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a b s t r a c t
We experimentally investigate the detailed heat transfer characteristics of a recently identiﬁed biphasic, two-component thermal turbulence [1]. The system comprises a cylindrical (water-based) RayleighBénard convection setup, to which we introduce a small volume fraction (φ ~ 0.5%, 1% and 4%) of a
low boiling temperature (Tcr ), heavy immiscible liquid (HFE-70 0 0). We show evidence of the “catalystlike” additive biphasic species undergoing self-sustained boiling-condensation cycles, leading to signiﬁcant heat transfer enhancements. We vary the HFE-70 0 0 volume fraction, superheat and underheat parameters. When the system is maintained at the same superheat, while varying the experimental parameters, the heat transfer enhancement is able to reach levels of up to 800 percent, which exceeds
prior observations. This occurs at a volume fraction of 4% of the HFE-70 0 0 species, facilitated by intense
biphasic activity within the convection cell. Upon raising the superheat, an abrupt growth in the temperature ﬂuctuations is observed for all three different φ tested, due to intermittent “quenching” and
“heating” driven by the biphasic species on the top and bottom plates. We show that the thickness of the
layer of HFE-70 0 0 on the bottom plate crucially inﬂuences the temperature ﬂuctuations and heat transfer
properties in the explored parameter regime. Lastly, we discuss the two main contributing mechanisms
to the heat transfer enhancement, 1) the boiling-condensation cycles of the biphasic species (latent heat),
and 2) their wake-induced liquid agitation, which results in heightened mixing.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Thermally driven turbulent convection is ubiquitous in nature
(atmospheric circulation [2,3], ocean current [4], melting ponds
[5], etc) as well as in engineering applications (heat exchangers
in energy supply, building ventilation [6], etc). It is characterized
by the presence of coherent structures, which are excellent transporters of heat, mass, and scalars. For classical single-phase turbulent thermal convection, a simpliﬁed model system to study the
heat transfer mechanisms is the Rayleigh-Bénard convection (RBC)
[7,8], where the working ﬂuid is driven by a temperature difference between a heated (conducting) bottom plate and a cooled
(conducting) top plate, enclosed by adiabatic sidewalls. Within this
system, thermal plume [7], which is a type of coherent structure,
plays the most important role in carrying the heat. So an essential
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issue of enhancing the heat transport within thermal turbulence is
to pursuing the potential of pushing the thermal plumes to behave
more eﬃciently when transporting heat within the constraints of
an imposed temperature difference (i. e. driving force) across the
cell.
Over the past few decades, major efforts have been directed
at achieving high-eﬃciency heat exchange in turbulent thermal
convection. This has been accomplished through several methods.
One commonly adopted method was through a modiﬁcation of
the top and bottom boundary layers utilizing roughness elements
(pyramids, rectangles, ratchet-like elements, and nanoscale surface
treatments). The mechanism of their action is to aid the generation
of coherent thermal plumes and consequently make the ﬂow more
turbulent. For example, Du and Tong [9,10] introduced roughness
elements of a square lattice of pyramids to the top and bottom
plates in an RBC cell and found that the heat transport to be increased by more than 76%. The reason is that the roughness on
the top and bottom plates can greatly increase the generation of
thermal plumes detaching from the tip of the roughness elements.
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speciﬁc heat capacity, J/(kg · K)
characteristic length scale of biphasic species, m
cell diameter, m
gravitational acceleration, m/s2
ﬂuid layer thickness in the cell, m
height of the experimental cell, m
Jakob number
heat transfer coeﬃcient of pure conduction,
W/(m2 · K)
curvature, cm−1
mass, kg
Nusselt number
Prandtl number
the measured heat input through the bottom plate
into the system per unit time, W/m2
radial coordinate, m
radius of curvature of the concave or convex surface, cm
Rayleigh number
Reynolds number
temperature difference between the bottom and top
plate, K
temperature, K
time, s
volume, m3
radius of the tube that connects the RBC cell and
the expansion vessel, m
in single-phase regime: T ∗ = Tb ; in the active
regime, T ∗ = Tcr
time-averaged temperature of each thermistor inserted into the top or bottom plate, here x = 1, 2,
3, 4, 5, 6, 7, 8, ◦ C
collective velocity of biphasic species cm/s
the heat ﬂux that is contributed by the biphasic
kinematics, W/m2
overall heat transfer enhancement
normalized heat transfer enhancement contributed
by biphasic kinematics mechanism
normalized heat transfer enhancement contributed
by biphasic species induced agitation mechanism
free-fall velocity, m/s
gravitational velocity scale, m/s
velocity ﬂuctuation, m/s

Greek letters
α
vapor volume fraction
γ
isobaric thermal expansion coeﬃcient, 1/K
κ
thermal diffusivity, m2 /s
ν
kinematic viscosity of water, m2 /s
aspect ratio
ρ
density, kg/m3
ρ̄
biphasic species-to-water density ratio
φ
volume fraction of HFE-70 0 0 liquid that initially introduced into the system
λ
thermal conductivity, W/(m · K)
ω
ﬂag parameter, in single-phase regime ω = 0; in active regime ω = 1
L
latent heat of HFE-70 0 0, J/kg
integral Lagrangian length scale, m
Subscripts
b
based on the bottom plate

cr
f
m
t
eff
RB
RB · w

critical
based on the ﬂuid
based on the mean value
based on the top plate
effective
inside the Rayleigh-Bénard convection cell
based on the water inside the Rayleigh-Bénard convection cell
RB · Hv based on the vapor phase of HFE-70 0 0 inside the
Rayleigh-Bénard convection cell
RB · Hl based on the liquid phase of HFE-70 0 0 inside the
Rayleigh-Bénard convection cell
0
based on initial state
w
water
tube
based on the water inside the tube
Abbreviation
RBC
Rayleigh-Bénard convection
LSC
large scale circulation
PID
Proportional-Integral-Derivative
Similarly, introducing roughness of shape rectangles [11], asymmetry ratchet-like elements [12], and nanoscale surface treatment like
nanopillar arrays [13], etc, have also been reported to yield heat
transfer enhancements to varying degrees. However, more recently,
Zhang et al. [14] revealed that roughness elements do not always
lead to heat transfer enhancements. They observed heat transfer
reduction at small roughness heights, while an enhancement occurred at larger roughness heights. The reasons for the heat transfer reduction was found to be due to the prevalence of trapped
hot/cold ﬂuid within the cavities (or valleys) between the rough elements, leading to a much thicker thermal boundary layer, thereby
impeding the overall heat ﬂux.
A second method of modifying the heat ﬂux was by adapting
the cell geometry, either through geometrical conﬁnement or by
adding physical structures within the bulk of the RBC cell. Chong
et al. [15] found that simple geometrical conﬁnement i.e., decreasing the aspect ratio from 1/64 ≤ ≤ 1, the heat transfer regime
changed from classical boundary-layer-controlled regime to plumecontrolled regime. In this state of conﬁnement, the system reached
a regime where highly coherent system-sized plumes were formed,
leading to a maximum heat transfer eﬃciency. Bao et al. [16,17] inserted vertical partitions into a convection cell with thin gaps left
open between the partition walls and the cooling/heating plates.
They found that heat transport was enhanced because of the more
self-organized and more coherent convective ﬂow inside the subcell. Furthermore, the jet induced by a pressure difference between the thin gap effectively reduced the thermal boundary layer
thickness, which again aided the heat transfer increase. With similar motivation, Corcione et al. [18] used a suspension of adiabatic
square honeycombs in the middle of the RBC cell and succeeded in
achieving heat transfer enhancement by establishing self-organized
thermal plumes and ﬂow structures.
A third method for increasing heat ﬂux in Rayleigh-Bénard Convection is by rotating the convection cell. Stevens et al. [19] used
direct numerical simulations to show that enhanced heat transfer
could be achieved at a critical inverse Rossby number (dimensionless angular velocity). They associated this with the formation of
the Ekman vortices, which aligned vertically and suck up (down)
hot (cold) ﬂuid from the lower (upper) boundary layers. Chong
et al. [20] also reported heat transfer enhancement and suggested
that the modiﬁcation of ﬂow structures into an organized morphology was responsible for the higher eﬃciency of heat transport. Alternate directions for heat transfer modiﬁcation could exploit either the usage of improved working ﬂuids with a different
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Prandtl number (the ratio of momentum diffusion rate to the thermal diffusion rate, to be deﬁned below) or set foot into multiphase
ﬂuids, ranging from bubble injection or by adding particle additives[21], with or without phase change of the working ﬂuid or
by using emulsions [22]. For example, Gvozdić et al [23,24] used
the homogeneous or inhomogeneous injection of bubbles into a
natural convection system to induce heat transfer enhancement
which is governed by bubble-induced liquid agitation. Heat transfer investigations using nanoﬂuids in natural convection showed
contrasting results. Khanafer et al [25] investigated heat transfer enhancement in a buoyancy-driven convection system utilizing nanoﬂuids and found an enhancement in heat transport, which
coincided with an increase in the fraction of suspended nanoparticles. However, Hwang et al. [26], in their study of buoyancydriven convection system using water-based nanoﬂuids, reported
a decrease in the heat transfer upon increasing the volume concentration of nanoparticle. Putra et al. [27] experimentally showed
similar results. Ahlers and Nikolaenko [28] experimentally investigated the effect of polymer additives on heat transport in turbulent
Rayleigh-Bénard convection, over the Ra range 5 × 109 ~ 7 × 1010 ,
and found a lower heat transfer (up to 10%) as compared to that
of pure water. Zhong et al. [29] studied a variant of two-phase
RBC wherein the applied temperature difference between the top
and bottom plates spanned a liquid-vapor phase-transition line,
and thus the system displayed both condensation and vaporization
(“boiling”) providing an additional heat transfer mechanism. Similarly, boiling has proven to be an extremely effective way to promote heat transfer either numerically or experimentally [30,31].
While these approaches have proven to be of practical importance and are adopted in various technological and industrial applications, there can be certain constraints to their applicability to
speciﬁc heat exchange scenarios, or in situations that demand a
much higher heat exchange potential. For instance, modiﬁcation
of the geometry of the cell is not feasible when heat transfer enhancement is desired for existing heat exchangers. Bubble injection
only works for the open heat transport system and calls for extra
energy consumption for air injection, which often partially compensates the usable in heat exchange energy eﬃciency. Similarly,
for a common working ﬂuid as water, creating a state of two-phase
thermal convection by inducing the liquid-vapor phase transition
requires heating the material of the exchanger cell to extremes of
temperatures, which is often accompanied by equipment degradation and safety concerns.
In a recent work [1], we discovered that a state of self-sustained
biphasic thermal turbulence can be generated within a turbulent
thermal convection cell even while operating over modest temperature ranges. We created a boiling-condensation system by adding
a small fraction (φ ~ 1%) of an additive species: HFE-70 0 0 to
a water-based RBC cell. In the present work, we expand upon
the possibilities of this biphasic, two-component system by conducting more systematic experiments at different volume fractions
(φ1 ∼ 0.5%, φ2 ∼ 1%, & φ3 ∼ 4%) of the HFE-70 0 0 species initially
added to the system. Upon increasing the bottom plate temperature, there are two regimes of heat transport: (a) a single-phase
regime where the heat transfer is purely due to plume-driven thermal turbulence; (b) a regime of active biphasic turbulence, where
the bottom plate temperature exceeds Tcr of HFE-70 0 0, resulting in
self-sustained boiling-condensation cycles. In this regime, the HFE70 0 0 species acts as a “catalyst-like” additive, as it facilitates the
generation of new heat carriers, viz. biphasic risers, biphasic settlers, and boiling plumes. We report heat transfer enhancements
up to 800% (at φ 3 ~ 4%). The primary objectives of this research
are: (a) to provide a highly eﬃcient way of enhancing heat transfer
in turbulent convection that holds promise for technological applications; (b) to compare the heat transfer and dynamic characteristics for different volume fraction of HFE-70 0 0 initially added;
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(c) to better understand the mechanism that dominates the heat
transport enhancement.
2. Control and response parameters of the system
2.1. Control parameters
In classical thermal turbulence, the ﬂow dynamics and heat
transfer depend on the thermal driving force intensity which expressed in dimensionless form by the Rayleigh number,

Ra =

gγ T H 3

νκ

,

(1)

where g, γ , ν and κ denote the gravitational acceleration, the isobaric thermal expansion coeﬃcient, the kinematic viscosity and
the thermal diffusivity. Here, T is the temperature difference between the bottom plate Tb and the top plate Tt , i.e. T = Tb − Tt ,
and H is the height of the experimental cell. All of these physical properties are calculated for water which is the working ﬂuid
with a mean temperature Tm = (Tb − Tt )/2. The Prandtl number, Pr,
is the ratio of momentum diffusion rate to the thermal diffusion
rate and can be expressed as

Pr =

ν
,
κ

(2)

For a cylindrical experimental cell, a parameter that deﬁnes the
ratio between the lateral and vertical extent of the cell is aspect
ratio ,

≡

D
,
H

(3)

where D is the cell diameter. In the experiments presented here,
the cell has the aspect ratio = 0.5.
For a system undergoing phase change, an important control
parameter is Jakob number, Ja, which is the ratio of available thermal energy (sensible heat) to that necessary for inducing liquid
phase vaporization (latent heat).

Ja =

ρHlCpHl (Tb − Tcr )
,
ρHv L

(4)

where ρ Hl denotes the density of HFE-70 0 0 liquid, CpH the heat
capacity per unit mass of HFE-70 0 0 liquid, Tcr the boiling temperature value measured in the experiments above which the biphasic activity begins, ρ Hv the density of HFE-70 0 0 vapor, and L the
latent heat of the HFE-70 0 0 liquid. The temperature difference between the heated bottom plate and the critical point of HFE-70 0 0
(Tb − Tcr ) is referred to as the superheat of the bottom plate (similarly (Tt − Tcr ) is referred to as underheat of the top plate). In our
experiments, the prevailing pressure remains the same and therefore the critical (boiling) temperature Tcr stays unchanged. When
Tb > Tcr , the biphasic activity sets in, i.e. corresponding to Ja > 0.
Although in single-phase regime, Ja is not a relevant parameter, yet
for a general understanding of the heat transfer trend, the nominal
Ja is described for the full range of experiments presented, including Ja < 0.
We begin from water-based classical Rayleigh-Bénard convection system, to which we introduce different volume fraction of
HFE-70 0 0 that affects the biphasic activity in the active regime.
Here we introduce the HFE-70 0 0 liquid volume fraction φ that can
quantify the amount of HFE-70 0 0 liquid added to the water-based
classical turbulence system initially. In the experiments, we consider three different volume fractions: φ 1 ~ 0.5%, φ 2 ~ 1%, and
φ 3 ~ 4%.
In the experiments presented here, we focus on the biphasic activity dynamics and investigate the biphasic-activity-induced heat
transfer enhancement phenomena. Therefore we use the experimental setting that the temperature difference T is kept constant over all the experimental cases, i.e. T ≈ 30K, to ensure

4

Z. Wang, V. Mathai and C. Sun / International Journal of Heat and Mass Transfer 152 (2020) 119515
Table 1
The explored parameter regime.

φ (%)

Tm (◦ C)

Ra ( × 1010 )

Pr

0.5
1
4

19.1 ~ 25.7
23.3 ~ 31.1
20.2 ~ 30.0

2.6 ~ 3.9
3.4 ~ 5.1
2.8 ~ 4.8

6 ~ 7.2 (with decreasing Tm )
5.3 ~ 6.4 (with decreasing Tm )
5.4 ~ 7.0 (with decreasing Tm )

that Rayleigh number and Prandtl change in between small ranges.
Table 1 shows the explored parameter regime.
2.2. Response parameters
In the study of thermal convection, the normalized heat ﬂux
(normal to the boundary) across the cell is expressed by the Nusselt number

Nu =

Q
,
k f · T

(5)

with Q the measured total heat input power per unit cross section
area, kf the heat transfer coeﬃcient of pure conduction and by definition is the inverse of the overall thermal resistance of pure conduction, i.e. kf = (H/λf )−1 . Here, λf is the thermal conductivity of
the ﬂuid in the cell. As we introduce a small volume fraction of
HFE-70 0 0 into the system, the water and HFE-70 0 0 are in a stratiﬁed state which will modify the heat transfer coeﬃcient of pure
conduction. Therefore, the pure conduction case is considered as
a cascade of the two layers of ﬂuids, i. e. HFE-70 0 0 and water.
To account for this effect, we introduce a correction to the heat
transfer coeﬃcient of pure conduction in the deﬁnition of Nusselt
number

Nu =

Q
,
keff · T

(6)

where keff is the effective heat transfer coeﬃcient of pure conduction, deﬁned as keff = (H/λeff )−1 = (hw /λw + hH /λH )−1 . Here, λeff
is the effective thermal conductivity of the two layers of ﬂuid, λw
and λH the thermal conductivity of water and HFE-70 0 0 liquid, respectively, hw and hH the equivalent height of water layer and HFE70 0 0 layer, respectively, in the single-phase regime. We deﬁne this
equivalent height hH of the HFE-70 0 0 liquid layer initially introduced to the cell as hH = φ H, where φ is the volume fraction of
HFE70 0 0 liquid and H is the total height of the experimental cell
(refer to 3.2 for more details).
For the experiments presented in this paper, we use this corrected Nusselt number (the one using the effective heat transfer
coeﬃcient). For each case, after the system had passed the initial
transients, we conduct about four hours of heat ﬂux measurements
to ensure that measurements were in a self-sustained and statistically stable state.
3. Experimental apparatus and methods
3.1. Experimental apparatus
The experiments were conducted in the classical water-based
Rayleigh-Bénard convection (RBC) system. Fig. 1 shows a schematic
of the experimental apparatus. The RBC cell was of cylindrical
shape that consisted of a heated bottom plate and a cooled top
plate, both of which are made of copper and coated with a thin
layer of nickel to protect the copper from oxidation. Transparent
plexiglass was used for the curved sidewall of the cylinder. Orings were used in between the top plate and the sidewall, and
also the bottom plate and sidewall, to provide a safe and leakfree seal for preventing liquid from leaking. The diameter d and
height H of the cell were 200 and 400 mm, respectively, which
leads to an aspect ratio of = 0.5. The bottom plate was heated at

Fig. 1. Schematics of the experimental systems. (a) Schematic of the experimental setup. (b) Schematic of the PID (Proportional-Integral-Derivative) controller that is used
to precisely control the temperature. (c) Schematic of the thermistor (440 0 0 Series Thermistor Element) used to monitor the top and bottom plate temperature. (d) Surface
mount PT-100 used in the PID controller.
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Fig. 2. Representative temperature signals. (a) The time series of the temperature signal of 1# thermistor inserted into the top plate (cold). (b) The time series of the
temperature signal of 1# thermistor inserted into the bottom plate (hot).

constant heat ﬂux using two embedded Kapton ﬁlm heaters. The
heaters were connected in parallel to a high precision digitallycontrolled power supply (LW-6020KD 0-60V). Eight radial-direction
holes were evenly distributed along the circumferential direction of
the bottom plate. Such holes were designed to place thermistors
(Omega 440 0 0 Series Thermistor Element) for bottom-plate temperature monitoring (see also 3.2 and Fig. 3). Fig. 1 (c) shows a
schematic of the thermistor, consisting of the resistor body, which
was packed inside a glass bead and two tinned-copper wires encased in long waterproof PFA tube, ready for insertion into the
interior of the bottom and top plates. The top plate is cooled to
a constant temperature by a water circulating bath (PolyScience
PP15R-40). Similarly as the bottom plate, along the circumferential direction of the top plate were placed eight radial-direction,
evenly distributed holes for thermistors insertion. A few particular
designs were introduced to prevent undesired bubble nucleation
sites on the O-ring along the gap of sidewall and bottom plate:
on the top and bottom edges of the sidewall, a stepwise structure
was placed to “lock” the gap. As shown in Fig. 1 (a), the upper surface of the bottom plate was concave with a slight curvature K (K
≈ 0.028 cm−1 , and the bottom surface of the top plate was made
convex with the same curvature) which helped conﬁne the HFE70 0 0 liquid away from the O-ring. During the experiments, liquid
expansion due to phase change inside the cell. In order to take
the volume change into consideration, an expansion vessel is connected to the cell through a silicone tube. The experimental prevailing pressure is kept constant by the expansion vessel, which
in turn is connected and kept open to the atmosphere. The water level h(Tb ) could be monitored inside the expansion vessel to
calculate the vapor volume fraction (for details, see 4.2). A camera
was used to record the dynamics of the two-phase two-component
turbulent convection. A PID (Proportional-Integral-Derivative) controller (see Fig. 1 (b)) was used to precisely control the temperature of the experimental system, in order to limit the heat losses
into the surrounding environment. As is shown in Fig. 1 (b), the
PID controller consisted of ten terminals. Terminals 1-2 were connected to a power supply, while terminals 3-4 were outputs of the
PID controller that served to control the switch on and off of the
electric relay. The latter decides the functioning of the heater, as
per the difference between the transient measured value (input of
the PID controller) and the setpoint, thereby controlling the plates
to be very close to the set value of temperature. Terminals 5-7
were for temperature signal input. Here the PT-100 (surface mount
type, see Fig. 1 (d)) was used to monitor the temperature of the
spot that needed temperature regulation and feedback to the PID
controller. Terminals 8-9 acted as alerts, i.e. when the temperature
was above a threshold value, an alert was sent out to keep the system safe. Terminal 10 was for a ground wire. The detailed steps
to limit the heat loss were as follows. First, an aluminum thin-

walled cylinder around the experimental cell with insulation foam
was ﬁlled in between the spacing of the cylinder and the sidewall
of the cell. Outside the cylinder, several layers of insulation foam
were wrapped with an aluminum foil high-reﬂecting ﬁlm as the
outermost layer. The aluminum thin-walled cylinder was attached
with heaters and a temperature probe (surface mounted PT-100,
see Fig. 1(d)), and was maintained by the PID controller at constant
temperature Tm . Second, several plastic heat shields were placed
under the bottom plate. Under the heat shields was placed an aluminum plate attached with heaters and a temperature probe (surface mounted PT-100, see Fig. 1(d)). The plate was maintained at
constant temperature by the PID controller at the temperature of
the bottom plate which acted as the temperature shield.
3.2. Instrumentation for temperature and heat transfer measurements
Eight embedded thermistors were inserted into the top and
bottom plates, respectively, to monitor the temperature during experiments. Representative temperature signals are shown in Fig. 2.
Fig. 2 (a) is the temperature series of one thermistor (at location 1# , see also Fig. 3 (b)) of the top plate and (b) of the bottom plate. From these temperature signals, we can judge that the
system has reached a statistical equilibrium state after a long initial transient time. We can, therefore, use the long-time average
of each thermistor. Fig. 3 (a) and (c) show the front view of the
top and bottom plates with the thermistors inserted. Correspondingly, Fig. 3 (b) shows the detailed conﬁguration of the thermistors
in the bottom view of (a) as well as the top view of (c). For each
plate, the eight thermistors are radial-direction and 45◦ apart from
each other along the circumferential direction. The red points in
Fig. 3 (b) indicate the temperature measurement point where the
resistor body packed in the glass bead is situated (in radial direction r/(D/2) ≈ 0.65). After the experiments began, the system was
ﬁrst to run for about 24 hours and after it had reached a statistically stable state, we conducted about four hours of heat ﬂux measurements. Meanwhile, we monitored the water surface level h of
the expansion vessel to quantify the vapor volume fraction of HFE70 0 0. Fig. 3 (d) shows the time-averaged temperature of each thermistor that measures the top plate temperature at eight measurement points, and Fig. 3 (e), that of the bottom plate. Shown here
are the data from case φ 2 (as an example); for cases φ 1 and φ 3
the results are similar. The top plate was of constant temperature
boundary condition controlled by the water circulating bath, and
the temperature variation within the plate was found to be less
than 1% of T. The bottom plate was of constant heat ﬂux boundary condition. We noted that the phase change-induced boilingcondensation cycle led to sudden “quenching” (vaporization needs
much latent heat) and “heating” of different spots on the bottom
plate, so the temperature variation is found to be slightly higher
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Fig. 3. Temperature measurements on the top plate and bottom plate. (a) Front view of the location of the thermistors distributed on the top plate. (b) Detailed conﬁguration
of the thermistors in the bottom view of (a), as well as the top view of (c). (c) Front view of the location of the thermistors distributed on the bottom plate. (d) Distribution
of the time-averaged temperature from each thermistor inserted into the top plate. (e) Distribution of the time-averaged temperature from each thermistor inserted into the
bottom plate.

than that of the top plate but still within 3% of T. On the whole,
the temperature distribution over the top and bottom plates were
nearly uniform. As such, therefore, the temperature of the top
(bottom) plate refers to the time-averaged temperature T x# (x =
1, 2, 3, 4, 5, 6, 7, 8 ) of each thermistor, which was then spatially avx=8
eraged
x=1 T x# /8 (x = 1, 2, 3, 4, 5, 6, 7, 8 ) for the eight thermistors on the top (bottom) plate. After the heat ﬂux measurements,
the insulations were removed and visualization was conducted using a high-speed camera. Different volume fractions of HFE-70 0 0 φ
were introduced into the water-based convection setup. Since the
top surface of the bottom plate and the bottom surface of the top
plate have a slight curvature (bottom plate concave and top plate
convex) which can aid the boiling-condensation cycles, to simplify
the description we use the equivalent height, hH , of the HFE-70 0 0
liquid layer initially introduced into the cell. The equivalent thickness of the HFE-70 0 0 liquid layer on the bottom plate is deﬁned
in a way that assume the upper surface of the bottom plate and
the bottom surface of the top plate are both planes rather than
concave or convex, correspondingly, hH = φ H. hH was then used in
the calculation of the corrected Nusselt number described in section 2.2.

huge heat energy input and the water temperature should be
up to 100◦ C (at atmospheric pressure), which is a challenge and
not feasible for water-based classical turbulence system (because
the sidewall is made of plexiglass that can not stand over about
65◦ C for safe and stable use for a long time). The reason that
we choose HFE-70 0 0 liquid is that it is heavier than water with
a relative density 1.4 at 25◦ C and it has a relatively low boiling
temperature Tcr (above which the biphasic activity begins) which
is around 41◦ C observed throughout the experiments at atmospheric pressure, all of which are much lower than that of water.
Moreover, HFE-70 0 0 liquid is practically immiscible with water.
The solubility of water in HFE-70 0 0 ﬂuid is 43ppmv (at 25◦ C), that
is to say, the amount of HFE-70 0 0 that is lost into the water due
to miscibility, therefore, is small. We expect this to not affect the
experimental results. When phase change takes place the biphasic
species (of HFE-70 0 0) is immiscible with water as well. In addition, the biphasic species holds all the excellent performances
depicted before and hence shows promise as a stable, eﬃcient,
safe and sustainable additive for heat transfer (enhancement).
Note that it is important to remove the air dissolved either in
water or HFE-70 0 0, so before the experiment deionized water is
boiled twice and HFE-70 0 0 is also boiled to be degassed.

3.3. Working ﬂuid
4. Results analysis
The working ﬂuid is deionized and degassed water.
To the water-based RBC system, a small amount (φ1 ∼
0.5%, φ2 ∼ 1%, & φ3 ∼ 4%) of HFE-70 0 0 is introduced as additive that induces biphasic activity. HFE-70 0 0, ﬂuorocarbon
1-methoxyheptaﬂuoropropane, is a kind of engineered ﬂuid (manufactured by 3M inc). HFE-70 0 0 offers environmentally friendly
performance including zero ozone depletion potential (OPD 0),
low global warming potential, low toxicity, non-ﬂammable, noncorrosive, etc, making it a sustainable heat transfer medium with
a wide range of applications ranging from electronic cooling,
semiconductor to the pharmacy and so on. Boiling water demands

4.1. Bubble nucleation
We highlight two modes of bubble generation, which reveal a
progressive relationship with the increase of superheat. When the
superheat is small (less than 2K), the bubble generation is in a socalled single-bubble mode. Fig. 4 captures the typical growth and
detachment of a vapor bubble near the bottom plate. As the bottom plate is heated to above the boiling temperature Tcr , a constant stream of tiny vapor bubbles (see Fig. 4 (a)) are generated on
seemingly randomly distributed spots on the surface of the bot-
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Fig. 4. Snapshots from a time sequence of HFE-70 0 0 liquid nucleation from the bottom plate corresponding to a small superheat (less than 2K): single-bubble mode.

Fig. 5. Snapshots of a time sequence of HFE-70 0 0 liquid nucleation from the bottom plate at large superheat: biphasic plume mode.

tom plate, which are referred as nucleation sites. These tiny vapor bubbles detached from the nucleation sites rise through the
thin HFE-70 0 0 layer, and meanwhile collide and merge with each
other giving birth to larger bubbles (see Fig. 4 (b)). The large bubble keeps feeding on the tiny bubbles and growing in size, and it
ﬂoats on top of the HFE-70 0 0 layer and oscillates, which induces
waves around the bubble (see Fig. 4 (c)-(k)). Later on, the bubble
grows and rises through the HFE-70 0 0 layer (see Fig. 4 (l)), after
which the neck of the bubble becomes thinner (see Fig. 4 (m)). Finally, the bubble detaches (see Fig. 4 (n)) and at the same time it
perturbs the surrounding HFE-70 0 0 and water (see Fig. 4 (o)). This
bubble rises by the buoyancy force through the water.
In scenarios where the biphasic activity is much more intense
(for superheat > 3K), the frequency of the generation of tiny bubbles is much higher. The system then enters the biphasic plume
mode. The tiny bubbles form bunches of big bubbles, from which
biphasic plumes emerge (see Fig. 5). Biphasic plumes present a

Fig. 6. Snapshots of heat carriers. (a) Typical thermal plume detached from the
bottom plate in the classical single-phase thermal turbulence. (b) Typical thermal
plume detached from the top plate in the classical single-phase thermal turbulence.
(c) Biphasic risers, (d) biphasic plumes, and (e) biphasic settlers. Risers and settlers
differ mainly in the fraction of the vapor to the liquid phase.

state that when the bubbles pile up and produce detached big bubbles faster and more eﬃciently. In summary, the nucleation sites
produce a large number of bubbles to ensure that the biphasic activity and heat transfer process goes on in a self-sustained manner.
4.2. The cycle of the biphasic species
In the classical single-phase thermal turbulence system, plumes
(Fig. 6 (a)), a form of coherent turbulent structure, are considered
as the main heat carriers. Hot plumes detach from the bottom
plate and rise, while cold plumes detach from the top plate and
fall. The plumes interact and ﬁnally evolve into the coherent large
scale circulation (LSC), whose characteristic length scale is comparable to that of the convection cell[32]. In the biphasic turbulence
system, however, in addition to the heat carriers of classical singlephase turbulence, there are additional heat carrier mechanisms
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that lead to signiﬁcantly higher heat transfer eﬃciency. Born from
the HFE-70 0 0 liquid, these novel heat carriers include biphasic risers (Fig. 6 (b)), biphasic settlers (Fig. 6 (c)) and biphasic plumes
(Fig. 6 (d)), which combine to form even more intense coherent
turbulent structures. When Tb < Tcr , the system is in single-phase
regime, where the heat transfer is purely thermal plume-driven. As
the bottom plate heats up to above the boiling temperature Tcr , the
thin layer of HFE-70 0 0 liquid which is resting on the bottom plate
begins to boil to form vapor bubbles. For small superheat ( < 2K),
these bubbles come out and detach from the HFE-70 0 0 liquid layer
one by one (see also Fig. 4). At larger superheats ( > 2K), biphasic plumes (see Fig. 6) form from the HFE-70 0 0 liquid layer and
pinch off to produce a trail of bubbles (see also Fig. 5). These bubbles that detach from the HFE-70 0 0 liquid layer are called biphasic
risers, for the reason that once the bubbles leave the bottom plate,
they are surrounded by water whose temperature is below Tcr , and
hence the bubbles experience partial condensation in the process
of traveling towards the top plate. This fast cooling down causes
the initial bubbles to partially condense, and as they rise the liquid
fraction gets higher while the vapor phase gets lower. The buoyancy balance positions the vapor part of the biphasic elements to
be raised, resulting in a unique “hat” shape for the risers. Finally,
the biphasic risers come near to the top plate where the temperature is less than Tcr , where they fully condense and form droplets.
Concurrently, some biphasic risers circulate within the bulk of the
RBC cell under the inﬂuence of the thermally driven LSC. The relatively heavier biphasic elements (liquid fraction is high and buoyancy can’t hold the rising motion) turn around and move downwards, and thus they become settlers. All the droplets that come
from the top plate and the settlers from the heavier biphasic elements together act as biphasic settlers. Biphasic risers carrying
heat leave the bottom plate and rise due to buoyancy; biphasic settlers which have released heat to the top plate fall back to the bottom plate and return the initial liquid state, joining a new round
of boiling-condensation cycles. Thus biphasic species play a role in
speeding up the LSC, analogous to the role of a catalyst in a chemical reaction, and hence we call their action “catalyst-like”.
4.3. Calculation of vapor volume fraction α
Following several hours of operation, the biphasic system
reaches a state of dynamic equilibrium, where through the phase
change induced boiling-condensation cycles the vapor volume fraction α remains stable. Hence we can estimate the α corresponding
to each bottom plate temperature Tb based on the conservation of
mass. The deﬁnition of vapor volume fraction α is α = VRB·Hv /VRB ,
where VRB · Hv denotes the volume of vapor phase of HFE-70 0 0 in
the RBC cell, and VRB the volume of RBC cell: the part that is encircled by blue dotted line in Fig. 1 (a)). Initially at time t = t0 , the
experimental system stays at room temperature T0 which is controlled by conditioner and hence stays unchanged throughout the
experiments. At this stage, inside the cell, there is only water and
HFE-70 0 0 liquid. Since the expansion vessel is connected to the atmosphere, the pressure of the experimental system remains ﬁxed.
There is always thermodynamic equilibrium established between
the water in the expansion vessel and the surrounding environment. The initial mass of all the ﬂuids in the system is composed
of water and HFE-70 0 0 in the RBC cell, water in the tube (connecting the expansion vessel and the RBC cell) and water in the
expansion vessel. Based on this, m0 can be calculated as follows,

m0 =

ρw (T0 ) · VRB·w (t0 ) + ρHl (T0 ) · VRB·Hl (t0 )
+mtube + ρw (T0 ) · π r02 · h(T0 ),

(7)

where ρw (T0 ) is the density of water, ρHl (T0 ) HFE-70 0 0 liquid density, VRB·w (t0 ) the volume of water in RBC cell, VRB·Hl (t0 ) the volume of HFE-70 0 0 liquid in RBC cell, mtube the mass of water inside

the tube that connects the expansion vessel to the RBC cell, r0 the
radius of expansion vessel, and h(T0 ) water surface level within the
expansion vessel. Note that m0 is given and ﬁxed in value throughout the experiment. The water in the tube and expansion vessel
remain at temperature T0 and constant pressure. During the experiment, the water and HFE-70 0 0 liquid inside the RBC cell undergo
isobaric thermal expansion, both in the single-phase and biphasic
regimes. In addition, HFE-70 0 0 experiences volume expansion due
to phase change in the biphasic regime. At this stage, the mass inside the RBC cell includes that of water, vapor phase of HFE-70 0 0
and liquid phase of HFE-70 0 0, which yields

m0 =

ρw (Tm ) · VRB·w (t ) + ρHl (T ∗ ) · VRB·Hl (t )
+ ω · ρHv (T ∗ ) · VRB·Hv (t )
+ mtube + ρw (T0 ) · π r02 · h(Tb ),

(8)

where ρ Hv is the vapor phase density of HFE-70 0 0, ω a ﬂag parameter that tells which regime the system is in, i.e. in single-phase
regime ω = 0, while in active regime ω = 1. The density of vapor and liquid phase of HFE-70 0 0 is evaluated at temperature T∗ ,
when it is in single-phase regime, i.e. T ∗ < Tcr , we have T ∗ = Tb ;
when it is in active regime, i.e. T ∗  Tcr , we have T ∗ = Tcr . The reason for this rule is that in biphasic regime the HFE-70 0 0 boils to
form vapor. The bubbles themselves experience phase change during their life with condensation in the bulk region of the cell, as
well as on the top plate. The phase change causes mass redistribution between vapor and liquid phases of HFE-70 0 0. Yet the HFE70 0 0 species is conﬁned within the RBC cell, meaning that the total mass of the HFE-70 0 0 species remains conserved, leading us to
write m0·H = ρHl (T ∗ ) · VRB·Hl (t ) + ω · ρHv (T ∗ ) · VRB·Hv (t ). The volume
occupied by all the ﬂuids inside the RBC cell is conserved, which
implies that VRB = VRB·w (t ) + VRB·Hl (t ) + VRB·Hv (t ). Above all, we obtain the general form of the vapor volume fraction α as

α=

m0
VRB

−

+ ρw (Tm ) ·



m0·H
VRB ·ρHl

−1



ρw (Tm ) · ( ρρHvHl − 1 )

m0·H
VRB

+

mtube +ρw (T0 )·π r02 ·h(Tb )
VRB

ρw (Tm ) · ( ρρHvHl − 1 )

.

(9)

where h(Tb ) is measured for each Tb once the system has reached
a statistically stable state.
4.4. Heat transfer enhancement
The typical characteristics of three different initial volume fractions φ of HFE-70 0 0 are shown in Fig. 7. Fig. 7 (a) shows the state
of single-phase regime of φ 2 the HFE-70 0 0 spreads on the bottom
plate (for φ1 , & φ3 , the single-phase regime has the same characteristic, here we show one typical case). At this stage, Tb < Tcr
when the heat transport is driven by plumes with a LSC as well.
Both water and HFE-70 0 0 remain in the liquid phase. In comparison, as the bottom plate increased above the boiling temperature,
the biphasic species come alive and gain activities. Fig. 7 (b)–(d)
are of the same bottom plate superheat ( ~ 2.5 K). For φ 1 , the HFE70 0 0 liquid layer rests on part of the concave surface of the bottom plate, with it boiling to form biphasic bubbles. The majority of
the bubbles ﬂoat towards the contact line of the HFE-70 0 0 liquid
layer, after which the bubbles detach and move along the curvature of the plate and ﬁnally rise due to buoyancy (see Fig. 7 (b)),
producing a small number of biphasic species distributed in the
bulk region. For the intermediate volume fraction φ 2 , there a pool
of HFE-70 0 0 on the bottom plate and from the zoom-in views we
can clearly see the biphasic plumes with an increased frequency
of bubble generation. The biphasic activity, in this case, is at an
intermediate level and accompanied by more biphasic species in
the bulk region compared to that of φ 1 . For the highest volume
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Fig. 7. Snapshots of single-phase convection regime and three different HFE-70 0 0
volume fraction active regimes. (a) The state of single-phase regime of φ2 ∼ 1%
when the HFE-70 0 0 spreads on the bottom plate (for φ 1 ~ 0.5% and φ 3 ~ 4%,
the single-phase regime has the same characteristic except for different equivalent
height of HFE-70 0 0 layer, here we only show one typical case). (b)-(d) are snapshots of the ﬂow ﬁeld and the zoom in view near the bottom plate of the same
bottom plate superheat ( ~ 2.5K) for φ 1 , φ 2 and φ 3 , respectively.

fraction case, φ 3 , a lot more pinch-off of the biphasic plumes can
be observed on the bottom plate (see Fig. 7 (d)). The bulk region
shows intense activity and we attain the strongest biphasic kinematics for this case, among the three φ studied.

9

The global heat transfer varies signiﬁcantly with increasing superheat when changing the φ . Fig. 8 (a) shows the Nusselt number vs. superheat (underheat) at the three different values of φ .
Interestingly, in the single-phase regime, as the volume fraction of
HFE-70 0 0 additive increases, the heat transfer decreases. This effect is because the heavier HFE-70 0 0 has a lower thermal conductivity than that of water. The HFE-70 0 0 liquid layer resting on the
bottom plate, therefore, acts as a heat-resisting layer, which results
in decreased heat transfer. This condition gains in prominence with
increasing HFE-70 0 0, i.e. at φ 1 ~ 0.5%, HFE-70 0 0 liquid is only partially covered on the bottom plate, while at φ 2 ~ 1%, it forms a
layer on the bottom plate, and further at φ 3 ~ 4%, it forms an
deeper layer, climbing onto the sidewall of the cell. However, once
the phase change sets in, the heat transfer displays a reversal in
trend. A higher heat transfer is seen at the same superheat (underheat) for higher φ because when the bottom plate temperature
is above Tcr the phase change initiates and HFE-70 0 0 vapor bubbles generate and detach from the bottom plate. Once the bubble
leaves the plate surface, the surrounding HFE-70 0 0 liquid is supposed to rewet the plate and thus more bubbles form in this manner. Higher φ means more HFE-70 0 0 liquid is available for boiling, which enables the increased eﬃciency of heat transfer or Nu.
Fig. 8 (b) shows the corresponding bulk vapor volume fraction α
of HFE-70 0 0 vs. superheat (same trend of increasing underheat).
α has similar trends as the heat transfer results. Above T = Tcr ,
the vapor volume fraction increases monotonically with superheat
(same trend of increasing underheat), until a maximum measured

Fig. 8. Heat transfer enhancement of different HFE-70 0 0 volume fraction. (a) The Nusselt number as a function of the superheat of the bottom plate (bottom x-axis) or
under heat of the top plate (top x-axis). (b) Vapor volume fraction α for different φ changing with superheat of the bottom plate (bottom x-axis) or underheat of the top
plate (top x-axis). (c) The normalized Nusselt number as a function of the superheat of bottom plate (bottom x-axis) and underheat of top plate (top x-axis). Nu0 is the heat
transfer in the single-phase regime of each φ respectively. The dashed line denotes Nu/Nu0 = 1. (d) The normalized heat transfer enhancement δ Nu (δ Nu = Nu − Nu0 ) as a
function of the superheat of the bottom plate (bottom x-axis) and under heat of the top plate (top x-axis).
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Fig. 9. Fluctuation of temperature versus superheat of the bottom plate (bottom x-axis) and underheat of the top plate (top x-axis). (a) The standard deviations of the top
plate temperature. (b) The standard deviations of the bottom plate temperature.

volume fraction in the bulk was ≈ 0.5%, 1.2%%and 2.4% for φ 1 ,
φ 2 , and φ 3 , respectively. Fig. 8 (c) shows the normalized Nusselt
number Nu/Nu0 . Here, Nu0 is the heat transfer in the single-phase
regime of the respective cases, driven by plumes of the thermal
turbulence alone. When the bottom plate superheat is raised above
0 K, i.e. in the biphasic regime, the heat transfer shows almost a
linear trend of increase with superheat (same trend of increasing
underheat). We note that for φ 1 ~ 0.5%, there is no major enhancement in heat transport with only a few tens percent ( ≈ 20%). For
the same bottom plate superheat (i.e. same top plate underheat),
the heat transfer enhancement is of the highest level for φ 3 ~ 4%
due to the strongest level of biphasic activity induced by the cycle
of the “catalyst-like” species. As shown in Fig. 8 (d), the heat transfer enhancement δ Nu (δ Nu = Nu − Nu0 ) reaches its highest level of
up to about 800% for φ 3 ~ 4%, and 200% for φ 2 . Thus, we can appreciate here that a mere few percents of the vapor volume fractions of this biphasic species within the RBC cell manifests in a
tremendous gain in global heat transport.
We now estimate the ﬂuctuations of the system. Fig. 9 (a)
shows the standard deviations of the top plate temperature. As
mentioned before in section 3.1, the top plate is kept at a constant
temperature which can also be testiﬁed by the stable temperature
with marginal standard deviation. However, the bottom plate temperature presents a higher level of ﬂuctuations (see Fig. 9 (b)). The
bottom plate is heated at constant heat ﬂux. For φ 1 ~ 0.5%, the
standard deviation of the bottom temperature has a higher level in
single-phase regime than those for φ 2 ~ 1% & φ 3 ~ 4%. The reason
is that the HFE-70 0 0 liquid layer only occupies part of the bottom
plate (see Fig. 7 (b)), which means there is some fringe part of the
bottom plate that is still in contact with water with the existence
of the three-phase contact line (water + HFE-70 0 0 + bottom plate).
Water and HFE-70 0 0 have different heat conductivity, which results in a slightly inhomogeneous temperature distribution. For φ 2
and φ 3 , the standard deviation of the single-phase regime is both
at a comparable level to that of the top plate temperature. In the
active regime upon raising the superheat (underheat), the standard
deviations for the three different volume fractions (φ ) all show an
increase of different degrees. The abrupt lifting of the ﬂuctuations
is due to the phase change induced by boiling-condensation cycle which leads to sudden “quenching” (vaporization absorbs latent heat) and “heating” of different spots on the bottom plate, as
well as the intense pinching-off biphasic plumes, which can also
be proven by the temperature signal comparison between the top
and bottom plate temperature in single-phase and biphasic regime
(see Fig. 10, the data in the ﬁgure is from φ 2 when superheat is 3 K
as an example). Fig. 10 (a) shows the temperature deviations from

Fig. 10. Temperature signal comparison of the top plate and bottom plate in singlephase regime and active regime. (a) The time series of the temperature ﬂuctuations
from the temporal- and spatial- averaged value for both the top and bottom plate
in single-phase regime. (b) The time series of the temperature ﬂuctuations from
the temporal- and spatial- averaged value for both the top and bottom plate in the
active regime.

the mean value for both the top and bottom plate in single-phase
regime. We can see that both the temperature signals are conﬁned
within a small amplitude, with the bottom plate no more than 0.05
K, while the top plate is even lower value with less than 0.025
K. However in the active regime, the ﬂuctuations are stronger for
both the top and bottom plates (see Fig. 10 (b)). The much stronger
warm and cold temperature ﬂuctuations of the bottom plate indicate the sudden “quenching” and “heating” effect. This “quenching”
and “heating” effect is distinct especially for φ 1 ~ 0.5% in that the
falling biphasic settlers can boil once they reach the bottom plate
directly instead of the HFE-70 0 0 liquid layer, and this process is
much faster than the merging bubble form and detach routine. And
therefore the case of φ 1 ~ 0.5% attains the most increase of the
standard deviation at a higher level. The cases φ 2 ~ 1% & φ 3 ~ 4%
both have a pool of HFE-70 0 0 liquid on the bottom plate but case
φ 3 ~ 4% gains an intermediate level of ﬂuctuations and the case
φ 2 ~ 1%, the least among the three cases due to the fact that there
are more bubbles produced from the bottom plate for φ 3 ~ 4%. The
thermal ﬂuctuations of the bottom plate give an indication that the
biphasic species tends to agitate the system, and their activities in
the bulk region of the ﬂow possibly enhance the mixing of scalar
(temperature).
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4.5. Mechanism of heat transfer enhancement in the active biphasic
turbulence
We now explore the mechanism that dominates the drastic heat
transfer enhancement in the active biphasic turbulence. Here we
mainly discuss the intermediate case of φ 2 ~ 1%. First, in the active
biphasic turbulence, there is biphasic kinematics resulting from the
collective motion of biphasic species, whose heat transfer enhancement is partially contributed by the heat absorption from the bottom plate due to phase change. The heat transferred due to this
effect can be quantiﬁed as

Ql =

π D2 α
4

ρHv LVc .

(10)

where ρHv is the vapor phase density of HFE-70 0 0, L the latent
heat, Vc the collective velocity of biphasic species, and α the vapor volume fraction. Our recent work [1] has shown that in the
active regime, the measured collective velocity of biphasic species
Vc has a linear dependence with Ja, e.g., Vc ∼ 1.67Ja. The measured classical single-phase turbulence velocity of large scale circulation which is 2 cm/s approximately, whose scale is comparable
to that of the
√ buoyancy-driven free-fall velocity with corrections
vf = 0.2ν /H RaPr ≈ 3.4 cm/s.
The intensive kinematics is regarded as due to the biphasic activity of the catalyst-like species, whose activity is gaining in intensity with increasing superheat (same trend of increasing underheat). Thus, the amount of heat-ﬂux contributed by biphasic kinematics mechanism corresponds to a normalized heat transfer enhancement:

δ Nul = Ql /(λ

T
H

),

(11)

which accounts for part of the heat transfer enhancement (see the
blue shaded area shown in Fig. 11 (c)). There is still a gap (see
the green shaded area shown in Fig. 11 (c)) to close from the
biphasic kinematics contribution δ Nul to the overall heat transfer enhancement δ Nu. It has been reported that swarms of rising bubbles can enhance mixing which results from the bubbleinduced turbulence [33]. We, therefore, estimate the mixing effect
induced by biphasic species activities. To give a direct impression
of the difference created by the presence of biphasic species on the
ﬂow ﬁeld in both classical single-phase thermal turbulence and active biphasic turbulence, a passive scalar (Rhodamine B ﬂuorescent
dye) was released into the ﬂow ﬁeld. The dye released in the system can be illuminated by a pulsed laser sheet (Vlite-200 532nm
Solid State Laser System). A camera is set in the perpendicular direction of the laser sheet, of which the frequency has been synchronized with the pulse laser. Therefore, the camera was able to
freeze the image within the pulse duration of the laser pulses (7
ns). A high-pass (green) ﬁlter was attached to the camera lens so
that the 532 nm light reﬂected from the biphasic elements could
be ﬁltered out, and hence only the ﬂuorescence activity of the
dye is recorded. The experimental settings for the two mixing experiments are identical, i.e. we inject the same concentration and
amount of dye with identical pumping rate, and at the same spot
within the cell. The bottom plate is kept at the same temperature
(Tb − Tcr ≈ 2K) for both single-phase thermal turbulence and active
biphasic thermal turbulence. The crucial difference is that singlephase thermal turbulence is with water purely, while active biphasic turbulence is composed of water and HFE-70 0 0 ( ~ 1%). We
show snapshots of mixing visualization of ﬂuorescent dye released
in the single-phase thermal turbulence case (Fig. 11 (a)) and active biphasic turbulence (see Fig. 11 (b)), from which the mixing
intensities can be compared qualitatively. We notice that the dye
is carried along the large scale circulation path in the single-phase
case and mixes meanwhile, whereas there is still a bulk region that
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is not perturbed by the background thermal turbulence. In contrast, in the active biphasic turbulence regime, the dye is dispersed
around much faster and displays a more chaotic mixing situation
across a wide range of length scales (i.e. more small patches of
the dye in Fig. 11 (b)). This phenomenon is ascribed to the biphasic species induced agitation. In this two-phase active regime, the
boundary layer does not dominate the heat transfer characteristics
anymore. And this implies that temperature acts as a passive scalar
in the active biphasic turbulence system. For the falling and rising
biphasic species, the Reynolds number built on the characteristic
length scale di of biphasic species and on the gravitational velocity scale Vg = (|1 − ρ̄|g di )1/2 , where ρ̄ is the biphasic species-towater density ratio [34], typically Re ~ 103
1. The buoyancy
to viscous effect ratio indicates that the vigorously moving biphasic elements have a turbulent wake [35]. It should be noted from
Fig. 8 (a) and (b) that for the whole range of α in the active regime,
biphasic activities considerably increase the heat transfer. Moreover, the heat transfer enhancement increases with increasing α .
In the active biphasic turbulence, the passive scalar (temperature)
transport driven by the biphasic species behaves as an effective diffusion process. Correspondingly, the heat ﬂux can be expressed as
the ratio of the effective diffusivity κeff to the thermal diffusivity
κ , i.e. Nu= κeff /κ . The effective diffusivity can be modeled based
on the vapor volume fraction α , which is κ eff ∝
· u , where
is
the integral Lagrangian length scale and u the velocity ﬂuctuation
which has a dependence on the biphasic species collective velocity
and the vapor volume fraction with the relation u = Vc · α 0.5 [36].
If the heat transport δ NuBIA is contributed by the biphasic species
induced agitation then this amount of heat is supposed to behave
as δ NuBIA ∝ Vc · α 0.5 and vice versa. We have calculated the biphasic kinematics contribution to the total heat transfer enhancement
[1], namely δ Nu − δ Nul , and found that this differential heat ﬂux
enhancement shows a linear relationship with Vc · α 0.5 . Here, the
buoyancy-based free-fall velocity with correction factor, vf , is used
make its data dimensionless, i.e.

(δ Nu − δ Nul ) ∼ (Vc · α 0.5 )/vf .

(12)

This trend acts as strong evidence that apart from the biphasic kinematics contribution the remaining heat transport enhancement results from the biphasic induced agitation. In summary, the
mechanisms that contribute to the dramatic heat transfer enhancement in the active biphasic turbulence are the biphasic species
kinematics and their induced agitation. The grey shaded area of
Fig. 11 (c) denotes the purely thermal plume driven heat transfer;
the heat carriers of this part is shown in the sketch Fig. 11 (f),
i.e. hot and cold plumes and their self-organized LSC. The blue
shaded area of Fig. 11 (c) is the heat transfer contribution from the
biphasic kinematics, namely the cycle of catalyst like species (see
Fig. 11 (e)). The green shaded area of Fig. 11 (c) shows the biphasic
species induced agitation (see also Fig. 11 (d)) contribution to heat
transfer enhancement.
5. Conclusions
Experimental research on the heat transfer characteristics of
self-sustained biphasic thermal turbulence has been conducted for
different volume fractions of HFE-70 0 0 initially added to the system. This new class of thermally driven turbulence goes beyond
the heat transfer limits achievable by classical thermal turbulence.
Further, the heat transfer enhancement mechanisms at play have
been analyzed. The main conclusions are as follows:
(1) For self-sustained biphasic turbulence with HFE-70 0 0 additive, the biphasic activity creates highly eﬃcient heat carrier elements besides the conventional thermal plumes, namely biphasic
risers, biphasic settlers, and biphasic plumes. These cumulatively
act as a catalyst, since they are self-sustained and ultimately re-
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Fig. 11. Mechanisms of mixing and heat transfer enhancement in the active biphasic turbulence system. Mixing visualization of ﬂuorescent dye released in (a) classical
single-phase thermal turbulence and (b) active biphasic thermal turbulence. (c) The mechanisms that dominate the drastic heat transfer enhancement in the active biphasic
turbulence shown in the plot of the heat transfer results as a function of the superheat of the bottom plate (bottom x-axis) or Ja (top x-axis). The gray shaded area denotes
the purely thermal plume driven heat transfer. The blue shaded area is the heat transfer contribution from the biphasic kinematics. The green shaded area shows the
biphasic species induced agitation contribution to the heat transfer enhancement. The vertical line separates the single-phase regime from the active regime. The dashed
lines are the ﬁtting line between different heat transfer contributions. (d) Schematic of the biphasic species induced agitation contribution to the heat transfer enhancement.
(e) Schematic of the heat transfer contribution from the biphasic kinematics. (f) Schematic of the purely thermal plume driven heat transfer.

turn to the initial state of HFE-70 0 0 liquid through their dynamically equilibrated boiling-condensation cycles.
(2) The heat transfer performance in the active biphasic regime
is distinctly different from the single-phase regime. In the active
regime, the heat transfer shows almost a linear trend of increase
with superheat (same trend of increasing underheat), with only a
small amount of vapor volume fraction α within the convection
cell. For the same superheat (underheat) of the bottom plate, the

heat transfer enhancement reaches the highest level of up to about
800% for φ 3 ~ 4% due to the strongest biphasic activity. In the active regime, upon raising the superheat (same trend of increasing
underheat), the three different volume fractions (φ ) show ﬂuctuations to various degrees compared with that of the single-phase.
This is because the boiling-condensation cycles on the bottom and
top plates lead to sudden “quenching” (vaporization absorbs latent
heat) and “heating” (energy input) events at different spots on the
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plates. These ﬂuctuations get further augmented during the intense
pinch-off events associated with the biphasic plumes.
(3) It is possible to model the heat exchange/mixing enhancement as the combined effect of two underlying mechanisms,
namely the biphasic species kinematics, and the wake-induced liquid agitation of the biphasic elements. The former contribution is
governed by the latent heat of HFE-70 0 0 and the collective velocity
of the biphasic elements, while the latter is dictated by the bubbleinduced diffusive transport [37].
It is noteworthy that the biphasic turbulence with this catalystlike additive species operates in a self-sustained way, requiring
minor modiﬁcations to existing heat exchange systems. This process does not need extra energy input. What is even more remarkable is that the working ﬂuid (water) can “enjoy” the beneﬁt brought about by the biphasic activities without experiencing
phase change itself, which otherwise requires much higher temperatures ( ~ 100 ◦ C at atmospheric pressure). The biphasic thermal turbulence, therefore, facilitates heat exchangers to operate at
less extreme temperature ranges (safer) and a much higher eﬃciency. On the other hand, the strong mixing effect induced by
the biphasic species makes it possible for devices to achieve a
vigorous mixing state without the need for moving components.
The present study can be useful for designing high-eﬃciency heat
transfer/mixing equipment and provides new insights into achieving heat transport enhancement, with potential for major improvements in biochemical, nuclear, and process technologies, as well as
in energy usage.
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