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a b s t r a c t 

We experimentally investigate the detailed heat transfer characteristics of a recently identified bipha- 

sic, two-component thermal turbulence [1]. The system comprises a cylindrical (water-based) Rayleigh- 

Bénard convection setup, to which we introduce a small volume fraction ( φ ~ 0.5%, 1% and 4%) of a 

low boiling temperature ( T cr ), heavy immiscible liquid (HFE-70 0 0). We show evidence of the “catalyst- 

like” additive biphasic species undergoing self-sustained boiling-condensation cycles, leading to signifi- 

cant heat transfer enhancements. We vary the HFE-70 0 0 volume fraction, superheat and underheat pa- 

rameters. When the system is maintained at the same superheat, while varying the experimental pa- 

rameters, 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 tem- 

perature 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. 
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. 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

n energy supply, building ventilation [6] , etc). It is characterized

y the presence of coherent structures, which are excellent trans-

orters of heat, mass, and scalars. For classical single-phase turbu-

ent thermal convection, a simplified model system to study the

eat transfer mechanisms is the Rayleigh-Bénard convection (RBC)

7,8] , where the working fluid is driven by a temperature differ-

nce between a heated (conducting) bottom plate and a cooled

conducting) top plate, enclosed by adiabatic sidewalls. Within this

ystem, thermal plume [7] , which is a type of coherent structure,

lays the most important role in carrying the heat. So an essential
∗ Corresponding author. 
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ssue of enhancing the heat transport within thermal turbulence is

o pursuing the potential of pushing the thermal plumes to behave

ore efficiently when transporting heat within the constraints of

n imposed temperature difference (i. e. driving force) across the

ell. 

Over the past few decades, major effort s have been directed

t achieving high-efficiency heat exchange in turbulent thermal

onvection. This has been accomplished through several methods.

ne commonly adopted method was through a modification of

he top and bottom boundary layers utilizing roughness elements

pyramids, rectangles, ratchet-like elements, and nanoscale surface

reatments). The mechanism of their action is to aid the generation

f coherent thermal plumes and consequently make the flow more

urbulent. For example, Du and Tong [9,10] introduced roughness

lements of a square lattice of pyramids to the top and bottom

lates in an RBC cell and found that the heat transport to be in-

reased by more than 76%. The reason is that the roughness on

he top and bottom plates can greatly increase the generation of

hermal plumes detaching from the tip of the roughness elements.

https://doi.org/10.1016/j.ijheatmasstransfer.2020.119515
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.119515&domain=pdf
mailto:varghesemathai12@gmail.com
mailto:chaosun@tsinghua.edu.cn
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Nomenclature 

C p specific heat capacity, J/(kg · K) 

d i characteristic length scale of biphasic species, m 

D cell diameter, m 

g gravitational acceleration, m/s 2 

h fluid layer thickness in the cell, m 

H height of the experimental cell, m 

Ja Jakob number 

k heat transfer coefficient of pure conduction, 

W/(m 

2 · K) 

K curvature, cm 

−1 

m mass, kg 

Nu Nusselt number 

Pr Prandtl number 

Q the measured heat input through the bottom plate 

into the system per unit time, W/m 

2 

r radial coordinate, m 

R radius of curvature of the concave or convex sur- 

face, cm 

Ra Rayleigh number 

Re Reynolds number 

�T temperature difference between the bottom and top 

plate, K 

T temperature, K 

t time, s 

V volume, m 

3 

r 0 radius of the tube that connects the RBC cell and 

the expansion vessel, m 

T ∗ in single-phase regime: T ∗ = T b ; in the active 

regime, T ∗ = T cr 

T x # time-averaged temperature of each thermistor in- 

serted into the top or bottom plate, here x = 1, 2, 

3, 4, 5, 6, 7, 8, ◦C 

V c collective velocity of biphasic species cm/s 

Q l the heat flux that is contributed by the biphasic 

kinematics, W/m 

2 

δNu overall heat transfer enhancement 

δNu l normalized heat transfer enhancement contributed 

by biphasic kinematics mechanism 

δNu BIA normalized heat transfer enhancement contributed 

by biphasic species induced agitation mechanism 

v f free-fall velocity, m/s 

v g gravitational velocity scale, m/s 

u’ velocity fluctuation, m/s 

Greek letters 

α vapor volume fraction 

γ isobaric thermal expansion coefficient, 1/K 

κ thermal diffusivity, m 

2 /s 

ν kinematic viscosity of water, m 

2 /s 

	 aspect ratio 

ρ density, kg/m 

3 

ρ̄ biphasic species-to-water density ratio 

φ volume fraction of HFE-70 0 0 liquid that initially in- 

troduced into the system 

λ thermal conductivity, W/(m · K) 

ω flag parameter, in single-phase regime ω = 0 ; in ac- 

tive 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 
p  
cr critical 

f based on the fluid 

m based on the mean value 

t based on the top plate 

eff effective 

RB inside the Rayleigh-Bénard convection cell 

RB · w based on the water inside the Rayleigh-Bénard con- 

vection 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 

imilarly, introducing roughness of shape rectangles [11] , asymme-

ry ratchet-like elements [12] , and nanoscale surface treatment like

anopillar arrays [13] , etc, have also been reported to yield heat

ransfer enhancements to varying degrees. However, more recently,

hang et al. [14] revealed that roughness elements do not always

ead to heat transfer enhancements. They observed heat transfer

eduction at small roughness heights, while an enhancement oc-

urred at larger roughness heights. The reasons for the heat trans-

er reduction was found to be due to the prevalence of trapped

ot/cold fluid within the cavities (or valleys) between the rough el-

ments, leading to a much thicker thermal boundary layer, thereby

mpeding the overall heat flux. 

A second method of modifying the heat flux was by adapting

he cell geometry, either through geometrical confinement or by

dding physical structures within the bulk of the RBC cell. Chong

t al. [15] found that simple geometrical confinement i.e., decreas-

ng the aspect ratio 	 from 1/64 ≤ 	 ≤ 1, the heat transfer regime

hanged from classical boundary-layer-controlled regime to plume-

ontrolled regime. In this state of confinement, the system reached

 regime where highly coherent system-sized plumes were formed,

eading to a maximum heat transfer efficiency. Bao et al. [16,17] in-

erted vertical partitions into a convection cell with thin gaps left

pen between the partition walls and the cooling/heating plates.

hey found that heat transport was enhanced because of the more

elf-organized and more coherent convective flow inside the sub-

ell. Furthermore, the jet induced by a pressure difference be-

ween the thin gap effectively reduced the thermal boundary layer

hickness, which again aided the heat transfer increase. With sim-

lar motivation, Corcione et al. [18] used a suspension of adiabatic

quare honeycombs in the middle of the RBC cell and succeeded in

chieving heat transfer enhancement by establishing self-organized

hermal plumes and flow structures. 

A third method for increasing heat flux in Rayleigh-Bénard Con-

ection is by rotating the convection cell. Stevens et al. [19] used

irect numerical simulations to show that enhanced heat transfer

ould be achieved at a critical inverse Rossby number (dimension-

ess angular velocity). They associated this with the formation of

he Ekman vortices, which aligned vertically and suck up (down)

ot (cold) fluid from the lower (upper) boundary layers. Chong

t al. [20] also reported heat transfer enhancement and suggested

hat the modification of flow structures into an organized mor-

hology was responsible for the higher efficiency of heat trans-

ort. Alternate directions for heat transfer modification could ex-

loit either the usage of improved working fluids with a different
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randtl number (the ratio of momentum diffusion rate to the ther-

al diffusion rate, to be defined below) or set foot into multiphase

uids, ranging from bubble injection or by adding particle addi-

ives [21] , with or without phase change of the working fluid or

y using emulsions [22] . For example, Gvozdi ́c et al [23,24] used

he homogeneous or inhomogeneous injection of bubbles into a

atural convection system to induce heat transfer enhancement

hich is governed by bubble-induced liquid agitation. Heat trans-

er investigations using nanofluids in natural convection showed

ontrasting results. Khanafer et al [25] investigated heat trans-

er enhancement in a buoyancy-driven convection system utiliz-

ng nanofluids and found an enhancement in heat transport, which

oincided with an increase in the fraction of suspended nanopar-

icles. However, Hwang et al. [26] , in their study of buoyancy-

riven convection system using water-based nanofluids, reported

 decrease in the heat transfer upon increasing the volume con-

entration of nanoparticle. Putra et al. [27] experimentally showed

imilar results. Ahlers and Nikolaenko [28] experimentally investi-

ated the effect of polymer additives on heat transport in turbulent

ayleigh-Bénard convection, over the Ra range 5 × 10 9 ~ 7 × 10 10 ,

nd found a lower heat transfer (up to 10%) as compared to that

f pure water. Zhong et al. [29] studied a variant of two-phase

BC wherein the applied temperature difference between the top

nd bottom plates spanned a liquid-vapor phase-transition line,

nd thus the system displayed both condensation and vaporization

“boiling”) providing an additional heat transfer mechanism. Simi-

arly, boiling has proven to be an extremely effective way to pro-

ote heat transfer either numerically or experimentally [30,31] . 

While these approaches have proven to be of practical impor-

ance and are adopted in various technological and industrial ap-

lications, there can be certain constraints to their applicability to

pecific heat exchange scenarios, or in situations that demand a

uch higher heat exchange potential. For instance, modification

f the geometry of the cell is not feasible when heat transfer en-

ancement is desired for existing heat exchangers. Bubble injection

nly works for the open heat transport system and calls for extra

nergy consumption for air injection, which often partially com-

ensates the usable in heat exchange energy efficiency. Similarly,

or a common working fluid as water, creating a state of two-phase

hermal convection by inducing the liquid-vapor phase transition

equires heating the material of the exchanger cell to extremes of

emperatures, which is often accompanied by equipment degrada-

ion and safety concerns. 

In a recent work [1] , we discovered that a state of self-sustained

iphasic thermal turbulence can be generated within a turbulent

hermal convection cell even while operating over modest temper-

ture ranges. We created a boiling-condensation system by adding

 small fraction ( φ ~ 1%) of an additive species: HFE-70 0 0 to

 water-based RBC cell. In the present work, we expand upon

he possibilities of this biphasic, two-component system by con-

ucting more systematic experiments at different volume fractions

 φ1 ∼ 0 . 5% , φ2 ∼ 1% , & φ3 ∼ 4% ) of the HFE-70 0 0 species initially

dded to the system. Upon increasing the bottom plate temper-

ture, there are two regimes of heat transport: (a) a single-phase

egime where the heat transfer is purely due to plume-driven ther-

al turbulence; (b) a regime of active biphasic turbulence, where

he bottom plate temperature exceeds T cr of HFE-70 0 0, resulting in

elf-sustained boiling-condensation cycles. In this regime, the HFE-

0 0 0 species acts as a “catalyst-like” additive, as it facilitates the

eneration of new heat carriers, viz. biphasic risers, biphasic set-

lers, and boiling plumes. We report heat transfer enhancements

p to 800% (at φ3 ~ 4%). The primary objectives of this research

re: (a) to provide a highly efficient way of enhancing heat transfer

n turbulent convection that holds promise for technological ap-

lications; (b) to compare the heat transfer and dynamic charac-

eristics for different volume fraction of HFE-70 0 0 initially added;
c) to better understand the mechanism that dominates the heat

ransport enhancement. 

. Control and response parameters of the system 

.1. Control parameters 

In classical thermal turbulence, the flow dynamics and heat

ransfer depend on the thermal driving force intensity which ex-

ressed in dimensionless form by the Rayleigh number, 

a = 

gγ�T H 

3 

νκ
, (1) 

here g, γ , ν and κ denote the gravitational acceleration, the iso-

aric thermal expansion coefficient, the kinematic viscosity and

he thermal diffusivity. Here, �T is the temperature difference be-

ween the bottom plate T b and the top plate T t , i.e. �T = T b − T t ,

nd H is the height of the experimental cell. All of these physi-

al properties are calculated for water which is the working fluid

ith a mean temperature T m 

= (T b − T t ) / 2 . The Prandtl number, Pr,

s the ratio of momentum diffusion rate to the thermal diffusion

ate and can be expressed as 

r = 

ν

κ
, (2) 

For a cylindrical experimental cell, a parameter that defines the

atio between the lateral and vertical extent of the cell is aspect

atio 	, 

≡ D 

H 

, (3) 

here D is the cell diameter. In the experiments presented here,

he cell has the aspect ratio 	 = 0 . 5 . 

For a system undergoing phase change, an important control

arameter is Jakob number, Ja, which is the ratio of available ther-

al energy (sensible heat) to that necessary for inducing liquid

hase vaporization (latent heat). 

a = 

ρHl C pH l (T b − T cr ) 

ρHv L 
, (4) 

here ρHl denotes the density of HFE-70 0 0 liquid, C pH the heat

apacity per unit mass of HFE-70 0 0 liquid, T cr the boiling temper-

ture value measured in the experiments above which the bipha-

ic activity begins, ρHv the density of HFE-70 0 0 vapor, and L the

atent heat of the HFE-70 0 0 liquid. The temperature difference be-

ween the heated bottom plate and the critical point of HFE-70 0 0

 T b − T cr ) is referred to as the superheat of the bottom plate (sim-

larly ( T t − T cr ) is referred to as underheat of the top plate). In our

xperiments, the prevailing pressure remains the same and there-

ore the critical (boiling) temperature T cr stays unchanged. When

 b > T cr , the biphasic activity sets in, i.e. corresponding to Ja > 0.

lthough in single-phase regime, Ja is not a relevant parameter, yet

or a general understanding of the heat transfer trend, the nominal

a is described for the full range of experiments presented, includ-

ng Ja < 0. 

We begin from water-based classical Rayleigh-Bénard convec-

ion system, to which we introduce different volume fraction of

FE-70 0 0 that affects the biphasic activity in the active regime.

ere we introduce the HFE-70 0 0 liquid volume fraction φ that can

uantify the amount of HFE-70 0 0 liquid added to the water-based

lassical turbulence system initially. In the experiments, we con-

ider three different volume fractions: φ1 ~ 0.5%, φ2 ~ 1%, and

3 ~ 4%. 

In the experiments presented here, we focus on the biphasic ac-

ivity dynamics and investigate the biphasic-activity-induced heat

ransfer enhancement phenomena. Therefore we use the experi-

ental setting that the temperature difference �T is kept con-

tant over all the experimental cases, i.e. �T ≈ 30 K , to ensure
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Table 1 

The explored parameter regime. 

φ (%) T m ( ◦C) Ra ( × 10 10 ) Pr 

0.5 19.1 ~ 25.7 2.6 ~ 3.9 6 ~ 7.2 (with decreasing T m ) 

1 23.3 ~ 31.1 3.4 ~ 5.1 5.3 ~ 6.4 (with decreasing T m ) 

4 20.2 ~ 30.0 2.8 ~ 4.8 5.4 ~ 7.0 (with decreasing T m ) 
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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 Nus-

selt number 

Nu = 

Q 

k f · �T 
, (5)

with Q the measured total heat input power per unit cross section

area, k f the heat transfer coefficient of pure conduction and by def-

inition is the inverse of the overall thermal resistance of pure con-

duction, i.e. k f = (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 strat-

ified 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 

k eff · �T 
, (6)
Fig. 1. Schematics of the experimental systems. (a) Schematic of the experimental setup

to precisely control the temperature. (c) Schematic of the thermistor (440 0 0 Series Therm

mount PT-100 used in the PID controller. 
here k eff is the effective heat transfer coefficient of pure conduc-

ion, defined as k eff = (H/λeff) 
−1 = (h w 

/λw 

+ h H /λH ) 
−1 . Here, λeff

s the effective thermal conductivity of the two layers of fluid, λw 

nd λH the thermal conductivity of water and HFE-70 0 0 liquid, re-

pectively, h w 

and h H the equivalent height of water layer and HFE-

0 0 0 layer, respectively, in the single-phase regime. We define this

quivalent height h H of the HFE-70 0 0 liquid layer initially intro-

uced to the cell as h H = φH , where φ is the volume fraction of

FE70 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 cor-

ected Nusselt number (the one using the effective heat transfer

oefficient). For each case, after the system had passed the initial

ransients, we conduct about four hours of heat flux measurements

o ensure that measurements were in a self-sustained and statisti-

ally stable state. 

. Experimental apparatus and methods 

.1. Experimental apparatus 

The experiments were conducted in the classical water-based

ayleigh-Bénard convection (RBC) system. Fig. 1 shows a schematic

f the experimental apparatus. The RBC cell was of cylindrical

hape that consisted of a heated bottom plate and a cooled top

late, both of which are made of copper and coated with a thin

ayer of nickel to protect the copper from oxidation. Transparent

lexiglass was used for the curved sidewall of the cylinder. O-

ings were used in between the top plate and the sidewall, and

lso the bottom plate and sidewall, to provide a safe and leak-

ree seal for preventing liquid from leaking. The diameter d and

eight H of the cell were 200 and 400 mm, respectively, which

eads to an aspect ratio of 	 = 0 . 5 . The bottom plate was heated at
. (b) Schematic of the PID (Proportional-Integral-Derivative) controller that is used 

istor Element) used to monitor the top and bottom plate temperature. (d) Surface 
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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). 
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c  

m  
onstant heat flux using two embedded Kapton film heaters. The

eaters were connected in parallel to a high precision digitally-

ontrolled power supply (LW-6020KD 0-60V). Eight radial-direction

oles were evenly distributed along the circumferential direction of

he bottom plate. Such holes were designed to place thermistors

Omega 440 0 0 Series Thermistor Element) for bottom-plate tem-

erature monitoring (see also 3.2 and Fig. 3 ). Fig. 1 (c) shows a

chematic of the thermistor, consisting of the resistor body, which

as packed inside a glass bead and two tinned-copper wires en-

ased in long waterproof PFA tube, ready for insertion into the

nterior of the bottom and top plates. The top plate is cooled to

 constant temperature by a water circulating bath (PolyScience

P15R-40). Similarly as the bottom plate, along the circumferen-

ial direction of the top plate were placed eight radial-direction,

venly distributed holes for thermistors insertion. A few particular

esigns were introduced to prevent undesired bubble nucleation

ites on the O-ring along the gap of sidewall and bottom plate:

n the top and bottom edges of the sidewall, a stepwise structure

as placed to “lock” the gap. As shown in Fig. 1 (a), the upper sur-

ace 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

onvex with the same curvature) which helped confine the HFE-

0 0 0 liquid away from the O-ring. During the experiments, liquid

xpansion due to phase change inside the cell. In order to take

he volume change into consideration, an expansion vessel is con-

ected to the cell through a silicone tube. The experimental pre-

ailing pressure is kept constant by the expansion vessel, which

n turn is connected and kept open to the atmosphere. The wa-

er level h (T b ) could be monitored inside the expansion vessel to

alculate the vapor volume fraction (for details, see 4.2). A camera

as used to record the dynamics of the two-phase two-component

urbulent convection. A PID (Proportional-Integral-Derivative) con-

roller (see Fig. 1 (b)) was used to precisely control the tempera-

ure of the experimental system, in order to limit the heat losses

nto the surrounding environment. As is shown in Fig. 1 (b), the

ID controller consisted of ten terminals. Terminals 1-2 were con-

ected to a power supply, while terminals 3-4 were outputs of the

ID controller that served to control the switch on and off of the

lectric relay. The latter decides the functioning of the heater, as

er the difference between the transient measured value (input of

he PID controller) and the setpoint, thereby controlling the plates

o be very close to the set value of temperature. Terminals 5-7

ere for temperature signal input. Here the PT-100 (surface mount

ype, see Fig. 1 (d)) was used to monitor the temperature of the

pot that needed temperature regulation and feedback to the PID

ontroller. Terminals 8-9 acted as alerts, i.e. when the temperature

as above a threshold value, an alert was sent out to keep the sys-

em safe. Terminal 10 was for a ground wire. The detailed steps

o limit the heat loss were as follows. First, an aluminum thin-

p  
alled cylinder around the experimental cell with insulation foam

as filled in between the spacing of the cylinder and the sidewall

f the cell. Outside the cylinder, several layers of insulation foam

ere wrapped with an aluminum foil high-reflecting film as the

utermost layer. The aluminum thin-walled cylinder was attached

ith heaters and a temperature probe (surface mounted PT-100,

ee Fig. 1 (d)), and was maintained by the PID controller at constant

emperature T m 

. Second, several plastic heat shields were placed

nder the bottom plate. Under the heat shields was placed an alu-

inum plate attached with heaters and a temperature probe (sur-

ace mounted PT-100, see Fig. 1 (d)). The plate was maintained at

onstant temperature by the PID controller at the temperature of

he bottom plate which acted as the temperature shield. 

.2. Instrumentation for temperature and heat transfer measurements

Eight embedded thermistors were inserted into the top and

ottom plates, respectively, to monitor the temperature during ex-

eriments. Representative temperature signals are shown in Fig. 2 .

ig. 2 (a) is the temperature series of one thermistor (at loca-

ion 1 # , see also Fig. 3 (b)) of the top plate and (b) of the bot-

om plate. From these temperature signals, we can judge that the

ystem has reached a statistical equilibrium state after a long ini-

ial transient time. We can, therefore, use the long-time average

f each thermistor. Fig. 3 (a) and (c) show the front view of the

op and bottom plates with the thermistors inserted. Correspond-

ngly, Fig. 3 (b) shows the detailed configuration of the thermistors

n the bottom view of (a) as well as the top view of (c). For each

late, the eight thermistors are radial-direction and 45 ◦ apart from

ach other along the circumferential direction. The red points in

ig. 3 (b) indicate the temperature measurement point where the

esistor body packed in the glass bead is situated (in radial direc-

ion r/(D/2) ≈ 0.65). After the experiments began, the system was

rst to run for about 24 hours and after it had reached a statisti-

ally stable state, we conducted about four hours of heat flux mea-

urements. Meanwhile, we monitored the water surface level h of

he expansion vessel to quantify the vapor volume fraction of HFE-

0 0 0. Fig. 3 (d) shows the time-averaged temperature of each ther-

istor that measures the top plate temperature at eight measure-

ent points, and Fig. 3 (e), that of the bottom plate. Shown here

re the data from case φ2 (as an example); for cases φ1 and φ3 

he results are similar. The top plate was of constant temperature

oundary condition controlled by the water circulating bath, and

he temperature variation within the plate was found to be less

han 1% of �T . The bottom plate was of constant heat flux bound-

ry condition. We noted that the phase change-induced boiling-

ondensation cycle led to sudden “quenching” (vaporization needs

uch latent heat) and “heating” of different spots on the bottom

late, 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. 
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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 av-

eraged 

∑ x =8 
x =1 T x # / 8 (x = 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8) for the eight thermis-

tors on the top (bottom) plate. After the heat flux measurements,

the insulations were removed and visualization was conducted us-

ing 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, h H , of the HFE-70 0 0

liquid layer initially introduced into the cell. The equivalent thick-

ness 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, h H = φH . h H was then used in

the calculation of the corrected Nusselt number described in sec-

tion 2.2. 

3.3. Working fluid 

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 ad-

ditive that induces biphasic activity. HFE-70 0 0, fluorocarbon

1-methoxyheptafluoropropane, is a kind of engineered fluid (man-

ufactured 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, non-

corrosive, 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
uge heat energy input and the water temperature should be

p to 100 ◦C (at atmospheric pressure), which is a challenge and

ot feasible for water-based classical turbulence system (because

he sidewall is made of plexiglass that can not stand over about

5 ◦C for safe and stable use for a long time). The reason that

e choose HFE-70 0 0 liquid is that it is heavier than water with

 relative density 1.4 at 25 ◦C and it has a relatively low boiling

emperature T cr (above which the biphasic activity begins) which

s around 41 ◦C observed throughout the experiments at atmo-

pheric pressure, all of which are much lower than that of water.

oreover, HFE-70 0 0 liquid is practically immiscible with water.

he solubility of water in HFE-70 0 0 fluid is 43ppmv (at 25 ◦C), that

s to say, the amount of HFE-70 0 0 that is lost into the water due

o miscibility, therefore, is small. We expect this to not affect the

xperimental results. When phase change takes place the biphasic

pecies (of HFE-70 0 0) is immiscible with water as well. In ad-

ition, the biphasic species holds all the excellent performances

epicted before and hence shows promise as a stable, efficient,

afe and sustainable additive for heat transfer (enhancement). 

Note that it is important to remove the air dissolved either in

ater or HFE-70 0 0, so before the experiment deionized water is

oiled twice and HFE-70 0 0 is also boiled to be degassed. 

. Results analysis 

.1. Bubble nucleation 

We highlight two modes of bubble generation, which reveal a

rogressive relationship with the increase of superheat. When the

uperheat is small (less than 2K), the bubble generation is in a so-

alled single-bubble mode. Fig. 4 captures the typical growth and

etachment of a vapor bubble near the bottom plate. As the bot-

om plate is heated to above the boiling temperature T cr , a con-

tant stream of tiny vapor bubbles (see Fig. 4 (a)) are generated on

eemingly 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 bot- 

tom plate at large superheat: biphasic plume mode. 
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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. 
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om plate, which are referred as nucleation sites. These tiny va-

or bubbles detached from the nucleation sites rise through the

hin HFE-70 0 0 layer, and meanwhile collide and merge with each

ther giving birth to larger bubbles (see Fig. 4 (b)). The large bub-

le keeps feeding on the tiny bubbles and growing in size, and it

oats on top of the HFE-70 0 0 layer and oscillates, which induces

aves around the bubble (see Fig. 4 (c)-(k)). Later on, the bubble

rows and rises through the HFE-70 0 0 layer (see Fig. 4 (l)), after

hich the neck of the bubble becomes thinner (see Fig. 4 (m)). Fi-

ally, the bubble detaches (see Fig. 4 (n)) and at the same time it

erturbs the surrounding HFE-70 0 0 and water (see Fig. 4 (o)). This

ubble 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 bub-

les is much higher. The system then enters the biphasic plume

ode. The tiny bubbles form bunches of big bubbles, from which

iphasic plumes emerge (see Fig. 5 ). Biphasic plumes present a
tate that when the bubbles pile up and produce detached big bub-

les faster and more efficiently. In summary, the nucleation sites

roduce a large number of bubbles to ensure that the biphasic ac-

ivity and heat transfer process goes on in a self-sustained manner.

.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

s the main heat carriers. Hot plumes detach from the bottom

late and rise, while cold plumes detach from the top plate and

all. The plumes interact and finally evolve into the coherent large

cale circulation (LSC), whose characteristic length scale is compa-

able to that of the convection cell [32] . In the biphasic turbulence

ystem, however, in addition to the heat carriers of classical single-

hase 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 ris-

ers ( 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 T b < T cr , 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 T cr , 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), bipha-

sic 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 bub-

bles 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 T cr , 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 buoy-

ancy 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 tempera-

ture is less than T cr , 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 rela-

tively heavier biphasic elements (liquid fraction is high and buoy-

ancy can’t hold the rising motion) turn around and move down-

wards, and thus they become settlers. All the droplets that come

from the top plate and the settlers from the heavier biphasic el-

ements together act as biphasic settlers. Biphasic risers carrying

heat leave the bottom plate and rise due to buoyancy; biphasic set-

tlers which have released heat to the top plate fall back to the bot-

tom 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 chem-

ical 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 frac-

tion α remains stable. Hence we can estimate the α corresponding

to each bottom plate temperature T b based on the conservation of

mass. The definition of vapor volume fraction α is α = V RB ·Hv /V RB ,

where V RB · Hv denotes the volume of vapor phase of HFE-70 0 0 in

the RBC cell, and V RB the volume of RBC cell: the part that is en-

circled by blue dotted line in Fig. 1 (a)). Initially at time t = t 0 , the

experimental system stays at room temperature T 0 which is con-

trolled 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 at-

mosphere, the pressure of the experimental system remains fixed.

There is always thermodynamic equilibrium established between

the water in the expansion vessel and the surrounding environ-

ment. 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 (con-

necting the expansion vessel and the RBC cell) and water in the

expansion vessel. Based on this, m 0 can be calculated as follows, 

m 0 = ρw 

(T 0 ) · V RB ·w 

(t 0 ) + ρHl (T 0 ) · V RB ·Hl (t 0 ) 

+ m tube + ρw 

(T 0 ) · π r 2 0 · h (T 0 ) , (7)

where ρw 

(T 0 ) is the density of water, ρHl (T 0 ) HFE-70 0 0 liquid den-

sity, V RB ·w 

(t 0 ) the volume of water in RBC cell, V RB ·Hl (t 0 ) the vol-

ume of HFE-70 0 0 liquid in RBC cell, m the mass of water inside
tube 
he tube that connects the expansion vessel to the RBC cell, r 0 the

adius of expansion vessel, and h (T 0 ) water surface level within the

xpansion vessel. Note that m 0 is given and fixed in value through-

ut the experiment. The water in the tube and expansion vessel

emain at temperature T 0 and constant pressure. During the exper-

ment, the water and HFE-70 0 0 liquid inside the RBC cell undergo

sobaric thermal expansion, both in the single-phase and biphasic

egimes. In addition, HFE-70 0 0 experiences volume expansion due

o phase change in the biphasic regime. At this stage, the mass in-

ide the RBC cell includes that of water, vapor phase of HFE-70 0 0

nd liquid phase of HFE-70 0 0, which yields 

 0 = ρw 

(T m 

) · V RB ·w 

(t) + ρHl (T ∗) · V RB ·Hl (t) 

+ ω · ρHv (T ∗) · V RB ·Hv (t) 

+ m tube + ρw 

(T 0 ) · π r 2 0 · h (T b ) , (8)

here ρHv is the vapor phase density of HFE-70 0 0, ω a flag param-

ter that tells which regime the system is in, i.e. in single-phase

egime ω = 0 , while in active regime ω = 1 . The density of va-

or and liquid phase of HFE-70 0 0 is evaluated at temperature T ∗,

hen it is in single-phase regime, i.e. T ∗ < T cr , we have T ∗ = T b ;

hen it is in active regime, i.e. T ∗ � T cr , we have T ∗ = T cr . The rea-

on for this rule is that in biphasic regime the HFE-70 0 0 boils to

orm vapor. The bubbles themselves experience phase change dur-

ng their life with condensation in the bulk region of the cell, as

ell as on the top plate. The phase change causes mass redistribu-

ion between vapor and liquid phases of HFE-70 0 0. Yet the HFE-

0 0 0 species is confined within the RBC cell, meaning that the to-

al mass of the HFE-70 0 0 species remains conserved, leading us to

rite m 0 ·H = ρHl (T ∗) · V RB ·Hl (t) + ω · ρHv (T ∗) · V RB ·Hv (t) . The volume

ccupied by all the fluids inside the RBC cell is conserved, which

mplies that V RB = V RB ·w 

(t) + V RB ·Hl (t) + V RB ·Hv (t) . Above all, we ob-

ain the general form of the vapor volume fraction α as 

= 

m 0 

V RB 
+ ρw 

(T m 

) ·
[

m 0 ·H 
V RB ·ρHl 

− 1 

]

ρw 

(T m 

) · ( ρHv 

ρHl 
− 1) 

−
m 0 ·H 
V RB 

+ 

m tube + ρw (T 0 ) ·π r 2 0 ·h (T b ) 

V RB 

ρw 

(T m 

) · ( ρHv 

ρHl 
− 1) 

. (9)

here h ( T b ) is measured for each T b once the system has reached

 statistically stable state. 

.4. Heat transfer enhancement 

The typical characteristics of three different initial volume frac-

ions φ of HFE-70 0 0 are shown in Fig. 7 . Fig. 7 (a) shows the state

f single-phase regime of φ2 the HFE-70 0 0 spreads on the bottom

late (for φ1 , & φ3 , the single-phase regime has the same char-

cteristic, here we show one typical case). At this stage, T b < T cr 

hen the heat transport is driven by plumes with a LSC as well.

oth water and HFE-70 0 0 remain in the liquid phase. In compari-

on, as the bottom plate increased above the boiling temperature,

he biphasic species come alive and gain activities. Fig. 7 (b)–(d)

re of the same bottom plate superheat ( ~ 2.5 K). For φ1 , the HFE-

0 0 0 liquid layer rests on part of the concave surface of the bot-

om plate, with it boiling to form biphasic bubbles. The majority of

he bubbles float towards the contact line of the HFE-70 0 0 liquid

ayer, after which the bubbles detach and move along the curva-

ure of the plate and finally rise due to buoyancy (see Fig. 7 (b)),

roducing a small number of biphasic species distributed in the

ulk region. For the intermediate volume fraction φ2 , there a pool

f HFE-70 0 0 on the bottom plate and from the zoom-in views we

an clearly see the biphasic plumes with an increased frequency

f bubble generation. The biphasic activity, in this case, is at an

ntermediate level and accompanied by more biphasic species in

he bulk region compared to that of φ . For the highest volume
1 
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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 φ1 ~ 0.5% and φ3 ~ 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 snap- 

shots of the flow field and the zoom in view near the bottom plate of the same 

bottom plate superheat ( ~ 2.5K) for φ1 , φ2 and φ3 , respectively. 
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raction case, φ3 , a lot more pinch-off of the biphasic plumes can

e observed on the bottom plate (see Fig. 7 (d)). The bulk region

hows intense activity and we attain the strongest biphasic kine-

atics for this case, among the three φ studied. 
ig. 8. Heat transfer enhancement of different HFE-70 0 0 volume fraction. (a) The Nusse

nder heat of the top plate (top x-axis). (b) Vapor volume fraction α for different φ cha

late (top x-axis). (c) The normalized Nusselt number as a function of the superheat of bo

ransfer in the single-phase regime of each φ respectively. The dashed line denotes Nu/N

unction of the superheat of the bottom plate (bottom x-axis) and under heat of the top 
The global heat transfer varies significantly with increasing su-

erheat when changing the φ. Fig. 8 (a) shows the Nusselt num-

er vs. superheat (underheat) at the three different values of φ.

nterestingly, in the single-phase regime, as the volume fraction of

FE-70 0 0 additive increases, the heat transfer decreases. This ef-

ect is because the heavier HFE-70 0 0 has a lower thermal conduc-

ivity than that of water. The HFE-70 0 0 liquid layer resting on the

ottom plate, therefore, acts as a heat-resisting layer, which results

n decreased heat transfer. This condition gains in prominence with

ncreasing HFE-70 0 0, i.e. at φ1 ~ 0.5%, HFE-70 0 0 liquid is only par-

ially covered on the bottom plate, while at φ2 ~ 1%, it forms a

ayer on the bottom plate, and further at φ3 ~ 4%, it forms an

eeper layer, climbing onto the sidewall of the cell. However, once

he phase change sets in, the heat transfer displays a reversal in

rend. A higher heat transfer is seen at the same superheat (un-

erheat) for higher φ because when the bottom plate temperature

s above T cr the phase change initiates and HFE-70 0 0 vapor bub-

les generate and detach from the bottom plate. Once the bubble

eaves the plate surface, the surrounding HFE-70 0 0 liquid is sup-

osed to rewet the plate and thus more bubbles form in this man-

er. Higher φ means more HFE-70 0 0 liquid is available for boil-

ng, which enables the increased efficiency of heat transfer or Nu.

ig. 8 (b) shows the corresponding bulk vapor volume fraction α
f HFE-70 0 0 vs. superheat (same trend of increasing underheat).

has similar trends as the heat transfer results. Above T = T cr ,

he vapor volume fraction increases monotonically with superheat

same trend of increasing underheat), until a maximum measured
lt number as a function of the superheat of the bottom plate (bottom x-axis) or 

nging with superheat of the bottom plate (bottom x-axis) or underheat of the top 

ttom plate (bottom x-axis) and underheat of top plate (top x-axis). Nu 0 is the heat 

u 0 = 1 . (d) The normalized heat transfer enhancement δNu ( δNu = Nu − Nu 0 ) as a 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Temperature signal comparison of the top plate and bottom plate in single- 

phase 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. 
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volume fraction in the bulk was ≈ 0.5%, 1.2%%and 2.4% for φ1 ,

φ2 , and φ3 , respectively. Fig. 8 (c) shows the normalized Nusselt

number Nu/Nu 0 . Here, Nu 0 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 φ1 ~ 0.5%, there is no major enhance-

ment 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 φ3 ~ 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 trans-

fer enhancement δNu ( δNu = Nu − Nu 0 ) reaches its highest level of

up to about 800% for φ3 ~ 4%, and 200% for φ2 . Thus, we can ap-

preciate here that a mere few percents of the vapor volume frac-

tions 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 tem-

perature presents a higher level of fluctuations (see Fig. 9 (b)). The

bottom plate is heated at constant heat flux. For φ1 ~ 0.5%, the

standard deviation of the bottom temperature has a higher level in

single-phase regime than those for φ2 ~ 1% & φ3 ~ 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 re-

sults in a slightly inhomogeneous temperature distribution. For φ2 

and φ3 , 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 cy-

cle which leads to sudden “quenching” (vaporization absorbs la-

tent 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 φ2 when superheat is 3 K

as an example). Fig. 10 (a) shows the temperature deviations from
 (
he mean value for both the top and bottom plate in single-phase

egime. We can see that both the temperature signals are confined

ithin a small amplitude, with the bottom plate no more than 0.05

, while the top plate is even lower value with less than 0.025

. However in the active regime, the fluctuations are stronger for

oth the top and bottom plates (see Fig. 10 (b)). The much stronger

arm and cold temperature fluctuations of the bottom plate indi-

ate the sudden “quenching” and “heating” effect. This “quenching”

nd “heating” effect is distinct especially for φ1 ~ 0.5% in that the

alling biphasic settlers can boil once they reach the bottom plate

irectly instead of the HFE-70 0 0 liquid layer, and this process is

uch faster than the merging bubble form and detach routine. And

herefore the case of φ1 ~ 0.5% attains the most increase of the

tandard deviation at a higher level. The cases φ2 ~ 1% & φ3 ~ 4%

oth have a pool of HFE-70 0 0 liquid on the bottom plate but case

3 ~ 4% gains an intermediate level of fluctuations and the case

2 ~ 1%, the least among the three cases due to the fact that there

re more bubbles produced from the bottom plate for φ3 ~ 4%. The

hermal fluctuations of the bottom plate give an indication that the

iphasic species tends to agitate the system, and their activities in

he bulk region of the flow possibly enhance the mixing of scalar

temperature). 
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.5. Mechanism of heat transfer enhancement in the active biphasic 

urbulence 

We now explore the mechanism that dominates the drastic heat

ransfer enhancement in the active biphasic turbulence. Here we

ainly discuss the intermediate case of φ2 ~ 1%. First, in the active

iphasic turbulence, there is biphasic kinematics resulting from the

ollective motion of biphasic species, whose heat transfer enhance-

ent is partially contributed by the heat absorption from the bot-

om plate due to phase change. The heat transferred due to this

ffect can be quantified as 

 l = 

πD 

2 α

4 

ρHv L V c . (10) 

here ρHv is the vapor phase density of HFE-70 0 0, L the latent

eat, V c the collective velocity of biphasic species, and α the va-

or volume fraction. Our recent work [1] has shown that in the

ctive regime, the measured collective velocity of biphasic species

 c has a linear dependence with Ja, e.g., V c ∼ 1 . 67 Ja . The mea-

ured classical single-phase turbulence velocity of large scale cir-

ulation which is 2 cm/s approximately, whose scale is comparable

o that of the buoyancy-driven free-fall velocity with corrections

 f = 0 . 2 ν/H 

√ 

RaP r ≈ 3 . 4 cm/s. 

The intensive kinematics is regarded as due to the biphasic ac-

ivity of the catalyst-like species, whose activity is gaining in in-

ensity with increasing superheat (same trend of increasing under-

eat). Thus, the amount of heat-flux contributed by biphasic kine-

atics mechanism corresponds to a normalized heat transfer en-

ancement: 

Nu l = Q l / (λ
�T 

H 

) , (11) 

hich accounts for part of the heat transfer enhancement (see the

lue shaded area shown in Fig. 11 (c)). There is still a gap (see

he green shaded area shown in Fig. 11 (c)) to close from the

iphasic kinematics contribution δNu l to the overall heat trans-

er enhancement δNu. It has been reported that swarms of ris-

ng bubbles can enhance mixing which results from the bubble-

nduced turbulence [33] . We, therefore, estimate the mixing effect

nduced by biphasic species activities. To give a direct impression

f the difference created by the presence of biphasic species on the

ow field in both classical single-phase thermal turbulence and ac-

ive biphasic turbulence, a passive scalar (Rhodamine B fluorescent

ye) was released into the flow field. The dye released in the sys-

em can be illuminated by a pulsed laser sheet (Vlite-200 532nm

olid State Laser System). A camera is set in the perpendicular di-

ection of the laser sheet, of which the frequency has been syn-

hronized with the pulse laser. Therefore, the camera was able to

reeze the image within the pulse duration of the laser pulses (7

s). A high-pass (green) filter was attached to the camera lens so

hat the 532 nm light reflected from the biphasic elements could

e filtered out, and hence only the fluorescence activity of the

ye is recorded. The experimental settings for the two mixing ex-

eriments are identical, i.e. we inject the same concentration and

mount of dye with identical pumping rate, and at the same spot

ithin the cell. The bottom plate is kept at the same temperature

 T b − T cr ≈ 2 K) for both single-phase thermal turbulence and active

iphasic thermal turbulence. The crucial difference is that single-

hase thermal turbulence is with water purely, while active bipha-

ic turbulence is composed of water and HFE-70 0 0 ( ~ 1%). We

how snapshots of mixing visualization of fluorescent dye released

n the single-phase thermal turbulence case ( Fig. 11 (a)) and ac-

ive biphasic turbulence (see Fig. 11 (b)), from which the mixing

ntensities can be compared qualitatively. We notice that the dye

s carried along the large scale circulation path in the single-phase

ase and mixes meanwhile, whereas there is still a bulk region that
s not perturbed by the background thermal turbulence. In con-

rast, in the active biphasic turbulence regime, the dye is dispersed

round much faster and displays a more chaotic mixing situation

cross a wide range of length scales (i.e. more small patches of

he dye in Fig. 11 (b)). This phenomenon is ascribed to the bipha-

ic species induced agitation. In this two-phase active regime, the

oundary layer does not dominate the heat transfer characteristics

nymore. And this implies that temperature acts as a passive scalar

n the active biphasic turbulence system. For the falling and rising

iphasic species, the Reynolds number built on the characteristic

ength scale d i of biphasic species and on the gravitational veloc-

ty scale V g = (| 1 − ρ̄| g d i ) 1 / 2 , where ρ̄ is the biphasic species-to-

ater density ratio [34] , typically Re ~ 10 3 	 1. The buoyancy

o viscous effect ratio indicates that the vigorously moving bipha-

ic elements have a turbulent wake [35] . It should be noted from

ig. 8 (a) and (b) that for the whole range of α in the active regime,

iphasic activities considerably increase the heat transfer. More-

ver, the heat transfer enhancement increases with increasing α.

n the active biphasic turbulence, the passive scalar (temperature)

ransport driven by the biphasic species behaves as an effective dif-

usion process. Correspondingly, the heat flux can be expressed as

he ratio of the effective diffusivity κeff to the thermal diffusivity

, i.e. Nu = κeff/κ . The effective diffusivity can be modeled based

n the vapor volume fraction α, which is κeff ∝  · u ′ , where  is

he integral Lagrangian length scale and u ′ the velocity fluctuation

hich has a dependence on the biphasic species collective velocity

nd the vapor volume fraction with the relation u ′ = V c · α0 . 5 [36] .

f the heat transport δNu BIA is contributed by the biphasic species

nduced agitation then this amount of heat is supposed to behave

s δNu BIA ∝ V c · α0 . 5 and vice versa. We have calculated the bipha-

ic kinematics contribution to the total heat transfer enhancement

1] , namely δNu − δNu l , and found that this differential heat flux

nhancement shows a linear relationship with V c · α0 . 5 . Here, the

uoyancy-based free-fall velocity with correction factor, v f , is used

ake its data dimensionless, i.e. 

(δNu − δNu l ) ∼ (V c · α0 . 5 ) / v f . (12) 

This trend acts as strong evidence that apart from the bipha-

ic kinematics contribution the remaining heat transport enhance-

ent results from the biphasic induced agitation. In summary, the

echanisms that contribute to the dramatic heat transfer enhance-

ent in the active biphasic turbulence are the biphasic species

inematics and their induced agitation. The grey shaded area of

ig. 11 (c) denotes the purely thermal plume driven heat transfer;

he heat carriers of this part is shown in the sketch Fig. 11 (f),

.e. hot and cold plumes and their self-organized LSC. The blue

haded area of Fig. 11 (c) is the heat transfer contribution from the

iphasic kinematics, namely the cycle of catalyst like species (see

ig. 11 (e)). The green shaded area of Fig. 11 (c) shows the biphasic

pecies induced agitation (see also Fig. 11 (d)) contribution to heat

ransfer enhancement. 

. Conclusions 

Experimental research on the heat transfer characteristics of

elf-sustained biphasic thermal turbulence has been conducted for

ifferent volume fractions of HFE-70 0 0 initially added to the sys-

em. This new class of thermally driven turbulence goes beyond

he heat transfer limits achievable by classical thermal turbulence.

urther, the heat transfer enhancement mechanisms at play have

een analyzed. The main conclusions are as follows: 

(1) For self-sustained biphasic turbulence with HFE-70 0 0 addi-

ive, the biphasic activity creates highly efficient heat carrier ele-

ents besides the conventional thermal plumes, namely biphasic

isers, biphasic settlers, and biphasic plumes. These cumulatively

ct 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. 

 

 

 

 

 

 

 

h  

8  

t  

u  

a  

T  

t  

h  
turn to the initial state of HFE-70 0 0 liquid through their dynami-

cally 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
eat transfer enhancement reaches the highest level of up to about

00% for φ3 ~ 4% due to the strongest biphasic activity. In the ac-

ive regime, upon raising the superheat (same trend of increasing

nderheat), the three different volume fractions ( φ) show fluctu-

tions to various degrees compared with that of the single-phase.

his is because the boiling-condensation cycles on the bottom and

op plates lead to sudden “quenching” (vaporization absorbs latent

eat) and “heating” (energy input) events at different spots on the
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lates. These fluctuations get further augmented during the intense

inch-off events associated with the biphasic plumes. 

(3) It is possible to model the heat exchange/mixing enhance-

ent as the combined effect of two underlying mechanisms,

amely the biphasic species kinematics, and the wake-induced liq-

id agitation of the biphasic elements. The former contribution is

overned by the latent heat of HFE-70 0 0 and the collective velocity

f the biphasic elements, while the latter is dictated by the bubble-

nduced diffusive transport [37] . 

It is noteworthy that the biphasic turbulence with this catalyst-

ike additive species operates in a self-sustained way, requiring

inor modifications to existing heat exchange systems. This pro-

ess does not need extra energy input. What is even more re-

arkable is that the working fluid (water) can “enjoy” the bene-

t brought about by the biphasic activities without experiencing

hase change itself, which otherwise requires much higher tem-

eratures ( ~ 100 ◦C at atmospheric pressure). The biphasic ther-

al turbulence, therefore, facilitates heat exchangers to operate at

ess extreme temperature ranges (safer) and a much higher effi-

iency. On the other hand, the strong mixing effect induced by

he biphasic species makes it possible for devices to achieve a

igorous mixing state without the need for moving components.

he present study can be useful for designing high-efficiency heat

ransfer/mixing equipment and provides new insights into achiev-

ng heat transport enhancement, with potential for major improve-

ents in biochemical, nuclear, and process technologies, as well as

n energy usage. 
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