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a b s t r a c t 

In this study, we identify whether evaporation-like (EL) mode and boiling-like (BL) mode occur under su- 

percritical pressures by investigating the heat transfer of platinum (Pt) and nickel-chromium (NiCr) wires, 

with a length of 22.0 mm and diameter of 70 μm, in carbon dioxide liquid at 8 and 10 MPa. Using a di- 

rect photographic technique based on the light refractive principle, we analyse the brighter/darker pattern 

in a varied-density field. The vapor–liquid interface is quantified using the grey extraction method. Our 

results show that beyond the limit of natural convection (NC), only the EL mode is identified for the 

Pt wire. However, for the NiCr wire, the EL mode, the transition from EL to BL (TEB) mode, and the BL 

mode are observed. The opposing gravity and drag forces cause downward bending of the Pt wire and 

upward bending of the NiCr wire. In the TEB region, the varying importance of interfacial expansion ve- 

locity over the buoyancy velocity accounts for the piston motion of the NiCr wire. During falling of the 

wire, the lighter fluid penetrating the heavier fluid causes interfacial instability to trigger the intermit- 

tent BL heat transfer. Beyond the TEB region, continuous BL heat transfer is observed. We introduce the 

small-perturbation theory to achieve a new non-dimensional parameter, H 3 . For the Pt wire, a smaller 

(either negative or positive) H 3 explains why only the EL mode appears. For the NiCr wire, the negative 

H 3 in the TEB region proves that the intermittent BL heat transfer is caused by the piston motion of the 

wire, but the positive and ∼30 times larger H 3 indicates that the continuous BL heat transfer is caused 

by the temporal-spatial temperature variations. Furthermore, we observe that the BL mode occurs in a 

vapor-like layer instead of wall cavities, which is different from subcritical boiling. The BL mode displays 

random and disordered features, like those of subcritical boiling. This work elaborately explores common 

and uncommon features between supercritical pseudo-boiling and subcritical boiling, and uncovers the 

secret of two modes of pseudo-boiling. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Supercritical fluid (SF) is a fluid under the condition of P > P c 
nd T > T c , where P and T are the pressure and temperature, respec-

ively, and the subscript c refers to the critical point [1] . SFs are

sed in various applications, such as energy and power conversion 

 2 , 3 ], drug production [4] , material fabrication [5] , and chemical

pecies preparation [6] . SFs are typically considered as single-phase 

uids without bubbles, droplets, or interfaces [7] . However, sig- 

ificant deviations have been observed between correlations and 

easurements of supercritical heat transfer based on single-phase 

uid theory [8–12] . For example, heat transfer deterioration, which 
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ffects the saf e operation of many industrial facilities, cannot be 

ccurately predicted by single-phase fluid theory [ 13 , 14 ]. 

Pseudo-boiling was proposed in ∼1960s [ 15 , 16 ]. To convert 

hermal energy into power using SF, convective heat transfer was 

tudied in tubes under high heat flux conditions [17] . Under the 

onditions of high heat flux or low mass fluxes, wall temperatures 

ere observed to have sharp peaks before the fluid reaches the 

seudo-critical temperature [18] , accompanying noise and flow in- 

tabilities [19] . Hence, the term “pseudo-boiling” refers to the heat 

ransfer process in supercritical pressure which is similar to sub- 

ritical boiling. 

Experiments were performed with heater wire immersed in 

ool liquid at near critical pressure. Knapp and Sabersky [20] ob- 

erved three flow patterns: (1) free convection flow, (2) highly tur- 

ulent flow in which fluid aggregates like bubbles, and (3) os- 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.124417
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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mailto:xjl@ncepu.edu.cn
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124417


X. He, J. Xu, X. Yu et al. International Journal of Heat and Mass Transfer 214 (2023) 124417 

c

b

o

o

c

b

c

e

c

l

e

c

s

Nomenclature 

Abbreviations 

BL boiling-like 

EL evaporation-like 

GL gas-like 

LL liquid-like 

MC micro-convection 

ME microlayer-evaporation 

NC natural convection 

NiCr nickel-chromium 

Pt platinum 

SF supercritical fluid 

sCO 2 supercritical carbon dioxide 

TC transient conduction 

TEB transition from evaporation-like to boiling-like 

TPL two-phase-like 

VL vapor-like 

A coefficient related to polarizabilities (m 

3 /kg) 

A � amplitude of � ′ 
a reference length in Fig. 20 (m) 

C grey level 
ˆ C non-dimensional grey level 

C d drag coefficient 

c 1 , c 2 , c 3 correlated constant between T ∗ and δ ∗

c p specific heat capacity (J/kg ·K) 

D diameter of shadow area ( μm) 

d diameter of wire ( μm) 

e A , e R , e S average, mean absolute and standard deviation 

F b buoyancy force (N) 

F d drag force (N) 

F p contact pressure force (N) 

F sL shear force (N) 

F sy surface tension (N) 

f d uniform load of drag force (N/m) 

Gr Grashof number ( 
gβ�T w , L d 

3 

ν2 ) 

g gravitational acceleration (m/s 2 ) 

H 1 , H 2 , H 3 non-dimensional parameters in instability analy- 

sis 

h heat transfer coefficient (kW/m 

2 K) 

I current (A) 

j T temperature coefficient of resistance (1/ °C) 

k wave number of � ′ 
L length of wire (mm) 

l cl capillary length (m) 

LP light power (W) 

mg gravity force per unit length (N/m) 

n refractive index 

n 0 refractive index of the fibre 

P pressure (MPa) 

Pr Prandtl number ( ν/ αT ) 

q heat flux (W/m 

2 ) 

Q heating power (W) 

R electrical resistance 

Re Reynolds number ( ρv d 
μ ) 

r radius (m) 

s cross-section area of wire (m 

2 ) 

T temperature ( °C) 

DT superheat ( °C) 

T̄ ∗ steady value of T ∗

T ∗′ perturbation value of T ∗

t time (s) 

U voltage (V) 
n

2

u intermediate variable u = rn ( r ) 

vb velocity of buoyancy (m/s) 

ve velocity of expansion (m/s) 

x, y, z coordinate axis 

ˆ z non-dimensional value of z 

�z vertical displacement of wire 

Greek symbols 

α deflection angle ( °) 
ˆ α non-dimensional deflection angle 

αL coefficient of linear expansion (1/K) 

αT thermal diffusivity (m 

2 /s) 

β coefficient of thermal expansion (1/K) 

βT volume coefficient of expansion (1/K) 

δ thickness ( μm) 

δth thickness of thermal boundary layer (m) 

δv thickness of velocity boundary layer (m) 

	int reference thermal property 


0 incident light intensity (cd) 


R reflected light intensity (cd) 

γ Euler’s constant 

κ scale factor between light intensity and voltage 

λ thermal conductivity (W/m ·K) 

μ dynamic viscosity (Pa ·s) 

ν kinematic viscosity (m 

2 /s) 

� heat source (W/m 

3 ) 

ρ electrical resistivity ( �·m) 

ρ density (kg/m 

3 ) 

σ surface tension (N/m) 

ζ non-dimensional perturbation propagation velocity 

h̄ enthalpy (kJ/kg) 

Subscripts/Supercripts 

air in air 

b bulk 

c at critical condition 

g measured by fibre 

IF interface 

L average value on the whole wire 

max/min maximum and minimum 

Pt platinum 

pc pseudo-critical 

ref reference 

s standard resistance 

sig signal 

start start of pseudo boiling 

t total 

term terminal of pseudo boiling 

w wall 
∗ non-dimensional parameter 

illating flow where the free convection flow alternated with the 

ubble-like pattern. In Hahne and Neumann [21] , laminar flow was 

bserved for platinum wires, but three patterns of laminar flow, 

scillatory flow, and turbulent film flow were found for nickel- 

hromium (NiCr) wires. The boiling-like (BL) characteristic may 

e attributed to the oscillatory and turbulent film regimes ac- 

ompanying the bubble-like structures and high heat transfer co- 

fficients. Neumann and Hahne [22] reported conventional free- 

onvection heat transfer when using a platinum wire in a pool of 

iquid CO 2 , in which bubble-like pattern was not observed. Tamba 

t al. [23] observed abnormal convection slightly above the criti- 

al point, which has been called the BL pattern. Their observations 

howed a transition from boiling at subcritical pressures to ordi- 

ary free convection far above the critical pressure. The analysis of 
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ritical heat flux showed that the phenomenon gradually changes 

rom boiling to free convection when pressure increases. Boiling 

isappears when the pressure is slightly higher than the critical 

ressure. In another study by Tamba et al. [24] , an interface-like 

henomenon was observed during heat transfer in argon near the 

ritical point using molecular dynamics (MD) simulations. MD sim- 

lations at supercritical pressure reproduced a structure similar 

o the normal liquid–vapor interface at subcritical pressure when 

emperature gradient exists. The characteristics of the interface-like 

henomenon, such as the density profile, interface thickness, and 

nterfacial tension, were compared with those at subcritical pres- 

ures. 

The transition from liquid-like (LL) fluid to gas-like (GL) fluid 

as considered theoretically when crossing the Widom line, which 

s the connection between series of points at which the specific 

eat or thermal expansion coefficient reaches maximum [25] . The 

 - T domain is divided into a GL region and a LL region by crossing

he Widom line. MD simulations have shown that fluid structures 

re quite different in the GL and LL regions [26] . Banuti [27] devel-

ped transition temperature to cross the Widom line using a ther- 

odynamic approach. The energy added to SF can be decoupled 

nto two parts [27] . One part increases its temperature, acting as 

ensible heat, and the other part overcomes the intermolecular at- 

raction, acting as a function like latent heat at subcritical pressure 

27] . Using neutron imaging techniques, Maxim et al. [28] moni- 

ored the density fluctuations of supercritical water as the system 

volved rapidly from the LL region to the GL region when crossing 

he Widom line during isobaric heating. Their observations showed 

hat the Widom line of water could be identified by the neutron 

maging techniques [ 28 , 29 ]. 

The Widom line method indicates that a SF is either LL fluid or 

L fluid, depending on P and T . On the contrary, Ha et al. [30] re-

orted the direct classification of LL and GL molecules coexisting 

n SF, as identified by machine learning analysis of simulation data. 

he deltoid coexistence region encloses the Widom line and may, 

herefore, be termed as the Widom delta. The number fractions 

f GL and LL particles were found to undergo continuous transi- 

ions across the delta following a simplified two-state model, sug- 

esting a microscopic view of the SF as a mixture of LL and GL 

tructures [30] . Xu et al. [31] simulated argon (Ar) in supercritical 

ressures. Three regimes were identified including the LL regime, 

L regime, and TPL (two-phase-like) regime. The TPL regime con- 

ains nano-voids, inside which particles are sparsely distributed to 

chieve gas density, and outside which particles are densely pop- 

lated to achieve liquid density. Voids have a curved interface like 

ubbles in subcritical pressures [31] . Voids in the supercritical state 

re called as “bubble-like” structure. 

The literature survey on pseudo-boiling reveals several limi- 

ations in available studies. Firstly, most experiments were con- 

ucted near the critical pressure P c [ 20–23 , 32 ], leading to the

oubt that bubble-like pattern may not actually occur in supercrit- 

cal pressures owing to measurement uncertainty. Secondly, while 

napshot images show bubble-like flow or turbulent flow, the dy- 

amic processes of these phenomena have not been presented 

20–23] . Thirdly, most studies used the schlieren or shadowgraph 

ethod to capture images, which highlights fluid density gradi- 

nts [20–22] , but this method reduces image brightness and clar- 

ty after the light passes through the lens set, resulting in blurred 

oundaries between the LL fluid and the GL fluid and limiting the 

ecording rate of pictures. 

Now that heat transfer in subcritical pressures and supercriti- 

al pressures has similarities, an important question arises that can 

he two modes of heat transfer of evaporation and boiling in sub- 

ritical pressures, also take place in supercritical pressures? If so, 

hat are the triggering mechanisms for the two modes of heat 
3

ransfer, and what are the differences between them? To answer 

hese questions, let us review evaporation and boiling in subcriti- 

al pressures. According to Kandlikar [33] , " Boiling is a phase change 

rocess in which vapor bubbles are formed either on a heated sur- 

ace and/or in a superheated liquid layer adjacent to the heated sur- 

ace. It differs from evaporation at predetermined vapor/gas-liquid in- 

erfaces, as it also involves creating these interfaces at discrete sites 

n the heated surface ". Boiling involves the nucleation and growth 

f bubbles, which can overcome the free energy barrier arising 

rom the formation of a two-phase interface. However, evapora- 

ion transforms liquid into gas, which is usually barrierless when a 

acroscopic vapor–liquid interface exists in the system [34] . Two 

ey differences exist between evaporation and boiling [7] . The first 

ifference is where the change in state occurs. Evaporation occurs 

nly at the surface of a liquid, whereas boiling may occur through- 

ut the liquid. The second difference concerns the temperature. 

vaporation occurs at any temperature, but boiling occurs only at 

he boiling point of the liquid. 

The objective of this study is to investigate the two modes of 

eat transfer in supercritical pressures. Unlike other studies, the 

riginalities of the present paper lie in the following: (1) Direct vi- 

ualisation of pseudo-boiling is achieved using a high-speed cam- 

ra without loss of brightness and clarity of the images. (2) An op- 

ical fibre detects high-frequency temperature variations that cause 

ess disturbance to the flow field. (3) Synchronous measurements 

re conducted by connecting the electric and optical signals. (4) 

he interface adjoining the vapor-like (VL) and LL structures is 

uantitatively defined and determined experimentally for the first 

ime. (5) The strong coupling between dynamics of the heater wire 

nd flow field is analysed. New experimental results with two 

ires immersed in a pool of liquid CO 2 are reported, identifying 

nly the EL mode for the Pt wire, but both the EL mode and the

L mode for the NiCr wire. The triggering mechanisms of the two 

odes of pseudo-boiling heat transfer using the NiCr wire are ex- 

lored. 

. Experiments and methods 

.1. Two heater wires 

Two wires were used, including a NiCr wire and a Pt wire. For 

he NiCr wire, Fig. 1 ( a ) shows the scanning electron microscopy 

SEM) image using a Zeiss Merlin (Germany), and Fig. 1 ( b ) and ( c )

how the 3D morphology of the wire surface using a Bruker Con- 

our GT-K (USA). The wire had a length of 22 ±0.5 mm and a di-

meter of 70 ±2 μm. The surface was very smooth, with an average 

oughness of 113.1 nm. Micro cavities were observed on the surface 

ith a depth of 800 nm ( Fig. 1 d ). Identical lengths and diameters

ere used for the Pt wire ( Fig. 2 ). The Pt surface was smoother

han the NiCr surface, with an average roughness of 11.4 nm. No 

avities were observed on the Pt surface. Table 1 summarises the 

hysical properties of the NiCr and Pt wires at room temperature. 

The two wires were used not only for heaters to provide heat 

ux, but also for temperature sensors. A careful calibration de- 

ermined the linear curves of the electric resistance and temper- 

ture for each wire. During the calibration, the wires were im- 

ersed in a liquid pool of silicon oil. The oil was well controlled 

t different temperatures with an uncertainty of 0.5 °C. A constant 

C voltage was applied to the wire, yielding different DC currents 

owing through the wire, corresponding to different oil temper- 

tures. Note that the current should be as low as 3 mA, ensur- 

ng that the temperature difference between the wire and the oil 

s smaller than 0.1 °C. Hence, the wire temperature ( T w 

) can be

egarded as the oil temperature owing to its negligible tempera- 

ure difference. Fig. 3 ( a ) shows the calibration results for the Pt 
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Fig. 1. Characterization of the NiCr wire. ( a ) SEM picture of the wire; ( b ) 3D morphology of the wire; ( c ) 3D morphology for the top region of the wire; ( d ) roughness on 

the wire surface. 

Fig. 2. Characterization of the Pt wire. ( a ) SEM picture of the wire; ( b ) 3D morphology of the wire; ( c ) 3D morphology for the top region of the wire; ( d ) roughness on the 

wire surface. 

Table 1 

Physical properties of Cr20Ni35 wire and Pt wire at 25 °C and 1 atm. 

Material 

Density Specific heat capacity Thermal conductivity Thermal diffusivity 

ρ (kg/m 

3 ) c p,w (kJ/kg �K) λw (W/(m ·K)) αT (m/s) 

Cr20Ni35 7900 0.50 13.0 0.82 

Pt 21350 0.135 71.6 4.53 

w

f

c

F

ρ

ρ

2

 

a

v

t

t

made of 304 stainless steel with an inner diameter of 100 mm 
ire. The measured specific resistance of the Pt wire ( ̄ρPt ) deviates 

rom the standard values [35] by less than 0.63%, ensuring accurate 

alibration. The two calibration curves are shown as follows (see 

ig. 3 ). 

¯Pt = 1 . 078 × 10 

−7 ×
(
1 + 3 . 908 × 10 

−3 T w 

)
(1) 

¯NiCr = 1 . 106 × 10 

−6 ×
(
1 + 4 . 216 × 10 

−4 T w 

)
(2) 
4 
.2. Experimental setup 

To study the heat transfer of NiCr and Pt wires in liquid CO 2 ,

n experimental setup was established, including a high-pressure 

essel, a pressure control system, a fibre optic measurement sys- 

em, a high-speed camera, and a high-speed data acquisition sys- 

em (see Fig. 4 a ). The horizontally positioned pressure vessel was 
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Fig. 3. Calibration of the specific resistances of the two wires. ( a ) for the Pt wire; ( b ) for the NiCr wire. 
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nd a length of 140 mm (see Fig. 4 b ). Two sapphire glass windows

ere installed on the left-side and the right-side surfaces of the 

ressure vessel, each having a thickness of 15 mm. The pressure 

ontrol system was connected with the top of the pressure ves- 

el through a supercritical carbon-dioxide (sCO 2 ) inlet/outlet tube, 

hich was used to remove non-condensable gas from the vessel 

vacuum function), charge the CO 2 liquid into the vessel, and con- 

rol the system pressure. During the experiment, the wire heating 

ould cause increase in CO 2 temperature. Hence, a helical coiled 

ube of copper was installed in the pressure vessel. A circulat- 

ng water with controlled flow rate and temperature flowed in- 

ide the helical coiled tube to maintain a constant temperature of 

he pool liquid in the pressure vessel (see Fig. 4 b and c ). The he-

ical coiled tube penetrated the pressure vessel through the front 

nd rear cylinder surfaces. A jacket thermocouple penetrated the 

ront of the pressure vessel. Both the helical coiled tube and the 

hermocouple were sealed using ferrule tube fittings. The heater 

ire was positioned horizontally and perpendicular to the axial 

irection of the pressure vessel. The wire was connected to an ex- 

ernal electric circuit to act as a heat source and a temperature 

ensor. Because the wire was tightly fixed by the two electrodes 

hrough which the DC voltage was applied, the wire was straight 

ithout bending at room temperature (see Fig. 4 d ). The fibre op- 

ic was positioned vertically in the pressure vessel. The tip of the 

bre was (200 ±5) μm above the wire. A screw thread was ma- 

hined onto the outer shell of the fibre. Thus, the relative dis- 

ance between the fibre tip and the heater wire could be adjusted 

recisely. After the experimental setup was assembled, a hydro- 

ynamic test of the entire system was performed to ensure no 

eakage. 

The pressure control system is illustrated in Fig. 5 . Initially, a 

acuum pump was operated to remove the non-condensable gas 

rom the closed system to a desired vacuum pressure. The pres- 

ure vessel was separated from the vacuum loop by a valve. An air 

ompressor drove a piston pump to elevate the pressure from 5.5 

Pa in the CO 2 gas bottle to 15 MPa, and pumped the CO 2 stream

nto the pressure vessel via a pressure-release valve and filter. The 

harged CO 2 in the pressure vessel was transformed into liquid be- 

ause of the cooling of the circulating water via the helical coiled 

ube. If the pressure exceeded the desired value, the release valve 

t the top of the pressure vessel was opened to adjust the pressure. 

ig. 6 shows the control outcomes for the pressure and tempera- 

ure. For the desired pressure of 8 MPa and bulk fluid temperature 

f 15 °C, the real values are controlled to (7.962 ∼8.025) MPa and 

14.9 ∼15.0) °C, respectively, in a time period of 50 s. 
d

5

.3. Measurement system and parameter definition 

.3.1. Parameters for electric circuit 

Here, we describe the measurement system, including the elec- 

ric circuit, fibre optic, and image capture (see Fig. 7 a ). A DC volt-

ge source (Itech 6132 B, China) supplied heating power to the 

eater wire with a voltage resolution of 0.1 mV and an accuracy 

f 0.02%. In the electric circuit, a standard resistance 14 with R s = 

8 ±0.03) � was connected in series with the heater wire. The 

C voltage applied to the standard resistance and the heater is 

enoted by U t , whereas that applied to the standard resistance 

lone is denoted by U s . Hence, the heater resistance R L and heating 

ower Q L applied to the heater are calculated in Eqs. (3) and (4) ,

oting the time-dependent U t and U s , where t is the time. 

 L ( t ) = 

U t ( t ) − U s ( t ) 

U s ( t ) 
R s (3) 

 L ( t ) = 

U t ( t ) − U s ( t ) 

R s 
U s ( t ) (4) 

The heat flux based on the outer heater surface area is 

 L ( t ) = 

1 

πdL 

U t ( t ) − U s ( t ) 

R s 
U s ( t ) (5) 

nd the specific resistance of the heater wire is 

¯L ( t ) = 

πd 2 

4 L 

U t ( t ) − U s ( t ) 

U s ( t ) 
R s (6) 

The heater wire temperature T w, L at time t can be determined 

sing Eq. (6) incorporating the calibration results of Eqs. (1) and 

2) , where d and L are the diameter and the length of the heater

ire, respectively ( d = 70 μm and L = 22 mm). The heat transfer co-

fficient h L is calculated as follows: 

 L ( t ) = 

q L ( t ) 

T w , L ( t ) − T b 
(7) 

.3.2. Fibre optic measurement 

To capture temperature variations in the ∼μs timescale, a fibre 

ptic was introduced, which has a faster response than thermocou- 

les. This technique was initially applied by Avdeev et al. [36] to 

onitor the refractive index and density changes in supercritical 

uids; however, temperature measurements using this technique 

n SF have not been reported previously. After being emitted by 

 light source, a laser beam with a wavelength of 1310 nm was 

ivided by a splitter into a signal stream and a reference stream, 
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Fig. 4. Experiment setup. ( a ) photo of the experimental setup; ( b ) image focusing on the internal structure of high pressure vessel; ( c ) cross-section view of the high pressure 

vessel; ( d ) cross-sectional view focusing on the heater wire and the fibre optic. 

Fig. 5. The flow chart of the pressure control system (1. gas bottle containing high purity carbon dioxide; 2. cut-off valve; 3. piston pump; 4. filter regulator lubricator; 5. 

air compressor; 6. pressurized tank; 7. relief valve; 8. vacuum pump; 9. compression release valve; 10. filter; 11. high pressure vessel; 12. pressure transmitter; 13. vacuum 

transmitter.) 

6
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Fig. 6. The control outcome for the parameters of pressure and temperature ( a ) for pressure; ( b ) for temperature. 

Fig. 7. Measurement system for heat transfer of Pt wire or NiCr wire in pool liquid of CO 2 . ( a ) the whole system; ( b ) the electric circuit for the fibre optic measurement; ( c ) 

photo of the fibre optic; ( d ) calibration result of the temperature measurement by using fibre optic and precision thermocouple. (1. vacuum pump; 2. high pressure valve; 

3. pressure transmitter; 4. compression release valve; 5. fibre optic adjustment facility; 6. high purity carbon dioxide tank; 7. high speed camera; 8. high pressure vessel; 9. 

thermocouple; 10. helical coiled tube to dissipate heat via the circulating water; 11. LED acting as the back light source; 12. synchronizer; 13. High speed data acquisition 

system; 14. reference resistance; 15. DC voltage generator; 16. circulating water pump; 17. water tank; 18. LED light; 19. splitter; 20. optic circulator; 21. photodiode; 22. 

amplifier; 23. data acquisition unit; 24. high-pressure vessel; 25. fibre optic probe.) 

7
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enoted as sig and ref respectively (see Fig. 7 b ). The signal beam

assed through an optical circulator and entered the probe, where 

t was reflected from the end of the fibre. The intensities of the 

ncident and reflected beams are 
0 and 
R , respectively. The re- 

ected beam was returned to the optical circulator and deflected to 

he photodiode and amplifier, where it was converted into a volt- 

ge signal, U sig . The reference beam from the splitter was directly 

onverted into a voltage signal, U ref , using another set of photodi- 

de and amplifier. The ratio of 
R to 
0 is related to the refractive 

ndex of fluid n and is proportional to the ratio of U sig to U ref [36] :


R 


0 

= 

(
n − n 0 

n + n 0 

)2 

= κ
U sig 

U ref 

(8) 

The refractive index of the silica fibres, n 0 , is 1.45. The constant 

is related to the optical properties and losses along the light 

ravelling path, but not to the fluid being measured. Therefore, κ
hould be calibrated in a fluid with a known refractive index, such 

s air. The ratio of the voltage in air, U sigair / U refair, satisfies the fol-

owing condition: 

n air − n 0 

n air + n 0 

)2 

= κ
U sigair 

U refair 

(9) 

Operating on Eqs. (8) and (9) , κ is eliminated and n of the fluid

s written as follows [36] : 

 = n 0 

√ 

U sigair 

U refair 

U ref 

U sig 
( n 0 + n air ) − ( n 0 − n air ) √ 

U sigair 

U refair 

U ref 

U sig 
( n 0 + n air ) + ( n 0 − n air ) 

(10) 

At atmospheric pressure and room temperature of 20 °C, the re- 

ractive index of air ( n air ) is 1.0 0 027. The Lorentz–Lorenz equation

36] gives the fluid density ρ as: 

= 

n 

2 − 1 

A 

(
n 

2 + 2 

) (11) 

For nonpolar molecules such as CO 2 , A is a constant 

 A = 1.42 ×10 −4 m 

3 /kg), which is independent of temperature [36] .

nce ρ is known using Eq. (11) , the fluid temperature T g can be 

etermined based on the known relationship between ρ , T g , and P 

n supercritical fluids. 

Fig. 7 c illustrates the fibre optic, which was prepared using a 

ommercial communication fibre. Removing the plastic protective 

ayer of the fibre left a fibre core and a reflective layer with diam-

ters of 9 μm and 125 μm, respectively. The bare fibre was then 

nserted into a stainless-steel shell with a length and outer and in- 

er diameters of 200 mm, 0.6 mm, and 0.4 mm, respectively. The 

ealant filled the gap between the fibre and shell. Because the 9 

m fibre core is one order of magnitude smaller than the 70 μm 

eater wire diameter, using the fibre measurement ensures high 

emporal and spatial resolutions. 

After the system was assembled, careful calibration was per- 

ormed for the fibre measurements. The calibration experiment 

as conducted in the pressure vessel with the ranges of pressures 

 = (8 ∼12) MPa and bulk fluid temperatures T b = (5 ∼40) °C. The fibre

robe was placed close to a precision thermocouple at a distance 

f 30 mm. Fig. 7 ( d ) shows the calibration outcome, in which T g and

 b were measured using the fibre probe and the thermocouple, re- 

pectively. The results showed good agreement, with an average 

elative error e A , an average square root error e R , and an average

tandard deviation e S of 3.57%, 4.67%, and 7.49%, respectively. 

.3.3. Characterisation of vapor–liquid interface 

In subcritical pressures, a vapor–liquid interface has nanoscale 

hicknesses, inside and outside of which are vapor and liquid, re- 

pectively [37] . The bubble interface can be easily detected using 
8 
 high-speed camera because of the reflection of light at the in- 

erface. In contrast to the direct observation of bubbles at sub- 

ritical pressure, schlieren photography and shadowgraph methods 

re used to detect bubble-like structures in supercritical pressures 

20–22] . These methods are density-sensitive techniques suitable 

or single-phase transparent fluids in shockwave and combustion 

pplications [ 38 , 39 ]. Quantitative identification of bubble-like in- 

erfaces presents challenges when schlieren or shadowgraph tech- 

iques are employed for supercritical fluids. This is because the 

ackground light must pass through a series of lenses and mirrors 

efore entering the camera, resulting in a loss of light intensity and 

mage brightness. 

Herein, we report a direct photography method for character- 

sing the bubble-like interface in SF (see Fig. 8 ). Considering sCO 2 

eated by a horizontally positioned Pt wire, the background LED 

ight consecutively passes through the right optical window of the 

ressure vessel and the sCO 2 fluid in the pressure vessel and is 

ollected by the camera via the left optical window of the pres- 

ure vessel. A practical density field over the cross-sectional wire 

s shown in Fig. 8 ( a ), based on the calculation results of Yu et al.

40] . A low-density VL liquid exists near the wire, whereas a high- 

ensity liquid exists at a certain distance away from the wire. 

ig. 8 ( b ) shows the light travelling in a varied-density field within 

 circular radius r 0 assuming a point heat source at z = 0. The fluid

ensity ρ decreases towards the centre of the circle but is equal 

o the bulk value of ρb for r > r 0 . Based on Eq. (11) , the refractive

ndex n , which is a function of r , is 

 ( r ) = 

√ 

1 + 

3 A 

1 
ρ( r ) 

− A 

(12) 

Eq. (12) indicates a decrease in n ( r ) with a decrease in ρ( r ) in

he circle; however, n equals to n b for r > r 0 . Assuming a horizontal

ight at z above the circle centre point O , we examine how the 

ight is deformed while travelling in the circle. Recording α as the 

eflection angle, a light beam is more deflected from the camera 

ens with a larger α, under which the camera receives less light 

ignal and forms a darker image. Based on the Fermat’s principle, 

can be written as [41] 

= 2 z n b 

∫ u b 

z u b 

d ln n 

du 

· du [
u 

2 − z 2 n 

2 
b 

]1 / 2 
(13) 

A new variable u = rn ( r ) is introduced, and u b = r 0 n ( r 0 ). Hence,

he function n ( r ) is converted to n ( u ), and u increases with an in-

rease in r . The α can be numerically determined for any form 

f n ( u ) using Eq. (13) , but has an analytical solution using special

orms of n ( u ). Assuming n ( u ) to be [41] 

 (u ) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

n b e 

(
ln 

n b 
n ( 0 ) 

)[(
u 

u b 

)2 

−1 

]
0 ≤ u ≤ u b 

n b u > u b 
(14) 

Eq. (14) satisfies the decreased n ( u ) towards the circle centre. 

he analytical solution for α is provided in [41] . 

= 

(
4 

r 0 2 
ln 

n b 

n ( 0 ) 

)
· z 

√ 

r 0 2 − z 2 , 0 ≤ z ≤ r 0 (15) 

Defining two non-dimensional parameters of ˆ αand ̂ z , 

q. (15) becomes 

ˆ = 

α

4 ln 

n b 
n ( 0 ) 

, ̂  z = 

z 

r 0 
, ˆ α = 

ˆ z 
√ 

1 − ˆ z 2 with − 1 ≤ ˆ z ≤ 1 (16) 

Eq. (16 c ) expresses the curves shown in Fig. 8 ( c ). The curve

ndicates three α= 0 points at z = −r 0 , z = 0, and z = r 0 , implying

traight light transmission without loss of light intensity at these 
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Fig. 8. Light transmission in varied density field for NiCr wire heater. ( a ) the calculated density field with P = 8 MPa, q = 261 kW/m 

2 and T b = 15 °C; ( b ) schematic diagram of 

light path assuming wire diameter d = 0; ( c ) variation of dimensionless deflection angle ̂ αwith dimensionless coordinate ˆ z . 
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hree locations. The loss of light intensity is maximized at z = √ 

2 r 0 / 2 and z = 

√ 

2 r 0 / 2 . The results indicate that the light defor-

ation depends on the direction of the light path and the fluid 

ensity gradient. If the light transmission direction is consistent 

ith the direction of the fluid density variation, the light remains 

traight without a loss of intensity. However, if the light path is 

erpendicular to the direction of fluid density variation, the light 

eformation occurs with a loss of light intensity. This conclusion 

elps to understand the brightness/darkness pattern observed in 

upercritical fluids. 

The images captured by the high-speed camera shows an in- 

rease in heat flux (see Fig. 9 ). The wire was enclosed by a va-

or layer. Owing to the density variation in the height direction, a 

lume structure formed above the wire. The vapor layer and the 

lume were stable at a lower heat flux (see Fig. 9 a ). For a location

ufficiently high above the wire, a weak deformation of the light 

ccurred, yielding a brighter image owing to the smaller density 

radient at point A. If the point was close to the wire, strong de- 

ormation occurs, yielding a darker image owing to the significant 

ensity gradient at point B. As shown in Fig. 9 ( b ), when the heat

ux increased, the plume above the wire became unstable. An ob- 

ious fluid-density gradient occurred in the height direction, even 

hough point C was far from the wire. Because the light direction 

as not consistent with the fluid density variation direction, strong 

eformation occurred at point C. This explained the two dark re- 

ions shown in Fig. 9 ( b ), with one dark region enclosing the wire,

nd the other darker region above the wire, forming an alternating 

ark/bright/dark pattern. When the heat flux increased, as shown 

n Fig. 9 ( c ), in addition to the VL film enclosing the wire and the

nstable plume above the wire, bubble-like structures were ob- 

erved under the wire. We compare the light paths emitted from 

wo points D and E, in which D is closer to the wire centre than

. Based on Fig. 8 ( c ), D and E correspond to the formation of a

righter dot image owing to its proximity to the wire centre and a 

arker dot image owing to its further distance from the wire cen- 

re (but not reaching the edge of the bubble-like structure). 

Next, we characterize the vapor–liquid interface during pseudo- 

oiling. The thickness δ of the VL layer is an important parameter. 

he photograph in Fig. 10 ( a ) depicts a wire submerged in sCO 2 at

oom temperature and approximately 8 MPa, where the diameter 

f the pure black region is exactly equal to the wire diameter. At 

 L = 495.4 kW/m 

2 , three kinds of structures were observed: an up- 

ard plume, a VL layer, and bubble-like structures. Two baselines 

an be marked for VL, the diameter of which is D . Hence, the VL

hickness is δ = ( D − d ) / 2 ( Fig. 10 b ). 

In subcritical pressures, the location of the bubble interface was 

ndependent of the light power used to capture the image. How- 

ver, the fluid density has gradual variations in supercritical pres- 

ures, resulting in a bubble-like interface that is dependent on the 

ight power used to capture the image. At a constant condition of 
9 
 = 8 MPa, q L = 436.5 kW/m 

2 and T b = 15 °C, Fig. 11 ( a ) displays a se-

uence of images captured at six different light powers ( LP ) rang- 

ng from 3 W to 32 W. When the LP is raised, the black regions in

he images become narrower, as demonstrated in the six images. 

The vapor–liquid interface was obtained using the MATLAB 

oftware based on image files captured by a high-speed camera. 

n image file can be converted into a 640 ×480 matrix, with each 

lement in the matrix representing a grey value recorded as C , cov- 

ring a range of (0–255), with 0 and 255 representing pure black 

nd pure white, respectively. The non-dimensional grey is defined 

s 

ˆ 
 = 

C − C min 

C max − C min 

(17) 

here C max and C min are the maximum and minimum grey val- 

es of each image, respectively, where ˆ C = 0 and 

ˆ C = 1 represent 

he light completely shadowed by the wire and the brightest point, 

espectively. Fig. 11 ( b ) shows plots of ˆ C versus z in the height di-

ection. The baseline of the VL layer is marked at ˆ C = 1 ; therefore,

he thickness δ is 95.2 μm, 57.2 μm and 43.9 μm with the light 

owers of 5 W, 10 W, and 20 W, respectively. The δ decreases 

ith an increase in light power, as shown in Fig. 11 ( c ). Saturation

is achieved beyond which δ does not decrease. The transition 

rom decrease to saturation takes place at LP ≈20 W; hence, the 

ata with LP = 20 W are used for the following analysis. Previously, 

he vapor–liquid interface was assumed to occur at the pseudo- 

ritical temperature T pc [42] . Instead, the grey capture method is 

sed to locate the interface in this study. Each point in the im- 

ge has a specific temperature that can determine the fluid density 

t that point [40] . Fig. 11 ( c ) also plots the density at the interface

IF , indicating ρ IF <ρpc at LP > 10 W. This observation implies that 

he grey capture method has a thinner vapor layer than that deter- 

ined by the pseudo-critical point assumption. 

.4. Uncertainties of various parameters 

The signals of U s , U t and T b were recorded by a high-speed data

cquisition system (Yokogawa DL750, Japan) at a recording rate of 

0 0 0 Hz, which was sufficient to capture the dynamic process dur- 

ng pseudo-boiling. The voltage measurements had an uncertainty 

f 0.5%. T b had an uncertainty of 0.2 °C. T g was measured by the 

bre optic, having the average errors e A , e R and e S of 3.57%, 4.67%, 

nd 7.49% respectively, when compared with those of the precise 

hermocouple measurements. T g had a response time of microsec- 

nds, which was at least two orders of magnitude faster than that 

f thermocouples. P was measured using a Rosemount 3051 pres- 

ure transducer with a response time of approximately 10 ms and 

n uncertainty of 0.075%. Driven by the LED light source, a high- 

peed camera (Keyence VW-90 0 0, Japan) captured the pseudo- 

oiling process at a recording rate of 40 0 0 fps, focusing on an area
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Fig. 9. Images taken by high speed camera and light transmission principle with P = 8 MPa and T b = 15 °C for ( a ) q L = 271.2 kW/m 

2 , ( b ) q L = 351.1 kW/m 

2 and ( c ) q L = 451.9 

kW/m 

2 , respectively. 

o
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Table 2 

Parameter measurements and uncertainties. 

Parameter Range Error Response time 

pressure P 7.955 ∼10.035 MPa 0.075% < 100 ms 

pool liquid temperature T b 14.9 ∼15.1 °C 0.1 °C < 250 ms 

voltage U 0 ∼19 V 0.5% < 1 μs 

wire temperature T w, L 15 ∼850 °C 3.71% < 1 μs 

heat flux density q L 0 ∼1822.0 kW/m 

2 1.74% < 1 μs 

heat transfer coefficient h L 0 ∼4703.8 kW/m 

2 K 4.84% < 1 μs 

fibre optic temperature T g 15 ∼40 °C 3.57% < 10 μs 

VL film sickness δ 0 ∼78.1 μm 1.9 μm < 250 μs 

p

r

s

r

c

q

s

fl

f 640 ×480 pixels for each image with a resolution of 1.9 μm. 

 synchroniser (MotionPro Timing Hub, IDT, USA) coordinated the 

igh-speed camera, the high-speed data acquisition system, and 

he fibre optic measurement system, with a synchronising error of 

0 ns for different systems. Experiments were performed at pres- 

ures of 8 MPa and 10 MPa, which were higher than the critical 

ressure of 7.377 MPa for CO 2 . The two pressures were well con- 

rolled to be within 7.955 ∼8.048 MPa and 9.928 ∼10.035 MPa. The 

ulk CO 2 temperature was well controlled to be in the 5 ∼50 °C 

ange, but only the data with T b = 15 °C were used in this study. The

eat flux at the wire surface q L covered a wide range of 0 ∼1822.0

W/m 

2 . The maximum wire temperatures T w, L could reach 883.1 °C. 

he errors of q L and h L could be obtained using the error transmis- 

ion principle [43] , and were 1.74% for q L and 4.84% for h L . Table 2

ummarized the ranges, uncertainties, and response times for var- 

ous parameters. 

. Pseudo-boiling with the Pt wire 

The boiling curves of h L ∼ �T w , L and q L ∼ �T w , L are plotted in 

ig. 12 for the Pt wire, where �T w , L = T w , L − T pc is the wall su- 
10 
erheating and T pc is the pseudo-critical temperature. The natu- 

al convection (NC) and the EL mode are observed, representing 

ingle-phase convection and pseudo-boiling, respectively. The two 

egions of heat transfer interface at the peak heat transfer coeffi- 

ient. Fig. 13 presents the images at various heat fluxes and the 

uasi-stable wall temperatures versus time. In the NC region, h L 
harply increases with an increase in wall superheating or heat 

ux. The NC is dominated by the Grashof number, which is defined 
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Fig. 10. Definition of the VL film thickness δ and wire displacement �z . ( a ) Width of the purely black area equals to the wire diameter d before heating. ( b ) The pure black 

area expands to D after heating. 

Fig. 11. VL film sickness δ at different light power LP for Pt wire heater with P = 8 MPa, q L = 436.5 kW/m 

2 and T b = 15 °C. ( a ) images showing the decreased δ with increase of 

LP ; ( b ) dimensionless grey level C / C max of images to determine the vapor-liquid interface; ( c ) the determination of δ and ρ at the vapor-liquid interface at different LP . 
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s [44] 

r = 

gβ�T w , L d 
3 

ν2 
(18) 

here g is the gravitational acceleration, β is the expansion coeffi- 

ient per unit of K, d is the characteristic length, which is the wire

iameter for the present problem, and ν is the dynamic viscosity. 

In the framework of single-phase heat transfer, a larger wall 

uperheating results in a larger buoyancy force to overcome the 

iscous force to enhance heat transfer, explaining the increase 

n h L or q L with increases in �T w, L . The increase trend stops 

t �T w, L = 17.3 °C at 8 MPa and 22.3 °C at 10 MPa. Because the

ire temperature exceeds the pseudo-critical temperature, VL layer 
11 
orms in the NC region, as shown in the image with δ= 6.4 μm 

t q = 69.5 kW/m 

2 in Fig. 13 ( a ). Compared with the NC in subcrit-

cal pressures, the NC in supercritical pressures is dominated by 

he buoyancy effect and VL layer effect; the former enhances heat 

ransfer, but the latter deteriorates heat transfer. Hence, heat trans- 

er cannot be further enhanced beyond the maximum point of h L . 

In the EL region, h L gets a quicker decrease and then varies 

lightly with wall superheating. The increasing VL layer thickness 

increases the thermal conductivity resistance of the layer, which 

xplains the decayed heat transfer in the EL region (see Fig. 13 b ).

n contrast to the continuous decrease of h L , a recovery trend of 

 L is observed at high wall superheating such as > 287 °C. Yu et al.

40] explained the recovered heat transfer at high-wall superheat- 
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Fig. 12. Heat transfer coefficients h L dependent on wall superheating �T w, L = T w, L −T pc for the Pt wire with P = 8 and 10 MPa, T b = 15 °C, noting that the insert figure shows the 

boiling curve corresponding to the main figure. 

Fig. 13. Characteristics of NC and EL heat transfer for the Pt wire with P = 10 MPa and T b = 15 °C. ( a ) images taken in NC and EL regions; ( b ) variation of δ with heat flux q L ; 

( c ) quasi-stable wall temperature T w,L in NC and EL regions. 
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ng with the increased thermal conductivity of the supercritical 

uid. Even though the VL layer is thicker at high wall superheat- 

ng, the increase in the thermal conductivity of the fluid causes a 

light increase in the heat transfer coefficients. Furthermore, minor 

ariations in the wire temperatures can be observed in Fig. 13 ( c ) in

oth NC and EL regions, indicating a relatively stable heat transfer 

rocess (see Supplementary Movies 1 and 2). 

Effect of pressures on heat transfer is discussed here. The out- 

omes shown in Figs. 12 and 13 correspond to two pressure levels 

f 8 MPa and 10 MPa, respectively. Although the curves of q L ∼
T w , L show weak changes at the two pressures, the heat transfer 

oefficients are significantly larger at 10 MPa than those at 8 MPa. 

hu et al. [45] proposed the supercritical boiling number ( SBO) to 

haracterise the convective heat transfer of sCO 2 in tubes. The SBO 

epresents the competition between evaporation momentum force 

nd inertia force, in which the former adheres the VL layer on the 

all to deteriorate heat transfer, but the latter makes the VL layer 

hinner to enhance heat transfer. The increase of pressure increases 
12 
he enthalpy at the pseudo-critical point to decrease the VL layer 

hickness, explaining the improved heat transfer with the increas- 

ng pressure. This conclusion is also applicable for pool BL heat 

ransfer in supercritical pressures. 

. Pseudo-boiling with the NiCr wire 

.1. Natural convection and evaporation-like mode 

In contrast to the Pt wire, the NiCr wire demonstrates four re- 

ions of heat transfer: NC region, EL region, TEB region, and BL 

egion. The boiling curves at 8 and 10 MPa are shown in Fig. 14 ( a ),

 b ), and ( c ). The NC region is narrow, with a steep increase in the

eat transfer coefficients versus wall superheating. Then, the heat 

ransfer coefficients decrease in the EL region, followed by a sig- 

ificant recovery or enhancement in heat transfer, accompanied by 

eat transfer oscillations in the TEB and BL regions. The VL layer 

hicknesses are shown in Fig. 14 ( d ), with heat fluxes varying from 
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Fig. 14. Heat transfer characteristics of the NiCr wire with P = 8 and 10 MPa and T b = 15 °C. ( a ) boiling curve at 8 MPa; ( b ) boiling curve at 10 MPa; ( c ) heat transfer coefficients 

h L dependent on wall superheating �T w, L at 10 MPa; ( d ) VL layer thickness δ versus q L at 10 MPa; ( e ) images taken in NC region and EL region at 10 MPa; ( f ) quasi-stable 

wall temperatures in NC region and EL region. 
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 to 1632.8 kW/m 

2 . In the NC and EL regions, δ exhibits a sharp in-

rease with an increase in q L (see Fig. 14 d and e ), which is similar

o that of the Pt wire. The temperature of the NiCr wire is quasi-

table over time in the EL region ( Fig. 14 f ). The dynamic processes

f NC and EL regions on the NiCr wire are shown in Supplemen- 

ary Movies 3 and 4, respectively. 

.2. Transition from evaporation-like to boiling-like mode 

Here we focus on the TEB region. A typical case with q L = 402.6

W/m 

2 at 10 MPa is shown in Fig. 15 ( a ), with the wire temper-

ture oscillating in the (128.9 ∼168.8 °C) range. Note that the fibre 

ptic is 200 μm above the wire, the fibre optic sensitively detects 

he temperature variations in the local flow field, with T g oscillat- 

ng in the 16.4 ∼40.8 °C range. Although the total voltage applied to 

he standard resistance and the wire keeps constant, the electric 

urrent is changing owing to the temperature dependent electric 

esistance of the wire, explaining the mini variations of heat fluxes 

n a narrow range of (401.9 ∼403.6) kW/m 

2 . Furthermore, the heat 

ransfer coefficients oscillate in the (2.6 ∼3.5) kW/m 

2 K range (see 

ig. 15 b ). The fast Fourier transform yields a dominant frequency 

f 3.86 Hz for T w, L and T g ( Fig. 15 c and d ), corresponding to an

scillation period of 259 ms for T w, L , T g , q L , and h L . An oscillat-

ng cycle includes an EL stage, represented by blue, and a BL stage, 

epresented by red (see Fig. 15 a and b ). A lower wire temperature

nd a higher heat transfer coefficient imply improved heat transfer 

n the BL stage than in the EL stage. 

To understand the periodic heat transfer in the TEB region, the 

ynamic motion of the wire is shown in Fig. 16 and Supplemen- 
13
ary Movie 5. The EL stage keeps a flat VL layer thickness in the 

6.6 ∼29.5 μm range, but the BL stage reduces δ to a minimum 

alue of 3.8 μm. The fast Fourier transform gets two dominant fre- 

uencies of 3.86 Hz and 103.64 Hz, with the former corresponding 

o the cycle period and the latter representing the characteristic 

requency of bubble-like pattern (see Fig. 16 a and b ). The oscil- 

ation of the wire displacement �zconfirms the piston motion of 

he wire, where �zis the instantaneous wire location relative to 

he balanced location of the wire in the height direction. Initially, 

n the cold state, the wire was straight, with the wire centre lo- 

ated at z = 0. Owing to the line-expansion effect, an increase in the 

ire temperature elongates and deforms the wire. In the EL stage, 

he positive and increased displacements indicate the upward mo- 

ion of the wire, during which a VL film encloses the wire. In the 

L stage, the decreased displacement indicates a downward mo- 

ion of the wire, during which not only the VL layer encloses the 

ire, but also a bubble-like layer occurs underneath the wire (see 

ig. 16 c ). In the BL stage, the enhanced heat transfer was caused 

y the faster motion of the wire and the bubble-like phenomenon. 

In subcritical pressures, bubbles nucleate, grow, and depart 

ore easily on the upward-facing surface than on the downward- 

acing surface [46] . However, this does not hold in supercriti- 

al pressures, where bubble-like structures occur below the wire. 

ig. 17 shows the wire temperatures at different points marked 

n the curve. Fig. 18 tracks the lifetime of a bubble-like structure 

cross EL and BL stages by marking different points from 1 to 8. 

he wire temperatures and images are shown in Fig. 17 and 18 ( a ),

espectively. Fig. 18 ( b ) shows the tracking of the vapor–liquid in- 

erface during its lifetime. Quasi-flat interfaces are observed from 
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Fig. 15. Oscillating heat transfer for the NiCr wire in the transition region TEB with P = 10 MPa, q L = 402.6 kW/m 

2 and T b = 15 °C. ( a ) varied T w, L and T g against time; ( b ) varied 

q L and h L against time; ( c ) frequency analysis of T w, L signal; ( d ) frequency analysis of q L . 

Fig. 16. Dynamic heat transfer in the TEB region for the NiCr wire with P = 10 MPa, q L = 402.6 kW/m 

2 and T b = 15 °C. ( a ) variations of VL layer thickness δ and wire displacement 

�z versus time; ( b ) frequency analysis of δ; ( c ) piston motion of the NiCr wire, noting EL heat transfer during upward moving of the wire, and BL heat transfer during 

downward moving of the wire. 

1  

s

n

c

c

p

t

o

t

02.5 ms to 162.5 ms in the EL stage. The BL stage consists of two

ubstages: bubble-like nucleation/growth and collapse. Bubble-like 

ucleation is triggered by a transition from a flat interface to a 

urved one, which is different from bubble nucleation in micro- 

avities on the wall at subcritical pressures. When the bubble-like 
14 
attern reaches its maximum size at 182.75 ms, it again contracts 

o achieve a flat interface. 

The expansion and contraction of bubbles in tens of millisec- 

nds disturb the local flow field, enhancing the heat transfer be- 

ween the bubble-like structure and the bulk liquid and explaining 
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Fig. 17. Fluctuations of T w, L in which different points are marked in the TEB region for the NiCr wire with P = 8 MPa, q L = 326.1 kW/m 

2 and T b = 15 °C. 

Fig. 18. Quantitative characterization of the vapor-liquid interface in the TEB region for the NiCr wire with P = 8 MPa, q L = 326.1 kW/m 

2 and T b = 15 °C. ( a ) tracking images 

showing nucleation, growth and collapse of a bubble-like pattern; ( b ) quantitative tracking of the bubble-like interface. 
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he improved heat transfer in the BL stage compared to that in the 

L stage. This dynamic is similar to subcooled boiling in subcritical 

ressures, in which bubbles can be completely condensed before 

hey depart from the wall; however, it is different from saturation 

oiling, where the bubbles depart from the wall [47] . The simula- 

ion of supercritical heat transfer in a single-phase fluid framework 

as a long history [ 4 8 , 4 9 ]. Recently, pseudo-boiling was simulated

ased on a multiphase flow framework, in which the volume of 

uid (VOF) technique, which is widely applied in subcritical pres- 

ures, was suggested to capture the vapor–liquid interface under 

upercritical pressures [42] . To the best of our knowledge, this is 

he first experimental demonstration of bubble-like dynamics and 

ould serve as a benchmark for future comparisons with simula- 

ion results. 
15 
.3. Boiling-like mode with the NiCr wire 

With an increase in the heat flux beyond the TEB region, the EL 

ubstage disappears, resulting in a complete BL mode. The bubble- 

ike dynamics in the BL region are similar to those in the BL sub- 

tage in the TEB region. At subcritical pressures, boiling exhibits 

andom, disordered, and chaotic characteristics [50] . The BL be- 

aviour at supercritical pressure is shown in Fig. 19 and Supple- 

entary Movie 6. High frequency/small amplitude oscillations oc- 

ur for T w, L , T g , q L , h L , δ , and �z, whose peak-to-peak value (de-

ned as maximum subtracting minimum) are 29.3 K, 16.3 K, 5.1 

W/m 

2 , 0.5 kW/m 

2 K, 14.3 μm, and 21.0 μm, respectively, for the 

ix signals. A positive displacement indicates that the wire is above 

he balance position z = 0, which will be explained later by the 



X. He, J. Xu, X. Yu et al. International Journal of Heat and Mass Transfer 214 (2023) 124417 

Fig. 19. High frequency oscillations of heat transfer in the BL region for the NiCr wire with P = 10 MPa, q L = 1069.3 kW/m 

2 and T b = 15 °C. ( a ) oscillations of T w, L ; ( b ) frequency 

analysis for T w, L ; ( c ) oscillations of q L ; ( d ) frequency analysis for q L ; ( e ) oscillations of δ ; ( f ) frequency analysis for δ ; ( g ) bubble-like pattern. 
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orce analysis. The fluid-solid coupling generates a piston motion 

f the wire with a small amplitude; in turn, the piston motion en- 

ances heat transfer. The fast Fourier transform yields no dominant 

requency, implying random and disordered characteristics of the 

L mode. 

Evaporation and boiling are two heat transfer modes under 

ubcritical pressures. Only the EL mode occurs with the Pt wire, 

hereas both the EL and BL modes occur with the NiCr wire. The 

imilarities and differences of boiling at subcritical and supercriti- 

al pressures are discussed. In subcritical pressure, assuming pure 

iquid without non-condensable gas and solid particles, a very high 

iquid temperature such as (0.91 ∼0.93) T c , where T c is the critical 

emperature, is required to create a bubble embryo, which is called 

he homogeneous nucleation [51] . Depending on the wall wettabil- 

ty and microcavities, boiling can occur on the wall; this is called 

he heterogeneous nucleation ( Fig. 20 a ). The nucleation theory as- 
16
umes that the energy in liquid molecules is distributed such that 

nly a small portion is significantly larger than the average [52] . 

he activation energy is assumed to initiate the process of produc- 

ng a vapor embryo. Nucleation is assumed to occur via a stepwise 

ollision process [52] . 

Bubble nucleation and growth significantly alter the flow and 

emperature fields near the wall. The following three mechanisms 

overn the heat transfer process (see Fig. 20 a ): (I) transient con- 

uction (TC): During a bubble departing from a heater surface, it 

s replaced by the bulk liquid. Heat is transferred by the TC to 

he liquid, enhancing heat transfer with higher bubble frequen- 

ies and smaller bubble sizes [53] . (II) Micro-convection: The rapid 

ovement of the bubble interface causes liquid motion. Micro- 

onvection at the bubble interface contributes to the heat transfer 

nhancement as the interface velocity increases [54] . (III) Micro- 

ayer evaporation: This mechanism results from the evaporation of 
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Fig. 20. bubble dynamics in subcritical pressure and supercritical pressure. ( a ) bubble nucleation, growth and departure for boiling in subcritical pressure based on Cole 

[52] , where θ is the contact angle, β is the half conical angle, ω is the half angle of the bubble ball crown and l is contact length of the bubble embryo on the side surface 

of the conical cavity; ( b ) images taken for bubble-like nucleation, growth and collapse for the NiCr wire with P = 10 MPa, q L = 326.1 kW/m 

2 and T b = 15 °C; ( c ) replotting of 

bubble-like dynamics based on (b). 
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 thin liquid layer underneath a bubble with a small contribution 

o heat transfer, even when the heat flux increases [54] . 

The bubble departure size is a key parameter that influences 

he heat transfer. Bubble growth involves inertia and thermal- 

ominated stages [37] . Various forces are applied to the bubble 

o determine its departure size ( Fig. 20 a ). Drag force F d and sur-

ace tension force F sy tend to adhere the bubbles on the heater 

urface; however, the buoyancy force F b , shear force F sL and con- 

act pressure force F p are the driving forces for bubble detachment 

55] . Once a net-zero force is reached, the bubble tends to detach. 

or a given heat flux, smaller departure diameters correspond to 

igher bubble frequencies, which are beneficial for heat transfer. A 

etailed comment on bubble dynamics under subcritical pressures 

s beyond the scope of this study. The present study draws atten- 

ion to the BL characteristic at supercritical pressures. 

Bubble-like nucleation : A bubble-like embryo is formed on a VL 

ayer under supercritical pressure ( Figs. 16–20 ). The piston motion 

f the heater wire was identified. The downward motion of the 

eater wire deformed the vapor-liquid interface to nucleate the 

ubble-like embryo. The instability induced by fluid–solid coupling 

s the key mechanism for the nucleation of a bubble-like struc- 

ure. Bubble-like nucleation is influenced by the thickness of the 

L layer, the wire motion velocity, and the roughness of the VL in- 

erface. Because the newly created bubble-like structures are com- 

letely separated from the heater wire, the wettability and micro- 
17 
avities of the heater wire surface do not influence the bubble-like 

ucleation. 

Bubble-like dynamics : Surface tension is critical in bubble dy- 

amics under subcritical pressure conditions, but it becomes less 

ignificant in supercritical pressures. This results in three struc- 

ures in the supercritical domain: a VL layer surrounding the wire, 

 bubble-like layer underneath the wire, and a plume above the 

ire. A steep density gradient is well established underneath the 

ire. The downward inertia force of the bubble-like interface com- 

etes with the upward buoyancy force to form a clear bubble- 

ike interface. However, a gradual density gradient exists above the 

ire, resulting in the formation of a plume. Near the critical pres- 

ure, the surface tension is smaller by several orders of magnitude 

ompared with that in subcritical pressures, but its existence is 

ignificant. The presence of surface tension in supercritical fluids 

s not yet fully understood [56] . The size of the bubble-like struc- 

ure is approximately 100 μm (see Figs. 17–20 ), which is one order 

f magnitude smaller than the bubble size scaled as the capillary 

ength l cl at subcritical pressures [57] : 

 cl = 

√ 

σ

ρg 
(19) 

here σ is the surface tension and ρ is the fluid density. The life- 

ime of a bubble is less than a few tens of milliseconds. 
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Fig. 21. Locations and displacements of two heater wires at P = 10 MPa. ( a ) locations of the Pt wire at different heat fluxes q L ; ( b ) measured and predicted displacements of 

the Pt wire at different q L ; ( c ) locations of the NiCr wire at different heat fluxes q L ; ( d ) measured and predicted displacements of the NiCr wire at different q L . 
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Boiling-like heat transfer mechanism : Heat transfer coefficients 

n the BL region are almost twice those in the EL region, indi- 

ating a significant enhancement in heat transfer (see Fig. 14 c ). 

n addition, heat transfer in the BL region displays random and 

isordered features ( Fig. 19 ). The enhanced heat transfer and ran- 

om features are similar to those of boiling under subcritical pres- 

ures, but the mechanisms deviate from those at subcritical pres- 

ures. Firstly, the current study identifies the self-sustained pis- 

on motion of the heater wire, creating a pumping effect to dis- 

ipate the generated VL layer and suck cold liquid towards the 

eater, which is distinct from the enhanced heat transfer at sub- 

ritical pressure. In contrast to the superheated liquid layer on the 

eater surface for subcritical boiling, a VL layer covers the heater 

ire in the supercritical domain. Transient thermal conduction oc- 

urs within the VL layer instead of the superheated liquid layer. 

wing to the strong disturbance of the bubble-like interface, the 

nterfacial heat transfer promotes heat and mass transfer, which 

s similar to the micro-convection mechanism during subcritical 

oiling. 

. Mechanism analysis for the observed phenomena 

Here, the analysis aims to understand the reason for the differ- 

nt phenomena observed on the two wires. 

.1. Line expansion induced displacement of the wire 

The two ends of the heater wire were fixed. The wire was 

traight in cold state but deformed under heating conditions. 

or the Pt wire, the downward bending was observed to ex- 
18 
ibit a larger displacement when the heat flux was increased (see 

ig. 21 a ). The wire length changed from L 0 at cold temperature T b 
o L at temperature T w, L . L is expressed as 

 = L 0 αL ( T w , L − T b ) (20) 

here αL is the line-expansion coefficient of the wire. The Cate- 

ary equation gives L as follows [58] : 

 = a 

(
e 

L 0 
2 a − e −

L 0 
2 a 

)
(21) 

here a is the distance between the lowest point of the down- 

ard bending curve and the reference line, and z 0 is the vertical 

istance between the endpoint of the wire and the reference line 

see Fig. 21 a ). 

 0 = 

a 

2 

(
e 

L 0 
2 a + e −

L 0 
2 a 

)
(22) 

z = z 0 − a (23) 

Eqs. (20) −(23) are used to calculate �z by substituting T w, L at 

he corresponding q L . The agreement between the predicted and 

easured displacements indicates a net downward force exerted 

n the Pt wire ( Fig. 21 b ). 

Upward bending existed for the NiCr wire, except for the pis- 

on motion with alternating upward and downward bending in the 

EB region (see Fig. 21 c ). The catenary equation predicts a negative 

isplacement of the NiCr wire (see Fig. 21 d ), which does not sup- 

ort the experimental results. The measurements yielded positive 

z results, indicating upward bending. In the TEB region, the er- 

or bars for each data point represent the amplitudes between the 

ighest and lowest positions of the wire. 
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Fig. 22. Force balances between gravity and drag force for the two heater wires at P = 10 MPa. ( a ) the model for the force analysis; ( b ) the competition between mg and f d 
for the Pt wire; ( c ) the competition of mg and f d for the NiCr wire. 
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.2. Different bending direction of the two wires 

For the NiCr wire, the deviation between predictions and mea- 

urements inspired us to perform a force analysis. Because the 

etal wire is one order of magnitude heavier than sCO 2 , the buoy- 

ncy force F b is temporarily neglected. Drag force F d is caused 

y the natural convection induced buoyancy velocity v b [59] , as 

hown in Fig. 22 ( a ). 

 b = [ αT g βT ( T w , L − T b ) ] 
1 
3 (24) 

here αT is the thermal diffusion coefficient, and βT is the volume 

xpansion coefficient of the fluid. Hence, the drag force per unit 

ength of the wire f d is 

f d = 

1 

2 

ρv 2 b d C d (25) 

Considering a thin wire and a low Reynolds number Re , the 

rag coefficient C d is [60] 

 d = 

8 πRe 
1 
2 

− γ − ln 

(
Re 
8 

) (26) 

here Re = ρv b d/μ, γ = 0 . 577 is the Eulerian coefficient, d is the

ire diameter, and μ is the viscosity. Because αT , βT , ρ , and μ
ary with T for sCO 2 , the integration-averaging method quantifies 

he characteristic temperature for each physical property [61] : 

int = 

1 

T w , L − T b 

∫ T w , L 

T b 

	( T ) dT (27) 

here 	int is the referenced thermal property. 

Fig. 22 ( b ) and ( c ) show the force balance between gravity and

rag force versus heat fluxes at 10 MPa. A smaller f d than mg in-

icates the downward bending of the Pt wire, whereas a larger f d 
han mg indicates the upward bending of the NiCr wire, where m 

s the mass of the wire per unit length. 
19 
.3. Piston motion induced intermittent boiling-like heat transfer 

The drag force in Section 5.2 is estimated based on the single- 

hase fluid assumption. Interfacial expansion is used to explain the 

iston motion of the NiCr wire in the TEB region. Here, we exam- 

ne the natural convection induced velocity boundary layer δv and 

he thermal boundary layer δth for a fluid heated by a horizon- 

al cylinder ( Fig. 23 a ). The magnitude of one boundary layer rel-

tive to the other depends on the Prandtl number Pr , as plotted 

n Fig. 23 ( b ) for sCO 2 at 10 MPa. Pr > 1 results in a thicker velocity

oundary layer than the thermal boundary layer. At T > 110.8 °C, the 

r is smaller than 1 but does not deviate from 1 too much, under 

hich δv is on the same magnitude with δth . Thus, the situation of 

v >δth was considered, noting the significant velocity and temper- 

ture gradients in each boundary layer (see Fig. 23 a ). 

For simplification, pseudo-boiling is considered to have a VL in- 

erface, which is assumed to be located at the end of the ther- 

al boundary layer (see Fig. 23 a ). At the VL interface, the evap-

ration from LL phase to VL phase forms an interfacial expansion 

elocity v e . There are two effects of v e . Firstly, evaporation momen- 

um forces are created along the VL interface, whose total effect 

s zero for uniform evaporation around the wire [45] . Secondly, 

he existence of v e is equivalent to injecting a hot fluid into the 

wo boundary layers, ensuring that both boundary layers become 

hicker. Here, v e is estimated as [54] 

 e = 

q L 
h̄ w 

− h̄ b 

(
1 

ρw 

− 1 

ρb 

)
(28) 

here h̄ is the fluid enthalpy, and the subscripts w and b refer 

o the wall temperature and bulk fluid temperature conditions, re- 

pectively. 

Fig. 23 ( c ) shows v b and v e over the whole ranges of q L for the

iCr wire, demonstrating a gentle rise in v b but a linear rise in 

 e . In the NC and EL regions, v e < 0.5 v b causes a weak effect of
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Fig. 23. Effect of interfacial expansion on drag force. ( a ) natural convection induced boundary layers without (left column) and with (right column) consideration of the 

interfacial evaporation. ( b ) The Pr number versus temperatures for 10 MPa sCO 2 . ( c ) buoyance velocity v b and expansion velocity v e dependent on heat fluxes on the NiCr 

wire. 
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nterfacial expansion on the drag force. A drag force larger than 

ravity causes the upward bending of the NiCr wire. In the TEB 

egion, v e > 0.5 v b results in significant interfacial expansion of the 

rag force. This effect expands the velocity boundary layer to de- 

rease the velocity gradients and weaken the drag force, explaining 

he change in the bending direction from upward to downward. 

he falling-down process of the NiCr wires has received signifi- 

ant attention. Taylor [62] commented on the interfacial instability 

n low-density fluids, such as gas penetrating high-density fluids 

uch as liquids, which has nothing to do with surface tension. The 

arger the density difference, the more unstable the interface is. 

his theory is extended to supercritical pressures. During the fall of 

he NiCr wire, the penetration of a VL fluid into a LL fluid causes 

trong interfacial instability, triggering the nucleation and growth 

f bubble-like patterns. However, the bubble-like structures widen 

he thermal boundary layer to exceed the velocity boundary layer, 

nder which v e has a weak effect on the drag force. Hence, the 

rag force is recovered and pushes the wire upward. This process 

s repeated periodically to generate the piston motion of the NiCr 

ire. 

In summary, the TEB region consists of substages of EL and 

L; thus, it concerns intermittent BL heat transfer. During the 

alling of the wire, the penetration of lighter VL phase into heav- 

er liquid-like phase causes the interfacial instability to form 

ubble-like patterns. Alternatively, enhanced and weakened inter- 
20
acial expansions account for the piston motion of the heating 

ire. 

.4. Temporal-spatial temperature variation induced continuous 

oiling-like heat transfer 

Instead of intermittent BL heat transfer in the TEB region, con- 

inuous BL heat transfer occurs in the BL region with the upward 

ending of the NiCr wire, indicating that the interfacial expan- 

ion velocity is equivalent to or larger than the buoyancy velocity 

 v e ∼v b or v e > v b , see Fig. 23 c ). To explain the continuous BL heat

ransfer, the motionless wire state inspires us to seek a mechanism 

ther than the lighter fluid penetrating the heavier fluid induced 

nstability. 

Referring to Fig. 24 ( a ) and ( b ), following assumptions are made

or the perturbation analysis of the VL film instability: (i) A uni- 

orm VL thickness exists over the circumference of the wire. (ii) 

he local wire temperatures T w 

are functions of x and t , T w 

= 

 w 

( x, t ) . The temperature variation in the radial direction, r , is ne- 

lected owing to the ultra-small Biot number. (iii) Although the 

lectric resistance R and heat flux q are averaged over the entire 

eating length during experiment, they change locally versus x and 

ime t : R = R ( x, t ) and q = q ( x, t ) , respectively. (iv) Heat is trans-

erred via the thermal conduction through VL layer but dissipates 

o surrounding liquid at the vapor–liquid interface owing to the 
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Fig. 24. Perturbation analysis for the spatial-time temperature variation induced BL heat transfer. ( a ) cross-sectional view of the model; ( b ) axial view of the model. 
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vaporation. The equation governing the spatial-time wire temper- 

ture is [44] 

w 

c p , w 

∂ T w 

( x, t ) 

∂t 
= λw 

∂ 2 T w 

( x, t ) 

∂ x 2 
+ �1 ( x, t ) − �2 ( x, t ) (29) 

here c p is the specific heat and the subscript w refers to the wire.

1 is the heat source per unit volume of the wire owing to resis- 

ance heating, and �2 is the heat dissipation per unit volume. The 

nergy equations for the entire heater length L and microelement 

x are as follows: 

q L πdL = I 2 R L = I 2 ρ̄0 ( 1 + j T T w ,L ) 
L 
s 

�1 s d x = I 2 R ( x → x + d x, t ) = I 2 ρ̄0 ( 1 + j T T w 

) d x s 

(30) 

here q L is the averaged heat flux across the length L, R L is the

otal resistance of the heater, I is the current flowing through the 

ire, s is the cross-section area of the wire, j T is the temperature 

oefficient of resistance, ρ̄0 is the resistivity at a reference temper- 

ture of 0 °C. Eq. (30) gives 

1 = 

4 q L ( 1 + j T T w 

) 

d ( 1 + j T T w ,L ) 
(31) 

here T w,L is the temperature averaged over the wire length L . 

hermal conduction in the VL layer yields 

2 = 

qπdd x 

s d x 
= 

4 

d 

λVL ( T w 

− T term 

) 

δ
(32) 

here λVL is the thermal conductivity of the VL layer, T term 

is 

he temperature at the vapor–liquid interface, which is determined 

ased on the thermodynamic approach for the termination tem- 

erature of pseudo-boiling [27] . 

The following non-dimensional parameters are introduced: 

 

∗ = 

x 

d 
, t ∗ = 

t 
ρw c p , w d 2 

λw 

, T ∗ = 

T w 

T term 

, δ∗ = 

δ

d 
(33 a −d) 

here 
ρw c p , w d 

2 

λw 
denotes the thermal diffusion time of the wire. 

ombining Eqs. (29) , (31) , (32) and (33) yields: 

∂ T ∗

∂ t ∗
= 

∂ 2 T ∗

∂ x ∗2 
+ 

4 q L d j T 
λw 

( 1 + j T T w ,L ) 
T ∗ − 4 λVL 

λw 

T ∗ − 1 

δ∗

+ 

4 q L d 

λw 

T term 

( 1 + j T T w ,L ) 
(34) 

By introducing additional two dimensionless parameters of 

 1 = 

q L d j T 
λVL ( 1 + j T T w ,L ) 

, H 2 = 

λVL 

λw 

(35) 
c

21 
Eq. (34) becomes 

∂ T ∗

∂ t ∗
= 

∂ 2 T ∗

∂ x ∗2 
+ 4 H 1 H 2 T 

∗ − 4 H 2 
T ∗ − 1 

δ∗ + 

H 1 H 2 

j T T term 

(36) 

In this study, the VL film thickness was δ, obtained from the 

easurement data of sCO 2 . The last term on the right side of Eq. 

36) is constant. The relationship between T ∗ and δ ∗ is correlated 

ased on the measured T w,L and δ for each Pt and NiCr wire. 

T ∗ − 1 

δ∗ = c 1 T 
∗2 + c 2 T 

∗ + c 3 (37) 

The constants c 1 , c 2 and c 3 for the Pt and NiCr wires will be

iscussed later. Eq. (36) becomes 

∂ T ∗

∂ t ∗
= 

∂ 2 T ∗

∂ x ∗2 
− 4 c 1 H 2 T 

∗2 + 4 ( H 1 − c 2 ) H 2 T 
∗ − 4 c 3 H 2 + 

H 1 H 2 

j T T term 

(38) 

The small-perturbation theory treats T ∗ as a steady T̄ ∗that is 

ndependent of x and t , plus a perturbation T ∗′ [37] . Hence 

 

∗( x ∗, t ∗) = T̄ ∗ + T ∗′ (39) 

The perturbation term is expressed as the simple harmonic 

orm as 

 

∗′ = A 

∗
�e i k 

∗x ∗ e ζ t ∗ (40) 

here A 

∗
�

is the non-dimensional amplitude, k ∗ is the non- 

imensional wave number related to the wave number k as k ∗= kd , 

nd ζ is the non-dimensional perturbation propagation velocity. A 

ystem is stable if ζ< 0, but becomes unstable when ζ> 0. Substi- 

uting Eqs. (39) and (40) into Eq. (38) , the derivation of the equa-

ion with respect to time t yields 

= H 3 − k ∗2 (41) 

here H 3 = 4 H 2 ( H 1 − c 2 − 2 c 1 ̄T 
∗) and T̄ ∗ are the steady values at 

 , that is T̄ ∗ = T ∗w , L = T w , L / T term 

, and T w, L is experimentally deter- 

ined, noting that products of the high-order perturbation quan- 

ities are neglected. 

Physically, H 1 represents the effect of temperature coefficient of 

esistance j T on temperature perturbations. A larger j T of the wire 

ay result in a larger temperature perturbation. H 2 represents the 

hermal conductivity of the VL film relative to that of the wire. A 

arger H 2 implies enhanced thermal conduction in the VL layer rel- 

tive to the wire, resulting in stronger non-uniformity along x and 

 larger perturbation versus t . Note that ζ> 0 is the criterion for an

scillating system. Because the non-dimensional wave number k ∗

an take any value, the necessary condition for the perturbation is 
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Fig. 25. Non-dimensional number versus q L of Pt and NiCr wire at P = 10 MPa. ( a ) H 1 ; ( b ) H 2 ; ( c ) and ( d ) H 3 . 
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 3 > 0, under which the T w 

oscillation increases with an increase in 

 3 . 

Here, we comment on the perturbation analysis at 

 term 

= 85.5 °C for 10 MPa sCO 2 . The thermal conductivity λVL in 

q. (35) varies with temperatures. The calibration value of λVL is 

btained from the heat conduction between the wire and the VL 

ayer in cylindrical coordinates as follows: 

VL = 

q L d 

2 ( T w , L − T term 

) 
ln 

(
d + 2 δ

d 

)
(42) 

In Eq. (37) , the three coefficients are well correlated based on 

he measured T w, L and δ , which are c 1 = −0.00345, c 2 = 1.0291, 

nd c 3 = −0.6147 for the Pt wire, and c 1 = −0.8592, c 2 = 4.8468, and

 3 = −4.0528 for the NiCr wire. Fig. 25 ( a ) plots H 1 with j T = 3 . 85 ×
0 −3 K 

−1 and 4 . 22 × 10 −4 K 

−1 for the Pt and NiCr wires, respec- 

ively, indicating a much larger H 1 for the Pt wire than that for 

he NiCr wire. It appears that the wire temperature is more likely 

o oscillate for the Pt wire than those for the NiCr wire, which is 

ontrary to our experiment where only the EL mode occurs for the 

t wire. The NiCr wire had a much larger H 2 than the Pt wire (see

ig. 25 b ). The NiCr wire is more likely to exhibit temperature os- 

illations than the Pt wire, which is consistent with our measure- 

ents. 

Because H 1 and H 2 are non-dimensional parameters in 

q. (38) and not a result of perturbation analysis, the stability char- 

cteristic cannot be solely determined based on H 1 or H 2 . H 3 is 

erived after the perturbation analysis and is related to H 1 , H 2 , c 1 ,

nd c 2 ; hence, it is a comprehensive index for verifying the stabil- 

ty of the thermal system. The variations in H 3 depending on heat 

uxes at 10 MPa are presented in Fig. 25 ( c ) and ( d ) for both wires.
22 
or the Pt wire, a negative H 3 value when q L < 730.7 kW/m 

2 indi-

ates a stable system. As q L exceeds 730.7 kW/m 

2 , H 3 for the Pt 

ire becomes positive, but is still ∼30 times smaller than that of 

he NiCr wire. The positive but small H 3 (10 −3 magnitude) explains 

he EL mode only with minimal variations in the wire tempera- 

ures, as shown in Fig. 13 , but it is not sufficient to trigger the BL

ode over the entire heat flux range. 

For the NiCr wire, H 3 in the TEB region is negative, further sup- 

orting the fact that the intermittent BL heat transfer is caused 

y the dynamic wire motion, instead of the temporal-spatial wire 

emperatures. In the BL region, the majority of H 3 data points are 

ositive and exhibit a sharp increase with q L . The maximum value 

f H 3 reaches 52.3, except for four negative H 3 data points just be- 

ond the TEB region. This variation trend of H 3 over the entire heat 

ux range proves that the intermittent BL heat transfer is caused 

y the piston motion of the wire in the TEB region, and the con- 

inuous BL heat transfer is indeed caused by temporal-spatial tem- 

erature variations. 

.5. Comparison with other studies 

In this study, supercritical heat transfer is investigated and 

uantitatively characterized. Except the NC mode, the EL mode is 

bserved for the Pt wire, but the modes of EL, TEB and BL are 

bserved for the NiCr wire. Intermittent boiling-like heat transfer 

ccurs in the TEB region and continuous boiling-like heat transfer 

ccurs in the BL region. The former is caused by the piston mo- 

ion induced instability, and the latter is induced by the spatial- 

emporal temperature variations of the wire. Knapp & Sabersky 

20] identified laminar flow, oscillation flow and bubble-like flow 
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Fig. 26. Comparison of the VL thickness δ at the bottom of the wire measured in 

this paper on Pt wire with P = 10 MPa and the predictions based on Sarma et al. 

[63] . 
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n supercritical pressures. The oscillation flow and bubble-like flow 

re similar to the TEB flow and BL flow reported in this study. 

napp and Sabersky [20] mixed the NC flow and the EL flow as 

he laminar flow. Actually, the NC mode and the EL mode are quite 

ifferent, because NC belongs to the single-phase heat transfer, 

ut the EL heat transfer belongs to the phase change. The shadow 

ethod used in Ref. [20] amplifies the density gradient of the flow 

eld. The recorded images were blurry to identify the vapor-liquid 

nterface during pseudo-boiling. In this study, the direct photo- 

raph technique clearly captures the pseudo-boiling interface, thus 

uantitative tracking of the pseudo-boiling interface becomes pos- 

ible. 

Different phenomena were reported for supercritical heat trans- 

er using the Pt wire and the NiCr wire. Hahne & Neumann [ 21 , 22 ]

bserved bubble-like structure using the NiCr wire, but such phe- 

omenon was not observed using the Pt wire. This difference was 

ommented to be caused by the surface roughness, temperture 

oefficient of reistence, thermal conductivity and thermal diffu- 

ion coefficient of the wire. Here, the intermittent boiling-like heat 

ransfer is caused by the pistion motion of the wire, and the con- 

inuous boiling-like heat transfer is caused by the spatial-temporal 

emperature variations of the wire. 

In supercritical pressures, the vapor-liquid layer thickness is 

ever reported previously, but it is quantified experimentally in 

his study. Because the EL heat transfer in supercritical pressures 

an be analogized to film boiling in subcritical pressures, we ex- 

end the film thickness in subcritical pressures to estimate the 

alues in supercritical pressures. Sarma et al. [63] established the 

odel for film boiling on horizontal cylinder in subcritical pres- 

ures. The model assumes larger diameter of the cylinder, thus the 

urface tension force and the axial flow can be neglected. The heat 

ransfer rate due to thermal conduction across the vapor-liquid 

ayer equals to that due to evaporation at the vapor-liquid inter- 

ace. Sarma et al. [63] developed δsub as 

sub = 1 . 56 

[
λv μv d ( T w 

− T s ) 

g ( ρl − ρv ) ( h̄ v − h̄ l ) 

] 1 
4 

(43) 

Where the subscripts of l and v represent liquid and vapor, re- 

pectively, λ is the thermal conductivity, μ is the viscosity and T s 
s the saturation temperature and h̄ is the enthalpy. 

In supercritical pressures , T start and T term 

are used to quantify 

he LL and VL temperature, respectively, in which T start and T term 

re determined by Ref. [27] . Eq. (43) is modified to estimate the 

L layer thickness δsup as 

sup = 1 . 56 

[
λterm 

μterm 

d�T w , L 

g ( ρstart − ρterm 

) ( h̄ term 

− h̄ start ) 

] 1 
4 

(44) 

Fig. 26 presents the comparison between the measured VL layer 

hickness and the predictions using Eq. (44) , using the Pt wire at 

0 MPa pressure and 15 °C bulk liquid temperature. Good agree- 

ent is achieved between the measured values and the calculated 

alues, with the average relative deviation of 17.3%. 

Finally, we further emphasize the two modes of heat transfer. In 

ubcritical pressures, evaporation takes place at the existing vapor- 

iquid interface, but boiling involves the creation of new vapor- 

iquid interfaces [33] . Evaporation either occurs with the same sub- 

tance of the working fluid, or occurs with different substances of 

he working fluids. Ref. [7] writes “Evaporation occurs at the liquid–

apor interface when the vapor pressure is less than the saturation 

ressure of the liquid at a given temperature ”. There are two nec- 

ssary conditions for evaporation to take place: (1) there exists 

apor-liquid interface, and (2) the vapor pressure is smaller than 

he saturation pressure. Evaporation of water in a glass bottle in- 

olves two substances of water and air, under which evaporation 

s caused by the mass transfer from liquid to vapor within a mixed 
23 
as layer (air and vapor). Alternatively, evaporation widely takes 

lace in heated tubes for annular flow, in which the liquid layer 

ay be thin enough to keep the wall temperature below the nucle- 

tion temperature [64] . Evaporation does happen instead of boil- 

ng. The evaporation involves the phase change with a single sub- 

tance of liquid such as water instead of multi-species of working 

uids. In this work, the two modes of EL and BL in supercritical 

ressures are analogized to evaporation and boiling in subcritical 

ressures, respectively. 

. Conclusions 

Evaporation and boiling are two heat transfer modes in subcriti- 

al pressures; the former occurs on the existing vapor–liquid inter- 

ace, whereas the latter creates new vapor–embryo interface. It is 

nclear whether these two heat transfer modes occur in supercrit- 

cal pressures. If so, what are the triggering mechanisms? To an- 

wer these questions, elaborate experiments are performed using 

hin metal wires as heaters and temperature sensors. Throughout 

he experiment, the sCO 2 temperature remains at 15 °C while the 

ressure is maintained at either 8 MPa or 10 MPa, both of which 

xceed the critical pressure of CO 2 , which is 7.377 MPa. 

Instead of the schlieren or shadowgraph method, a di- 

ect photograph technique was developed to track the bubble- 

ike dynamics under supercritical pressure, avoiding the loss of 

ight brightness. The light-refractive principle helps analyse the 

righter/darker patterns during pseudo-boiling. The grey extrac- 

ion method tracks the vapor–liquid interface and determines the 

hickness of the VL layer. A fibre optic detects the local temper- 

ture with high time resolution. The synchroniser coordinates all 

he systems together for comprehensive measurements. 

It is found that the NC mode and EL mode appear consecutively 

ith increase in heat fluxes for the Pt wire. In contrast, there are 

our modes for the NiCr wire: NC mode, EL mode, TEB mode, and 

L mode. Different fluid-solid couplings induce different phenom- 

na on the heater wires. The downward bending of the Pt wire can 

e attributed to gravity being greater than the drag force acting on 

he wire. In contrast, the upward bending of the NiCr wire is a re- 

ult of the opposite phenomenon, where the drag force is greater 

han the gravity. 

When Pr > 1 or Pr ∼1 for sCO 2 , the thermal boundary layer lies

nside the velocity boundary layer; thus, the interfacial expansion 

elocity influences the velocity gradient to alter the drag force. A 
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EB cycle consists of an EL stage and a BL stage. During the upward

otion of the EL stage, the interfacial expansion effect is stronger 

o decrease the drag force; however, during the downward motion 

f the BL stage, the interfacial expansion effect is weakened to re- 

over the drag force. Hence, the motion direction is periodically 

hanged to form the piston motion of the wire. Owing to the insta- 

ility induced by the penetration of lighter fluid into heavier fluid, 

he bubble-like structure nucleates, grows, and collapses. 

Continuous BL heat transfer takes place at sufficiently high 

eat fluxes. Small-perturbation analysis provides a new non- 

imensional parameter, H 3 . For the Pt wire, a smaller H 3 (either 

egative or positive) explains only the EL mode. For the NiCr wire, 

he negative H 3 in the TEB region proves that the intermittent 

oiling-like heat transfer is caused by the piston motion of the 

ire, but the positive and ∼30 times larger H 3 indicates that the 

ontinuous boiling-like heat transfer is caused by the temporal- 

patial temperature variations. 

The BL heat transfer is observed to occur on the basis of a 

L layer, which differs from subcritical boiling. Due to sharp den- 

ity gradient underneath the heater, the BL heat transfer occurs 

here. Because the BL process is related to interfacial instability, 

ransient thermal conduction occurs in the VL film instead of at 

he superheated liquid layer in subcritical pressures. The bubble- 

ike patterns severely disturb the flow field to create strong micro- 

onvection at the vapor-liquid interface, accounting for enhanced 

eat transfer. The BL heat transfer possesses random and disor- 

ered features similar to those of subcritical boiling. This study en- 

ances the understanding of bubble-like dynamics during pseudo- 

oiling in supercritical pressures. 
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