the center �Tt is
4.02 ◦C, while the temperature difference between the bottom interface and the center of the FC77
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(b)(a)

FIG. 4. Mean temperature profile across (a) the mercury-FC77 interface and (b) the FC77-water interface
for 3.85 × 1010. The solid lines are the linear fits to the temperature in (a) the mercury layer and (b) the water
layers. The dashed lines and the dotted lines in (a) and (b) are the linear fits to the linear parts and the constant
temperature parts in the lower and upper boundary regions of the FC77 layer, respectively. One can see that
in (b) at z2 = 2.9 mm, the temperature is almost the same as at z2 = 2.5 mm. This is because the thermistor
has already touched the bottom surface of the top plate around z2 = 2.5 mm, which is observed by a traveling
microscope. Note: This means a further increase of z2 will result in bending of the thermistor tip from the stem
that connects the tip and the wires, while the tip itself will remain in touch with the top plate.

layer �Tb is 4.39 ◦C. This asymmetry in the temperature drop is a result of the asymmetric thermal
boundary layer thickness that will be discussed in Sec. III C.

C. Heat transfer

Once the temperatures at the top and bottom interfaces of the FC77 layer are determined, we are
able to calculate Nu and Ra of the FC77 layer. Figure 5(a) shows the dependence of Nu on Ra of
the FC77 layer in the three-layer system; it is found that Nu scales with Ra as Nu = 0.119Ra0.31

in the low Ra range and as Nu = 0.021Ra0.38 in the high Ra range, and the transition of the
scaling exponent begins at Ra ≈ 2.52 × 1010. For comparison, we also plot Nu for the canonical

Three layer
Single layer

(b)(a)

FIG. 5. (a) Nu as a function of Ra for the FC77 layer in the three-layer system and the single-layer system.
(b) The same as in (a) with Nu is compensated by Ra0.3.
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Top boundary
Bottom boundary
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FIG. 6. Thickness of the top and bottom boundary layers of the FC77 layer (a) obtained from the mean
temperature profile δth and (b) obtained from the rms temperature profile δσ as a function of Ra in the
FC77 layer. The boundary layer thickness of the FC77 layer in the single-layer experiments is presented for
comparison.

single-layer FC77 experiments conducted for the same range of Ra and at the same value of Pr [55];
the scaling between Nu and Ra can be well fitted by Nu = 0.348Ra0.26 in the whole range of Ra
under study, which is in agreement with the findings in the same Pr range [56]. Comparing the results
from the three-layer and single-layer experiments, we can see that the existence of the liquid-liquid
slippery boundary conditions at the top and bottom of the FC77 layer leads to a significant increase
in the scaling exponent of heat transport, from 0.26 to 0.31 in the low Ra range and from 0.26 to
0.38 in the high Ra range. The great increase of the scaling exponent is better illustrated in the
compensated plot of Nu versus Ra as shown in Fig. 5(b). The existence of the slippery boundary
conditions also leads to a great enhancement of the heat transfer; for example, Nu is enhanced by
about 26% at Ra = 1011.

It is found that the scaling exponent of Nu versus Ra increases with Ra when the liquid-solid
boundary condition is changed to the liquid-liquid slippery boundary condition. Thus, a natural
question is what determines the increase of the scaling. It is known that the thermal boundary layer
(TBL) thickness is related to Nu via the relationship δth = H/2Nu when the bottom and top TBLs
are symmetric [56–60]. This is the case for thermal convection with nonslip boundary conditions.
Hence, we further evaluate the TBL thickness of the FC77 layer near the bottom and top interfaces
to explore the influence of the mercury and water layers. Generally, the TBL thickness is determined
by two methods [50]. The first one is based on the linear slope of the mean temperature 〈T 〉 profile
near the interface, also referred to as the slope method. As shown in Fig. 4, the distance between the
interface and the position where the extrapolation of the linear part of the mean temperature meets
the horizontal line passing through the bulk temperature, is defined as the thickness of the TBL δth.
The other one is based on the peak position of the rms temperature σ , as shown in Figs. 2(a) and
3(a), based on the assumption that the temperature fluctuation is strongest at the edge of the TBL.
The thickness of the TBL δσ is defined as the distance between the interface and the peak position
of the rms temperature. It has been extensively reported that the TBL thicknesses determined by
the two methods share the same trend, but the mean temperature method yields a slightly smaller
boundary layer thickness and a sharper scaling exponent between the thickness and Ra compared to
those determined from the rms temperature method [48,50,61]. Figures 6(a) and 6(b) show the
TBL thickness determined from the mean temperature profile and the rms temperature profile,
respectively. It can be seen from the figure that the TBL thickness obtained from the two different
methods gives very similar results; δth and δσ are not only close in trend but also very close in
amplitude.
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For comparison, the TBL thickness in the canonical single-layer system with FC77 is also shown
in Fig. 6. It is found from the figure that in the mercury-FC77-water three-layer system the TBL
thickness of the FC77 layer above the FC77-mercury interface (both δth and δσ ) follows the similar
trend as that in the case of the solid boundary condition in the single-layer system. However, the TBL
thickness below the water-FC77 interface (both δth and δσ ) does not always follow the similar trend
of the solid boundary case; in particular, there is a transitional Ra, above which the TBL thickness
(both δth and δσ ) becomes smaller, and follows a steeper scaling slope. Because of the experimental
difficulties, the data are rather scattered. To gauge the broad trend of TBL thickness on Ra, we
make power-law fits to the data, which yields scaling exponent −0.29 (−0.40) for δth (δσ ) before
the transition (Ra < 3.85 × 1010), and −1.43 (−1.36) after the transition (Ra > 3.85 × 1010). The
transitional Ra in the scaling of the TBL thickness on Ra is very close to that in the scaling of Nu on
Ra (Ra ≈ 2.52 × 1010 vs Ra ≈ 3.85 × 1010). From the similar trend of TBL thickness dependence
on Ra for the FC77-solid boundary condition in the single-layer system and the FC77-mercury
boundary condition in the three-layer system, we can see that the FC77-mercury boundary is not so
different from the FC77-solid boundary in terms of the TBL thickness.

The original objective of the current study is to achieve a slip (or a partially slip) boundary
condition at both the top and the bottom interfaces. It seems that the slip (or partially slip) boundary
condition is achieved at both interfaces, which is reflected by the increase of the Nu vs Ra scaling
exponent (from 0.26 to 0.31 then 0.38) compared to the case with both solid boundary conditions
at the top and the bottom. On the other hand, the level of slippery at the FC77-water interface
and the FC77-mercury interface may be different, especially in the high Ra range, where the TBL
becomes much thinner near the FC77-water interface compared with the solid boundary condition
case. Thus, it is reasonable to assume that the FC77-water interface is more slippery. As we have
achieved a more slippery top interface, we can conduct a hypothetical experiment where the bottom
boundary condition (hypothetically achieved at the interface between FC77 and a certain “waterlike”
fluid but with density higher than FC77) is the same as the top boundary condition (achieved at the
FC77-water interface). We denote this as a “water-FC77-water” three-layer system.

In the calculation of the Rayleigh number Ra = αgH3�T/(νκ ) and the Nussult number Nu =
J/(λ�T/H ) of the FC77 layer, the temperature difference across the FC77 layer is �T . If we denote
the temperature difference between the top interface and the middle height of the FC77 layer as �Tt ,
and similarly the temperature difference between the bottom interface and the middle height of the
FC77 layer as �Tb, then �T = �Tt + �Tb. As shown in previous studies, the mean temperature in
the bulk region does not vary appreciably, thus �Tt and �Tb are also the temperature drops across
the top and bottom boundary layers. In the hypothetical water-FC77-water three-layer system the
temperature drop across the bottom boundary layer �Tb now should be the same as that across the
top boundary layer �Tt , i.e., the temperature difference across the FC77 layer is 2�Tt . With this
new temperature difference, �T = 2�Tt , we can calculate the new Ra and Nu for the FC77 layer
in this hypothetical water-FC77-water three-layer system. Similarly, we can also calculate the new
Ra and Nu for the FC77 layer in the hypothetical “mercury-FC77-mercury” three-layer system. In
the calculation of Nu in the hypothetical experiments, we assume that the heating power is the same
as that in the water-FC77-mercury system, as the mean temperature in the bulk region of the FC77
layer does not vary appreciably, or equivalently, Nu � 1 in the bulk region.

In Fig. 7 we plot Nu as a function of Ra for the FC77 layer in the hypothetical water-FC77-water
and mercury-FC77-mercury systems. For comparison we also plot the data from the canonical single
FC77 layer experiment, and from the water-FC77-mercury three-layer experiment. It is clear from
Fig. 7(a) that the mercury-FC77-mercury data follows the scaling of Nu = 0.113Ra0.31 in the entire
Ra range. In contrast, the water-FC77-water data shows a clear transition, and the transitional Ra is
the same as that in the water-FC77-mercury system. After the transition the water-FC77-water data
can be well fitted by Nu = 0.003Ra0.46. The Ra dependence of Nu for different boundary conditions
and the transition in the scaling law are made more obvious in the compensated plot of Nu versus
Ra, as shown in Fig. 7(b). Taking everything together, one sees that the slip boundary generated
by the water layer is the key to the transition of the heat transport scaling law. To understand the
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Single layer
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FIG. 7. (a) Nu obtained from a hypothetical system where a FC77 layer is sandwiched between two
identical water layers (denoted by “water-FC77-water”) or two identical mercury layers (denoted by “mercury-
FC77-mercury”). (b) The corresponding compensated Nusselt number Nu/Ra0.3 as a function of Ra. The circles
and squares are respectively the three-layer and single layer results already shown in Fig. 5.

transition to the higher scaling exponent, we examine the flow states in the thin water layer as well
as the thin mercury layer. The flow states of the two layers are determined by their respective Ra,
which are shown in Table II. It is seen that the mercury layer always maintains a conduction state,
as reflected by the fact that Ra is always lower than the critical Ra for the onset of convection for
the mercury case (Rac = 1101). While for the water layer, the critical Ra for the onset of convection
is 1101 for a configuration where one boundary condition is slip and the other is nonslip [62]. The
Ra range in the current study crosses the critical Ra, thus the water layer gradually transitions from
a conductive state to a convective state. From Table II one can see that Raw = 1101 corresponds
to Ra (of the FC77 layer) being between 2.52 × 1010 and 3.85 × 1010, which is almost the same
as the transitional Ra for Nu vs Ra scaling and the transitional Ra for the scaling of the TBL
thickness. Therefore it is clear that the transition to Nu scaling of Ra0.46 and the transition of the
TBL thickness are due to the transition of the state of the water layer from conduction to convection.
We note that the value of Ra in the water layer, though above that for the onset of convection, is still
considerably smaller than those for turbulent flows, so the FC77-water interface remains nearly flat
and quiescent, and the temperature profile in the water layer is also largely linear as observed in our
experiments. Thus, the convective motion in the thin water layer may be regarded as providing a
boundary condition for the top FC77 layer that is viscously slippery and thermally with an enhanced
effective thermal conductivity. The mercury layer also results in a significant transition of the scaling
exponent (from 0.26 to 0.31), but is less significant compared to the water layer (from 0.26 to 0.46);
and it also enhances heat transport compared to the canonical single-layer system. The results with
the mercury-FC77-mercury system are consistent with previous experiments with a sheared thin
mercury layer at the bottom of a thick layer of water [38,39].

TABLE II. The Rayleigh numbers of the water [RaW], FC77 [RaF] and mercury [RaHg] layers in the
current experiment. The onset Rayleigh number for convection with top (bottom) nonslip and bottom (top)
slip boundary conditions is 1101, and it is independent of Pr [62].

RaW 11 86 377 826 1437 1845 2362 2669 2639
RaF(×1010) 0.588 0.929 1.57 2.52 3.85 5.44 7.48 9.98 12.4
RaHg 17 21 28 41 63 91 123 155 218
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IV. SUMMARY AND CONCLUSION

We have made an experimental investigation on the heat transport of a FC77 layer in the water-
FC77-mercury three-layer turbulent convection system. Both the top and the bottom boundaries are
now liquid-liquid slippery boundaries, instead of the liquid-solid nonslip boundary in the canonical
single-layer Rayleigh-Bénard convection system. We measured the temperature profiles across
the FC77-water and FC77-mercury interfaces. From the temperature profiles we determined the
temperatures at the two interfaces, which enabled us to calculate Ra and Nu of the FC77 layer. The
thickness of the top and bottom TBL of the FC77 layer are also determined from the measured
temperature profiles. It is found that the measured Nu of the FC77 layer in the three-layer system is
much larger than that of an identical single FC77 layer system but with solid top and bottom bound-
aries, indicating enhanced heat transfer under the slippery boundaries. In addition, the exponent of
Nu vs Ra scaling also increases with the slippery boundary condition, i.e., Nu = 0.113Ra0.31 for
Ra � 2.52 × 1010 and Nu = 0.021Ra0.38 for Ra � 2.52 × 1010. In comparison, for the canonical
single FC77 layer with solid boundaries with the same Ra range and for the same value of Pr, we
found Nu = 0.348Ra0.26.

It is found that the thickness of the bottom (in contact with the mercury layer) TBL is almost
the same as that in the single-layer system, whereas the thickness of the top TBL initially follows
that in the canonical single-layer system, then changes to a steeper scaling with Ra when Ra >

3.85 × 1010, which is very close to the transitional Ra for Nu vs Ra scaling. The different behavior
of the top and bottom TBLs implies that the thin water layer and the thin mercury layer exert
different boundary conditions for the FC77 layer. This prompted us to envision two hypothetical
experiments wherein the top and the bottom boundary conditions are symmetric, denoted as water-
FC77-water three-layer system and mercury-FC77-mercury three-layer system. In both systems the
temperature drop across the bottom boundary layer �Tb would be the same as that across the top
boundary layer �Tt . We find that in the hypothetical water-FC77-water three-layer system, with
the increase of Ra, Nu vs Ra scaling transitions from Nu = 0.113Ra0.31 to Nu = 0.003Ra0.46 with
the transitional Ra the same as identified for the real mercury-FC77-water system. Whereas for the
mercury-FC77-mercury three-layer system, no transition in Nu vs Ra scaling is observed. Instead,
in the entire Ra range, Nu scales with Ra with a single power law: Nu = 0.113Ra0.31. A closer
check of the evolution of Rayleigh numbers of the water layer, FC77 layer, and the mercury layer
reveal that the transition of Nu vs Ra scaling in the real system as well as in the hypothetical water-
FC77-water system can be attributed to the transition of the thin water layer from a conduction state
to a convection state. It is therefore clear that the conduction to convection transition in the water
layer is the key to the transition of the heat transport scaling law. The scaling exponent between Nu
and Ra obtained in the hypothetical water-FC77-water three-layer system is very close to the one
obtained in a previous simulation of turbulent RBC with both the thermal and the viscous boundary
layers removed, which produces a Nu-Ra scaling exponent of 1/2 [63]. It should be noted that in the
hypothetical water-FC77-water three-layer system, the viscous boundary layers might be “removed”
or “partially removed” due to the slip or partially slip boundary conditions for the FC77 layer, while
the thermal boundary layers are still there, only the top thermal boundary layer becomes thinner
than that in the canonical single-layer system when Ra exceeds the transitional Ra. In the future,
it would be highly desirable to determine quantitatively the properties of the two viscous boundary
layers of the FC77 layer, which would require precision velocity field measurements across the top
and bottom interfaces of the FC77 layer.
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