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Supercritical pseudo-boiling (SPPB) refers to the phenomena that when heat is applied to supercritical
fluid, bubble-like and vapor-film-like features appear and wall temperature peaks occur, similar to sub-
critical boiling (SBB). Even though SPPB was reported in 1960s~1970s, it has not been paid attention and
supercritical heat transfer (SHT) is still treated with single-phase fluid assumption, introducing difficul-
ties in accurately describing the flow and heat transfer characteristics. Here, by analogy between SPPB
and SBB, a three-regime-model is proposed for SPPB, including liquid-like (LL), two-phase-like (TPL) and
vapor-like (VL) regimes. The three regimes are interfaced at an onset of pseudo-boiling temperature T—
and a termination of pseudo-boiling temperature T+, determined by thermodynamics. Thermophysical
properties of LL and VL phases are evaluated using the two pseudo-boiling temperatures. Pseudo-boiling
enthalpy is defined as the enthalpy difference across the temperature span from T- to T*, which is anal-
ogous to latent heat of evaporation in subcritical pressure. Pseudo-vapor mass quality x is calculated
using bulk fluid enthalpy and fluid enthalpies at T- and T*. Non-dimensional parameters are proposed
to reflect interactions of mass, momentum and energy between LL and VL phases. Based on the three-
regime-model, SHT is re-analyzed in a different perspective from literature. We show that SHT deviates
from that of single-phase convection significantly for 0 < x < 1 corresponding to the TPL regime, in-
dicating that SHT cannot be treated with single-phase fluid assumption under this condition. Reynolds
number for LL phase (Re; ) explains the non-monotonic variation of SHT versus heat fluxes. Froude num-
ber Fr explains the difference of SHT between top generatrix and bottom generatrix in horizontal tubes.
Supercritical boiling number SBO and K number successfully correlate heat transfer and pressure drop
for SHT in tubes, and the K number correlation has much smaller error than DB correlation. Our work
establishes a new theoretical framework for SPPB and provides a new research direction for heat transfer
of supercritical fluids.

Keywords:
Three-regime-model
Supercritical heat transfer
Pseudo-boiling

Phase change

Analogy

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction power [9-11]. For material synthesis, the chemical kinetics are dif-

ferent when reactants and solvents are in subcritical pressure and

Supercritical fluid (SF) has received great attention for a vari-
ety of applications, including thermal-power conversion [1,2], ther-
mochemical conversion of biomass [3,4], wastewater treatment [5],
multiphase chemical reactors [6,7] and hydrothermal synthesis of
nano-materials [8]. Nowadays in power engineering, supercritical
water and supercritical carbon dioxide (CO,) are two important
fluids operating in cycles to convert thermal energy into electric
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supercritical pressure [12-14], and catalysis in SFs has high activ-
ity and high selectivity along with easy purification of its prod-
ucts [14]. Moreover, petroleum alternatives such as liquid bio-oil is
highly desired as a renewable energy, and the transfer hydrogena-
tion of bio-oil in SFs is an important upgrading method to enhance
its quality and stability by converting it into a stable and low acidic
fuel with notably reduced oxygen content even without external
hydrogen [15]. However, at this stage, large scale applications of
supercritical technologies are still far, in part due to the challenges
in understanding the fundamentals of SF structure [16,17].

For a pure fluid, there is a saturation temperature correspond-
ing to each subcritical pressure, and phase change including boiling
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Nomenclature

Ac acceleration parameter, -

Bd bond number, -

Bo boiling number, -

Bu buoyancy parameter, -

C constant, -

Ca capillary number, -

Cp specific heat capacity, J/kg-K

d tube diameter, m

e error, -

Fr Froude number, -

f friction factor, -

G mass flux, kg/m?s

g gravitational acceleration, m/s?
H correction function

h heat transfer coefficients, W/m2K
i enthalpy, J/kg

iy latent heat, J/kg

Ja Jacob number, -

K non-dimensional number K, -
Nu Nusselt number, -

P pressure, Pa

Pr prandtl number, -

q heat flux, W/m?2

Re reynolds number, -

SBO supercritical boiling number, -
T temperature, K

T the onset of pseudo-boiling temperature, K
T+ the termination of pseudo-boiling temperature, K
We weber number, -

X pseudo-vapor mass quality, -
z axial location, m

Greek symbols
Aipy pseudo-boiling enthalpy, J/kg

Algt structural contribution in the pseudo-boiling en-
thalpy, J/kg

Al thermal contribution in the pseudo-boiling en-
thalpy, J/kg

AT temperature difference, K

A thermal conductivity, W/m-K

1% viscosity, Pa-s

0 density, kg/m3

o surface tension, N/m

Subscripts

ave average

b bulk

c critical point

exp experiment

L saturated liquid

L-limit  liquid-limit

pc pseudo-critical point

ref.L reference point for liquid-limit

ref,V reference point for vapor-limit

sat saturation

Vv saturated vapor

V-limit  vapor-limit

w inner wall

Acronyms

CFD computational fluid dynamics

CHF critical heat flux

DB Dittus-Boelter correlation

HTD heat transfer deterioration
LL liquid-like

MD molecular dynamics

NHT normal heat transfer

SBB subcritical boiling

SF supercritical fluid

SHT supercritical heat transfer
SPPB supercritical pseudo-boiling
TPL two-phase-like

VL vapor-like

VOF volume of fluid

and condensation takes place at this saturation temperature. La-
tent heat of evaporation characterizes how much energy is needed
to completely convert saturated liquid into saturated vapor [18].
Based on classical thermodynamics, the phase change phenomena
in subcritical pressure terminate at the critical point, and a fluid
beyond its critical point is called SF, which is documented in text-
books as a homogeneous, continuous and single-phase fluid with-
out bubble/droplet and interface [18]. However, the above recog-
nition of SF is questioned by physicists, which are summarized as
follows.

Non-uniform distribution of molecules: Various molecular dy-
namics (MD) simulations show that SF has a non-uniform struc-
ture regarding the distribution of molecules [19,20]. For example,
Skarmoutsos et al. [21] studied supercritical water with a density
range of 0.2p. to 2.0p. at 1.03T; where p. and T. are the den-
sity and temperature at the critical point, respectively, and showed
non-uniform density in the fluid for both high and low densities.

Identification of liquid-like and vapor-like regions: Gallo et al.
[22] investigated the thermodynamic properties of supercritical
water and found that the lines connecting the maxima of response
functions converge into a single line when approaching the crit-
ical point, which is called the Widom line. They found that the
Widom line coincides with the crossover from liquid-like (LL) re-
gion to vapor-like (VL) region clearly visible in transport properties.
Simeoni et al. [23] demonstrated the transition between LL and VL
fluid when crossing the Widom line using X-ray scattering. Maxim
et al. [24,25] applied neutron imaging to monitor density fluctua-
tions of supercritical water and visualized rapid density variation
as the system evolved from LL to VL during isobaric heating. These
studies show that SF can be either LL or VL, depending on its lo-
cation in the P-T phase diagram, where P and T are pressure and
temperature, respectively.

Pseudo-boiling phenomenon: When heat is added to SF, phe-
nomena such as bubble-like and film-like patterns, wall temper-
ature peak, and whistling noise may take place, which are similar
to boiling in subcritical pressure and are thus termed as pseudo-
boiling. Knapp and Sabersky [26] observed bubble-like feature
when heating CO, using a 0.254 mm diameter wire at near criti-
cal pressure. The slope of g~AT curve increased significantly when
bubble-like feature was observed, displaying boiling characteristic,
where ¢ is heat flux and AT is temperature difference between
wire and CO,. Tamba et al. [27] observed bubbles when heating su-
percritical CO, at 7.38 MPa even at a very small AT of 0.3 K, which
is beyond the CO, critical pressure 7.377 MPa. Further increase of
q yielded film-like pattern. The observed bubble-like and film-like
patterns are very similar to nucleate boiling and film boiling in
subcritical pressure, as shown in Fig. 1. Moreover, for convective
heat transfer of SF in tubes, many authors observed wall temper-
ature peaks before the fluid temperature reaches pseudo-critical
point, called heat transfer deterioration (HTD) [28-30], which is
similar to the critical heat flux (CHF) for subcritical boiling. Re-
cently, similarities between supercritical pseudo-boiling and sub-
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Fig. 1. Experimental images of CO, heated by a platinum wire at both subcritical pressure (a-c, 7.30 MPa) and supercritical pressure (d-f, 7.38 MPa), showing the similarity
between subcritical boiling and supercritical heat transfer. Reproduced with permission from Ref. [27], Copyright 1998, Elsevier.
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Fig. 2. Variation of thermophysical properties of CO, with temperatures at 7.4 MPa,
showing sharp transition when crossing the pseudo-critical temperature.

critical phase change have also been acknowledged for liquid pro-
pellants used as the coolant in rocket engines, such as methane
among other light hydrocarbons [31].

Even though pseudo-boiling was introduced in 1960~1970s,
such concept has not received much attention. supercritical heat
transfer (SHT) is still treated in a theoretical framework based
on single-phase convection, and the abnormal behavior of SHT is
thought to be caused by sharply varied thermophysical proper-
ties and the buoyancy/acceleration effects [28]. Fig. 2 shows CO,
properties at a supercritical pressure of 7.4 MPa, showing the
sharp variation when crossing the pseudo-critical temperature (the
Widom line). Different heat transfer correlations have been pro-
posed for SHT, which are either in the form of Nu=CRe;'Pr;% H
[32,33], where H is a function of several correction terms of
thermophysical properties characterized by inner wall tempera-

ture Ty with respect to bulk fluid temperature T,, n; and n,
are constants determined from experiments, or in the form of
Nu=CRe;! Prl’;?aveBu"3Ac”4 [34], where Bu and Ac are the parameters
describing buoyancy effect and acceleration effect, respectively, and
ny~ny are constants. However, it is shown by previous investiga-
tions that: (i) Some SHT correlations are suitable in their own data
range, but cannot be extended for other experimental data [34,35].
(ii) The available SHT correlations cannot adapt to different work-
ing fluids [36]. (iii) No SHT correlations exist to cover both normal
heat transfer (NHT) and heat transfer deterioration (HTD) [29].

In this paper, we attempt to make an analogy between su-
percritical pseudo-boiling (SPPB) and subcritical boiling (SBB) and
build a theoretical framework for SPPB. The paper is organized as
follows: First, the theoretical framework of SBB is shortly reviewed.
Then, a new theoretical framework of three-regime-model for SPPB
is presented, which includes the determination of pseudo-boiling
temperatures, thermophysical properties, and pseudo-boiling en-
thalpy. Different from SBB, SPPB has two characteristic tempera-
tures, one for onset of pseudo-boiling (T~), and the other for ter-
mination of pseudo-boiling (T*). Thermophysical properties such
as density, viscosity, specific heat and thermal conductivity deter-
mined at T~ and T* are used to characterize LL and VL phases, re-
spectively. Pseudo-boiling enthalpy is determined as the enthalpy
difference between T* and T-. Based on the two sets of thermo-
physical properties at T~ and T*, we introduce a new group of
non-dimensional parameters for SHT. Finally, because these non-
dimensional parameters characterize the mass, momentum and
energy interactions between LL and VL phases, we demonstrate
their successful application in characterizing SHT. Our work pro-
vides the basis for the application of SPPB concept in SHT, and
can potentially benefit the industrial applications of SFs in the
future.
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Fig. 3. The three-regime-model for (a) subcritical boiling (SBB) and (b) supercritical pseudo-boiling (SPPB). (a) SBB contains three regimes of liquid, two-phase and vapor, in
which the two-phase regime occurs at a constant saturation temperature Tsy. (b) SPPB contains three regimes of liquid-like (LL), two-phase-like (TPL) and vapor-like (VL),

which are separated by the two pseudo-boiling temperatures T ~ and T .
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Fig. 4. The framework linking SBB and SPPB.

2. Theoretical framework for subcritical boiling (SBB)

Boiling involves phase change from liquid to vapor. Hence, boil-
ing system belongs to a two-phase system. Figs. 3~4 show the
analogy between SBB and SPPB, with the left panels (Figs. 3a
and 4a) corresponding to SBB and the right panels (Figs. 3b
and 4b) corresponding to SPPB. The three-regime-model has been
well established for SBB, including liquid, two-phase and vapor
regimes as shown in Fig. 3a for convective boiling in tubes. Ther-
mophysical properties, non-dimensional parameters and numeri-
cal/experimental methods are described as follows (see Fig. 4a).

Thermophysical properties: For a pure fluid, there is a saturation
temperature Tgy; corresponding to each subcritical pressure. The la-

tent heat of evaporation i}y quantifies how much energy is needed
to convert saturated liquid to saturated vapor. Surface tension o
characterizes the force that can stretch a curved liquid-vapor in-
terface per unit length, which is an important property to analyze
the interfacial phenomena in boiling systems.

Because boiling systems involve both saturated liquid and sat-
urated vapor, there are two sets of thermophysical properties de-
fined for liquid and vapor, respectively. These properties include
density p, specific heat cp, viscosity p, thermal conductivity A
and others. Usually, the subscripts “L” and “V” represent saturated
liquid and saturated vapor, respectively. Table 1 lists the relevant
properties that are important for SBB.
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Table 1

List of the important thermophysical properties for SBB and SPPB at a given pressure.
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Subcritical boiling (SBB)

Supercritical pseudo-boiling (SPPB)

Parameter Physical meaning Parameter Physical meaning How to obtain
Phase change Tsat SBB happens at a constant T, T" SPPB happens within a From thermodynamic
temperature(s) temperature temperature range methods
Density PL,Pv For each property, there are a P :_’O((Tr;)) The property varies Use T~ and T* as the
pair of values, one for fVL :’DC 1) continuously with reference temperatures to
Specific heat Cp.LCp,v saturated liquid and one for CP‘LL _ C” T+ temperature, but the variation obtain LL and VL properties,
capacity saturated vapor pVL=5p is insignificant outside of the respectively
. . s = p(T™) pseudo-boiling temperature
Viscosity oty v = 1w(T+) range (T-, T*), so a pair of
AL =AMT") values can be used to
Th 1 ALA .
cor?(rj:rjl;ivity LAy Ave = A(TH) characterize LL and VL phases
Phase change iy Latent heat is the energy Aip, =i(T*) —i(T7) Pseudo-boiling enthalpy is the Calculate the enthalpy
enthalpy required to convert saturated energy required to convert LL difference between T+ and
liquid to saturated vapor, fluid to VL fluid, which T
which contributes to expand contributes both to expand
the intermolecular distance the molecular structure and to
during boiling heat up the fluid
Surface tension o Surface tension represents the o= f(VT) Supercritical surface tension Needs further investigation
force per unit length at the exists only when there is a
liquid-vapor interface temperature gradient, and its
value depends on the
temperature gradient
Table 2

List of non-dimensional parameters for SBB and SPPB.

Parameter Formula in SBB Meaning Application Formula in SPPB
Pseudo-vapor mass X = % Mass fraction of vapor phase in the Used to obtain average properties of X= % = i’;;’:;&
quality, x two-phase mixture the two-phase mixture and other
non-dimensional parameters; used in
correlations of two-phase flow and
heat transfer
Reynolds number, Re Re = M% Ratio of inertia force to viscous force Used in modeling two-phase flow and Re= &
Re; — GU-xd heat transfer Rey, = G1-xd
Mo ML
REV % Re\/[_ = %\f
Froude number, Fr r:ﬁ Ratio of inertia force to gravity force Used in characterizing internal flow Fr= pg;d
Fri= Gz(lz,x)z confiensation or cpnvective boiling in Frio o GO
oied horizontal or inclined tubes L= ed
FTv=# FrVL:ﬁ
pygd P%.ed
Jacob number, Ja ]a:/% % Ratio of sensible heat to latent heat Used in subcooled flow boiling to ]a:ﬁ%{’[’
under certain superheat characterize the relative importance of
sensible heat
Boiling number, Bo & SBO Bo:m.iw Ratio of evaporation momentum force Used in modeling CHF of flow boiling SBO=¢}-

K number, K to inertia force

Bond number, Bd

(9 )2PLL_Bo2 O
K=(gt;)? f-=Bo* 2+
Bd = &ei—pv)d

o
to surface tension force

Ratio of gravitational buoyancy force

and determining boiling regimes 1(:(%362%
Used to determine whether buoyancy Bd = ElLu—pw)d

force is important in microchannels

Weber number, We We = pc% Ratio of inertia force to surface Used in correlations for two-phase We = %‘j
tension force flow
Capillary number, Ca Ca=ts Ratio of viscous force to surface Used in describing the bubble Ca = tut

pLO X
tension force

dynamics in boiling heat transfer

Non-dimensional parameters: The non-dimensional parameters
for SBB are listed in Table 2. At thermodynamic equilibrium state,
the vapor mass quality is defined as

iave' - iL (l)
Iy

X =

The x characterizes the fraction of the vapor mass relative to
the total mass in a two-phase mixture. Non-dimensional parame-
ters can be defined based on x, o, iy, and the properties of satu-
rated liquid and saturated vapor, characterizing important interac-
tions of mass, momentum and energy between liquid and vapor.
Some of them are described as follows.

The Reynolds number Re characterizes the importance of inertia
force relative to viscous force. The bulk Re of a two-phase mixture

is defined as

Re — Gd
:uave

where G is the mass flux, d is the tube diameter, and pave is

the average viscosity defined as ftave=Xpty+(1-x)ir. The Reynolds
numbers are also defined for liquid phase and vapor phase as

G(1-x)d Gxd
— G204 g, X 3)
ML Hv
The Froude number Fr characterizes the importance of inertia
force relative to buoyance force. The Froude numbers for bulk, lig-

uid phase and vapor phase are defined as
G? G -x* . G

— Fr. = Fry =
p2egd " T pted VT pZed

(2)

Re

(4)

Frave =
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The Jacob number represents sensible heat relative to latent
heat of evaporation:

_ &CP‘LAT
ov iy

The boiling number and K number are defined as follows in Ref.
[37]:

Ja (5)

2
Bo:i,K:Bozﬂz(i> a3 (6)
Giry ov Giv/ pv

The Bo and K characterize evaporation momentum force relative
to inertia force, but the latter further considers the density differ-
ence between the two phases. The Bo can also be regarded as a
non-dimensional heat flux, linking heat flux, mass flux and work-
ing fluid together. Because Bo and K determine how easily bubbles
can depart from the heated wall, they are useful for analyzing CHF
of flow boiling in channels [38].

Since surface tension force is important in boiling systems, the
surface tension force relative to other forces yields several non-
dimensional parameters, such as

_mG
Lo’

G%d

pLO
where the Bond number Bd represents buoyance force relative to
surface tension force, the capillary number Ca represents viscous
force relative to surface tension force, and the Weber number We
characterizes the importance of inertia force relative to surface
tension force.

Numerical simulation and experiment in boiling systems: Several
numerical methods have been used to simulate boiling heat trans-
fer. Molecular dynamics is useful to understand the basic phenom-
ena such as bubble nucleation and growth in nanoscale [39,40].
Lattice Boltzmann method deals with boiling in mesoscale [41].
Computation fluid dynamics (CFD) is suitable to calculate boiling in
macroscale [42]. Because interfacial phenomena dominate the pro-
cess, the volume of fluid (VOF) method and Level-Set method are
used to capture the dynamic liquid-vapor interface [42]. A large
quantity of experimental database has also been accumulated for
boiling heat transfer in various heater surfaces and channel geome-
tries [43,44].

,ta

_ 2
Bd;‘MC (7)
o

3. The three-regime-model for supercritical pseudo-boiling
(SPPB)

By linking with the three-regime-model for SBB, Fig. 3b shows
the newly proposed three-regime-model for SPPB, consisting of the
liquid-like (LL), two-phase-like (TPL) and vapor-like (VL) regimes.
The thermophysical properties and non-dimensional parameters
to quantify the three-regime-model are described as follows (see
Fig. 4b).

Thermophysical properties for SPPB: If one considers SHT under
heating condition as a phenomenon similar to boiling in subcritical
pressure, two questions may arise: (1) For SBB, a latent heat of
evaporation exists. What is the pseudo-boiling enthalpy for SPPB?
(2) For SBB, a saturation temperature for boiling exists. What is
the pseudo-boiling temperature(s) for SPPB? These two questions
are combined to be answered here.

We plot the CO, enthalpies versus temperature in Fig. 5, includ-
ing both a subcritical curve at 6 MPa and a supercritical curve at 8
MPa. The two curves are very similar, except that boiling occurs at
a constant saturation temperature Tsyc in subcritical pressure, but
pseudo-boiling occurs across a temperature span in supercritical
pressure, from the onset temperature of pseudo-boiling T~ to the
termination temperature of pseudo-boiling T*.

The T~ and T+ are determined based on thermodynamics
[25,45]. The calculation method is presented in Fig. 6a for CO, at
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Fig. 5. Enthalpy-temperature curves for CO, at a subcritical pressure of 6 MPa and
a supercritical pressure of 8 MPa, showing the analogy between the parameters for
SBB and for SPPB. (“RP for SL” means reference point for saturated liquid, “RP for
SV” means reference point for saturated vapor, “RP for LL” means reference point
for liquid-like fluid, “RP for VL” means reference point for vapor-like fluid.).
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Fig. 6. (a) Calculation method for pseudo-boiling temperatures T~ and T+ for CO, at
10 MPa. (b) Reduced P-T phase diagram for different supercritical fluids showing the
calculated T~ and T* lines and the Ty, lines (Widom lines). Inset: the pseudo-boiling
temperatures T~ and T divide the supercritical region into liquid-like (LL), two-
phase-like (TPL) and vapor-like (VL) regimes. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this article.)
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10 MPa. The black curve is the enthalpy-temperature curve, with
the pseudo-critical point marked by subscript “pc”. The red line is
the tangent line of the enthalpy curve passing through the pseudo-
critical point. The two blue straight lines ij_jy,;; and iy_jmic are the
liquid-limit and vapor-limit lines based on thermodynamics. The
pseudo-critical tangent line can be represented by

i = Cppe(T = Tye) + ipc (8)

where cppc and ipc are specific heat and enthalpy at pseudo-critical
point, respectively. The two blue lines for liquid-limit and vapor-
limit are represented by

ii—timit = Cpref,L{(T — Trer,1) + 0.1, tv—timit = Cp.ret.v (T — Trerv) + fov
9)

Cpref and igy are evaluated at Pc and Ty =0.75Tc, and ¢ rery
and iy are evaluated at P=0 and Tery=Tc, where P. and T are the
critical pressure and temperature, respectively. The method used in
this work is the same as Ref. [25], except that T =0.75T¢ is used
in this paper (consistent with Ref. [45], which was chosen due to
practical simplicity) instead of T =0.5T¢ in Ref. [25]. One prac-
tical reason is that the NIST database does not have the proper-
ties for CO, below certain temperature, so that calculation for CO,
using 0.5T; will fail. For water, the difference between the results
obtained using these two different reference temperatures is small.
For example, for water at 25 MPa, using 0.75T results in a T~ of
651.51 K while using 0.5T¢ results in a T~ of 650.58 K, having a
small difference of 0.93 K. This small temperature difference corre-
sponds to an enthalpy difference of 16.2 kJ/kg, which accounts for
only 2.35% of the pseudo-boiling enthalpy. Therefore, the choice of
the reference temperature results in negligible error. The reason is
because the variation of thermophysical properties is insignificant
in the LL regime as long as the temperature is much smaller than
Tpc. Thus, it is expected that the liquid-limit line is very close to
the enthalpy line as shown in Fig. 6a, regardless of the reference
temperature.

The three lines have two interception points A and B as shown
in Fig. 6a, which determine the pseudo-boiling temperatures, with
point A locating T~ and point B locating T*. Using the method
shown in Fig. 6a, we plot the supercritical phase diagram for wa-
ter, CO,, Ar (argon) and R22 (refrigerant) in Fig. 6b. At a super-
critical pressure, three regimes of LL, TPL and VL are distributed in
the phase diagram with T<T-, T-<T<T*" and T>T", respectively, as
shown in the inset of Fig. 6b, which are analogous to liquid, two-
phase and vapor in subcritical pressure.

The pseudo-boiling enthalpy is the enthalpy difference within
the temperature span of T~ to T*:

M= [ edT =i(1) ~i(T") (10)

We present the enthalpy curve of CO, in Fig. 7a for both sub-
critical and supercritical pressure ranges. It is interesting to note
the near-symmetrical distribution of i}y in subcritical pressure and
Aipy, in supercritical pressure against the critical pressure. Different
from subcritical pressure conditions, Aiy, can be decoupled into a
sensible heat part (Aiy,) and a structural transition part (Aig), as
shown in Fig. 7b. The Aiy, serves to increase the fluid temperature,
which is calculated as

Aith = Cp,ref,L(TJr - Tﬁ) (11)

The Ais is used to expand the distance between molecules
during pseudo-boiling, serving the same function as latent heat
of evaporation in subcritical pressure, which can be calculated by
Alst=Aipp-Adg,.

Fig. 7c shows the fractions of Aiy, and Aig in Aiyy, varying with
the supercritical pressure. With increasing pressure, the fraction of
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Aiy, increases and the fraction of Aise decreases. The Aise/Aiy,
attains ~0.25 at 2P; and approaches zero at ~3P.. Hence, SHT at
low supercritical pressure displays strong pseudo-boiling behavior
which is similar to SBB, which explains why some authors ob-
served bubble-like patterns at near critical pressure [26,27]. The
pseudo-boiling effect is still significant at ~2P., but will be weak-
ened and become negligible at an ultra-high pressure of 3P, agree-
ing with the conclusion drawn in Ref. [45].

Using T~ and T+ as the reference temperatures, we further de-
termine the thermophysical properties for LL and VL phases. Fig. 8
plots the thermophysical properties including p, w, ¢, and A at
both subcritical and supercritical pressures, which show near sym-
metrical distribution against the critical pressure. In both pressure
ranges, each thermophysical property has two sets of values, one
for saturated liquid and the other for saturated vapor in subcritical
pressure, and one for LL phase and the other for VL phase in super-
critical pressure, showing analogous behavior between subcritical
and supercritical conditions. The pseudo-boiling temperatures, the
pseudo-boiling enthalpy, and the thermophysical properties for LL
and VL phases are listed in Table 1 in comparison with their sub-
critical counterparts.

Non-dimensional parameters: The non-dimensional parameters
for SPPB are listed in Table 2, in analogous to those for SBB. Since
some non-dimensional numbers (such as Nu and Pr) are already
commonly used in SHT and do not have ambiguity in their defini-
tions, we do not include them in Table 2.

The first non-dimensional parameter for SHT is the pseudo-
vapor mass quality x, which is defined based on thermodynamics
as

I —i  Ip—iu
x=2_%_Db (12)
Adpp iy — g
Where i, is the bulk fluid enthalpy. The x represents pseudo-
vapor mass relative to total mass for SF.
The Jacob number is defined as the ratio of Aiy, to Aig, char-

acterizing sensible heat relative to structural transition energy in
the pseudo-boiling enthalpy:

Aigy

Jo= Ry

(13)

The Ja can be used to characterize the importance of pseudo-
boiling at different supercritical pressures: small Ja at low super-
critical pressure indicates significant pseudo-boiling effect, while
large Ja at high supercritical pressure represents negligible pseudo-
boiling effect and near single-phase characteristics.

Because a supercritical fluid in a temperature span of T~ and
T* is assumed to behave two-phase-like containing LL and VL
phases, thermophysical properties defined at T- and T+ reflect
mass, momentum and energy interaction between LL and VL.
Hence, Reynolds numbers for bulk, LL, and VL phases are defined
in the following forms

Gd G(1-

Re = —, ReLL = X)d, Rew_ = G7Xd (14)

Mb ML v
In Eq. (14), up, M, UyL are evaluated at bulk temperature T,
the onset of pseudo-boiling temperature T~ and the termination
of pseudo-boiling temperature T*, respectively. We note that Re
is widely used to deal with SHT previously, but Re;; and Rey are
newly defined in this work. Similarly, the Froude numbers can be
defined as

G2 _G*(1-x)’

G2x?
JFry = =
p2gd T pled

, FlryL=
p.8d

Fr, Frp and Fryp are the bulk fluid Froude number, liquid-like
Froude number and vapor-like Froude number, respectively. The

Fr = (15)
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Fr characterizes the competition between inertia force and grav-
ity force or buoyancy force. The buoyancy force exists due to the
density difference between LL (heavier) fluid and VL (lighter) fluid.

Inspired by the effectiveness of boiling number and K number
for SBB proposed by Kandlikar [37], the present authors proposed
supercritical boiling number SBO [46] and K number [47] for SPPB.
The motivation is to yield better understanding and prediction ac-
curacy of CHF for SPPB. For convective heat transfer of SF in tubes
under heating condition, there is a VL film attached on the wall,
and LL fluid flows in the tube core. Mass transfer takes place at
the interface of LL and VL phases, yielding increased VL film thick-
ness along the flow length to deteriorate heat transfer due to low
VL thermal conductivity. The mass transfer at the interface creates
an evaporation momentum force to adhere VL fluid on the wall.
On the other hand, inertia force due to convective flow tends to
decrease the VL film thickness. The SBO and K reflect the com-
petition between evaporation momentum force and inertia force,
governing the VL film thickness to influence SHT.

q ( q )Zpb
SBO=—— K=( ) 2 16
Gipc Giw/ pw (16)

Where iy is the pseudo-critical enthalpy, and subscripts “b”
and “w” represent bulk fluid condition and wall condition, respec-
tively.

In subcritical pressure, the competition between surface tension
force and other forces yields a set of non-dimensional parameters
such as Bd, Ca and We. The following question arises from the
analogy between SBB and SPPB: is there a surface tension force
concept for SPPB? Classically, there is no surface tension in SF as
it is homogeneous and has no interface. However, if one accepts
the interface concept between LL and VL phases for SPPB, surface
tension force does exist in supercritical pressure. Very few studies
have been performed on surface tension in supercritical pressure.
Using MD simulations, Tamba et al. [48] found that surface tension
force is not zero under non-uniform temperature field. Hence, we
accept the surface tension concept in SF. Subsequently, the follow-
ing non-dimensional parameters can be defined as

pd = 8Pu— P of By, Cd (17)
o PLLO PLLO

Similar to subcritical conditions, the Bd reflects the competition
between buoyancy force due to density difference between LL and
VL phases and surface tension force, the Ca represents the com-
petition between viscous force and surface tension force, and the
We characterizes the competition between inertia force and surface
tension force.

4. Results and discussion

Having the three-regime-model for SPPB, we then examine the
usefulness of these newly defined parameters for SHT, perceiving
SHT in a different angle from literature.

4.1. The pseudo-vapor mass quality X

The three-regime-model is plotted in Fig. 9 for CO, with re-
duced temperature T/T. and reduced pressure P/P. as two coor-
dinates, showing the phase distribution under different supercrit-
ical pressures. The LL, TPL, and VL regimes are associated with
pseudo-vapor mass quality in the ranges of x<0, 0<x<1, and x>1,
respectively. A large amount of data points have been acquired
for convective heat transfer of supercritical water and CO, in ver-
tical upward tubes under heating condition, including 3523 data
points for supercritical water obtained from Refs. [49-58] and 3575
data points for supercritical CO, obtained from Refs. [59-63]. These
data are re-processed and plotted as Nu/Nupg versus x in Fig. 10,
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Fig. 9. The newly defined pseudo-vapor mass quality x at different pressures and
temperatures for CO,, showing that x divides the supercritical fluid into three
regimes: LL (x < 0), TPL (0 < x < 1), and VL (x > 1).
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Fig. 10. Nu/Nupg versus pseudo-vapor mass quality x for (a) supercritical water and
(b) supercritical CO,, where Nu is the experimentally measured Nusselt number and
Nupg is determined based on the single-phase Dittus-Boelter correlation. The Nu
ratio significantly deviates from 1 in the TPL regime with 0 < x < 1. The data points
for supercritical water were obtained from Refs. [49-58] and the data points for
supercritical CO, were obtained from Refs. [59-63].
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where Nu is the experimental determined Nusselt number, and
Nupg is calculated using the experimental working conditions and
the Dittus-Boelter (DB) correlation:

Nupg = 0.023Re?8pr04 (18)

where Re and Pr are determined using bulk fluid temperature. The
x is determined by Eq. (12) using the bulk fluid temperature T;, and
the pseudo-boiling temperatures under the corresponding experi-
mental pressures.

Nu/Nupg=1 means that SHT can be exactly predicted with the
single-phase DB correlation. The deviation of Nu/Nupg from 1 rep-
resents the level of deviation of SHT from single-phase fluid as-
sumption. Nu/Nupg can be either larger than 1 corresponding to
enhanced heat transfer, or smaller than 1 corresponding to de-
teriorated heat transfer. Fig. 10 shows that for both supercritical
water (Fig. 10a) and CO, (Fig. 10b), the most significant devia-
tions occur in the TPL regime with 0 < x < 1, with the devi-
ation as large as 10 times (0.1~10), indicating that SHT in this
regime cannot be accurately predicted with single-phase DB cor-
relation. In the LL regime with -3 < x< -0.5 and the VL regime
with x > 1.5, the Nu/Nupg approaches 1, indicating that SHT agrees
well with single-phase correlation. In the two neighboring regions
to TPL (-0.5 < x < 0 and 1 < x < 1.5), the Nu/Nupg still devi-
ates from 1 although with a relatively smaller magnitude than in
the TPL regime. Note that the boundaries for these two regions
(x=-0.5 and x=1.5) are based on the figure and are not physi-
cally meaningful. One possible reason for this deviation is the error
of the determination of pseudo-boiling temperatures T~ and T+,
which does not have unified equations among literatures as dis-
cussed before, but will definitely influence the transition bound-
aries of the three regimes. Another possible reason is the thermal
non-equilibrium effect, while the pseudo-vapor mass quality is de-
fined based on thermal equilibrium condition. In subcritical pres-
sure, when heating is sufficiently strong, boiling can occur even
when the bulk fluid temperature is below the saturation temper-
ature, which is called subcooled boiling [64]. Regarding pseudo-
boiling, since LL and TPL regimes are interfaced at T-, the devia-
tion of Nu from single-phase fluid assumption in negative x region
is perhaps resulted from subcooled pseudo-boiling. That is to say,
pseudo-boiling might occur with bulk fluid temperature below T-,
which requires further study. Similar reasoning can also be applied
to the neighboring region with x > 1, where the deviation of Nu
from single-phase fluid assumption may also be attributed to the
local thermal non-equilibrium effect.

We further quantify the observation by calculating the relative
errors of the Nu in each of the three regimes, including the mean
relative error e, the mean absolute relative error eg, and the root-
mean-square relative error es. They are defined as

(19)

where e; is the error for a single data point defined by
o NuDB — Nllexp

= (20)

For supercritical water shown in Fig. 10a, the calculated errors
for the three regimes are: in the LL regime, ep=15.7%, eg=24.6%,
es=41.9%; in the TPL regime, ey=152.8%, eg=157.1%, es=230.8%;
in the GL regime, ey=59.9%, eg=63.9%, es=85.9%. For supercrit-
ical CO, shown in Fig. 10b, the calculated errors for the three
regimes are: in the LL regime, ex=9.0%, eg=35.3%, e5=56.2%; in
the TPL regime, ep=88.3%, eg=99.9%, es=172.2%; in the GL regime,
epn=20.4%, eg=28.1%, es=46.4%. The errors are significantly larger in
the TPL regime than in the LL and GL regimes for both fluids.

In summary, the introduction of pseudo-vapor mass quality x
well explains the observation that SHT deviates from convective
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Fig. 11. (a) Variation of the Nu along the tube, showing the effect of heat flux g
on Nu under vertically upward flow condition: with increase of g, Nu increases first
then decreases. (b) Variation of the bulk Reynolds number Re and the liquid-like
Reynolds number Re;; along the tube. Although large q such as 88.6 kW/m? has
large bulk Re, the corresponding Rey; is small which explains the deteriorated heat
transfer and laminar Nu values. The experimental data is obtained from Ref. [65].

heat transfer of single-phase fluid in the TPL regime. The deviation
is caused by pseudo-boiling induced two-phase structure, which
indicates that in the TPL regime, it is necessary to consider the
pseudo-boiling induced two-phase effect.

4.2. The LL Reynolds number explaining laminar heat transfer
characteristics

In this section, we demonstrate the effectiveness of the newly
introduced Reynolds number to explain abnormal heat transfer in
supercritical pressure. Fig. 11a shows the experimental results of
Ref. [65] for supercritical CO, flowing upward in a vertical tube
with an inner diameter of 0.27 mm. The Nusselt number is pre-
sented along axial flow direction z/d in Fig. 11a with P=8.6 MPa,
G=582.2 kg/m?s and q=30.0, 58.1, 88.6 and 113.0 kW/m?2, which
is a reprint of Fig. 4a in Ref. [65]. Non-monotonic variations of Nu
are observed with respect to heat flux g: with increasing g, Nu in-
creases first from 30.0 kW/m? to 58.1 kW/m?2, then decreases be-
yond 58.1 kW/m2.

To explain the non-monotonic variation, we plot both the bulk
and the LL Reynolds numbers in Fig. 11b. The bulk fluid Re is
widely used to correlate SHT in the literature [32,33], but it is not
sufficient to explain the non-monotonic variation with respect to
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heat fluxes. Fig. 11a shows that Nu is smaller than 5 with ¢=88.6
kW/m? and 113.0 kW/m?, indicating laminar flow characteristic,
which contradicts with the bulk Re in the range of 3000~8000 cor-
responding to transition or turbulent flow regime.

The above contradiction can be explained by introducing the
liquid-like Reynolds number Rej;. Along the flow direction, the
bulk fluid Re increases due to the decrease of bulk fluid viscos-
ity with increasing temperature. However, the continuous heating
yields the increase of pseudo-vapor mass quality x to decrease Rey;
(see Eq. (14)). The laminar heat transfer characteristics at g=88.6
kW/m?2 and 113.0 kW/m? is consistent with the low Re; as shown
in Fig. 11b, which drops to ~0 at z/d=230 with q=88.6 kW/m?
and z/d=180 with g=113.0 kW/m2. On the other hand, for lower
heat fluxes of g=30.0 kW/m?2 and 58.1 k/m?2, limited pseudo-vapor
mass quality has been achieved, so that the laminar effect of the
LL phase is not serious, and the flow characteristics are not well-
captured by the Rey;. Instead, the bulk Re can still be used to ex-
plain the behavior at low heat fluxes, which shows higher Nu for
58.1 kW/m? due to the higher bulk Re, and transition or turbulent
heat transfer performance is maintained.

It is worth mentioning that the demonstration of the success-
ful application of Rej; in this section is rather qualitative instead
of quantitative, and the discussion is based on a single example
which might not be valid for other cases. Nevertheless, the Rej
provides an alternative approach to understand the abnormal heat
transfer behaviors for certain cases, and a more quantitative model
needs to be developed in the future.

4.3. The Froude number explaining heat transfer in horizontal tubes

In two-phase systems at subcritical pressure, the Fr character-
izes the flow and heat transfer in inclined and horizontal tubes.
For examples, Xing et al. [66] correlated heat transfer coefficients
of R245fa under various inclination angles using Fr, and Kandlikar
[67] proposed a correlation containing Fr to predict CHF of flow
boiling in horizontal tubes. For SHT, the Fr has not been mentioned
previously and is defined in Eq. (15) of this paper, and its useful-
ness is examined below by re-analyzing an example of SHT in a
horizontal tube.

Fig. 12 shows the experimental results reported in Ref. [68] for
supercritical water heated in a horizontal tube with an inner di-
ameter of 26 mm and a length of 2 m, which demonstrated
non-uniform heat transfer behavior along the tube circumference.
Fig. 12 shows the re-analyzed results shown in the original Fig. 5b
of Ref. [68], in which the h,/h; is plotted against x, where h; and
h, are the heat transfer coefficient at the top generatrix and the
bottom generatrix of the tube, respectively. The h,/h; is larger than
1, indicating that bottom generatrix has better heat transfer than
top generatrix, which is because the tube bottom is flushed by
heavier fluid with lower temperature while the tube top is accu-
mulated with lighter fluid with higher temperature. Comparing re-
sults with =200 kW/m?2 and 300 kW/m?2, it can be seen that with
increasing heat flux, the non-uniformity of heat transfer along tube
circumference becomes more significant.

This non-uniform heat transfer can be explained using the
three-regime-model and the Fr number. The Fr increases along the
tube due to the decreasing bulk fluid density. In the LL regime with
x<0, the Fr is small, indicating the importance of the buoyancy
force due to the density variation, which results in stratification of
the flow and consequently h,/h; larger than 1. The h,/h; increases
with increasing x due to increasingly significant stratification, and
reaches a peak value at x~0.2 in the TPL regime. Beyond x~0.2, the
heat transfer difference along tube circumference represented by
h,/h; quickly decreases, due to the increasing Fr above 10 yielding
the buoyancy force insignificant and the flow stratification weak-
ened. In the VL regime with x>1, the hy/h; approaches 1, under
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cantly large Fr. The experimental results were obtained from Ref. [68].

which inertia force fully suppresses buoyancy force indicated by
the large Fr.

4.4. Supercritical boiling number and K number for supercritical heat
transfer

According to the SPPB concept, in SHT, HTD occurs due to the
thickening of the VL film near the wall similar to subcritical CHF,
which is associated with wall temperature overshoot [28,29]. The
growth of VL layer is governed by the competition between the
evaporation momentum force and the inertia force [46], in which
the former tends to adhere the VL film on the wall, while the latter
tends to decrease the VL layer thickness. The SBO and K number
represent the competition between these two forces.

Based on experimental results of supercritical CO, flowing up-
ward inside a vertical tube with inner diameter d=10 mm, com-
bined with the experimental results reported in the literature with
d=2~10 mm, it was found that a critical SBO of 5.126 x 10~* is
the criterion for the transition between NHT mode and HTD modes
[46], as shown in Fig. 13. Similar conclusion can be drawn for other
fluids, except that different working fluids have different critical
SBO, which are 2.018 x 104, 1.653 x 10~* and 1.358 x 10~ for
water, R134a and R22, respectively [69]. For CO, with non-uniform
heating condition, the critical SBO equals to 8.908 x 104, which
is larger than that for uniform heating (5.126 x 10~%), indicating
suppressed HTD by non-uniform heating [70].

The SPPB concept indicates that the VL layer formed near the
wall dominates SHT due to the low thermal conductivity of VL
fluid. Defined by Eq. (16), the K number reflects the competition
between evaporation momentum force and inertia force, which
governs the growth of VL layer on the wall. Therefore, the effect
of the VL layer thickness can be described by the K number, which
indicates that it is reasonable to incorporate the K number into
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Fig. 13. For supercritical CO, heated in vertical upward tubes, a critical

SBO=5.126 x 10~* characterizes the transition between normal heat transfer (NHT)
and heat transfer deterioration (HTD) with significant wall temperature peak. SBO
represent the competition between inertia force and evaporation momentum force
due to vapor-like film growth near the tube wall. Reproduced with permission from
Ref. [46]. Copyright 2018, Elsevier.

the Nu correlation for SHT. Using 5560 data points of SHT in verti-
cal tubes (including 2028 data points from the author’s group and
3532 from 18 publications), a correlation was proposed to calculate
Nusselt number [47]:

Nu = 0.0012Re] %434Prp 718K 00313 (21)
Here, the average bulk Prandtl number Pry, 5, is defined as
Mb dw — ip
P == 22
Tb.ave )"b Ty — Tb ( )

Calculation of both K and Pry,,, requires a wall temperature
value Ty, as shown in Eqs. (16) and (22). Therefore, the calcula-
tion using the correlation of Eq. (21) requires iteration over the
unknown wall temperature. At each given working condition in-
cluding pressure P, mass flux G, wall heat flux g, tube diameter d,
and the bulk fluid temperature T}, an initial guess for Ty is given,
which is then used to calculate the Nu using Eq. (21) and the cor-
responding heat transfer coefficient h. The new Ty, is then obtained
using Ty, and h and compared with the initial Ty. The iteration con-
tinues until the T, value converges.

The negative exponent for K in Eq. (21) means a larger K
number suppresses heat transfer, which agrees with the physical
meaning of K, since a larger K represents dominant evaporation
momentum force and consequently VL layer pinning and thick-
ening. Fig. 14 shows the comparison between the correlation in
Eq. (21) and five other correlations proposed previously in the lit-
erature, demonstrating much improved prediction accuracy com-
pared with other correlations in literature, which is suitable for
both NHT and HTD and covers wide parameter ranges and working
fluids.

To further prove the accuracy of this correlation, we calculate
the Nu using the K number correlation (Eq. (21)) for the experi-
mental data points shown in Fig. 10, and plot the calculated Nu
against the experimental Nu in Fig. 15a. For comparison between
the K number correlation and the DB correlation, we also plot the
Nupg versus experimental Nu for the same data points in Fig. 15b.
The errors are also calculated and shown in both panels of Fig. 15.
Obviously, the K number correlation described by Eq. (21) demon-
strates superior prediction accuracy for both CO, and water, with
significantly reduced errors compared with the DB correlation.

Besides heat transfer, pressure drop is also important in SHT
because it determines the required pumping power. Based on the
SPPB concept, when SF is heated along the tube, the VL fluid flows
near the wall and LL fluid flows in the tube core. Hence, it can be

12

International Journal of Heat and Mass Transfer 181 (2021) 121875

expected that the two-phase distribution affects the pressure drop.
Recently, an experimental study show that the pressure drop and
heat transfer of supercritical CO, heated in vertical upward tubes
can also be connected by using the K number [71]. A correlation
for the friction factor f is proposed as

f = 2.15Re~03420.027 (23)

which also demonstrates smaller error than other correlations pro-
posed in the literature over wide parameter ranges, and works for
both NHT and HTD. It is also observed that the friction factors for
HTD modes are significantly larger than for NHT modes as shown
in Fig. 16a, which is attributed to the orifice contraction effect [71]:
when a serious wall temperature overshoot takes place at a specific
cross section of the tube, the over expansion of VL fluid creates an
orifice to restrict the fluid flow, causing the rise of pressure drop.
Furthermore, it is also found that for HTD conditions with multi-
ple wall temperature peaks along the tube, the friction factors are
larger compared with HTD cases with a single temperature peak,
which is also due to the orifice contraction effect since the forma-
tion of multiple VL orifices induces multiple contractions on the
flow [72], as shown in Fig. 16b.

5. Perspective of future studies

In classical theory, surface tension does not exist in supercritical
fluids. However, pseudo-boiling is associated with various phenom-
ena including bubble-like and vapor-film-like patterns, noise and
wall temperature overshoot [26,27,46,73], which have been widely
observed in SBB. These phenomena of SPPB indicate the existence
of interfacial interaction between LL and VL phases. If the interfa-
cial concept is correct, there should be surface tension force across
the interface of LL and VL phases. Besides, bubbles have been ob-
served in supercritical fluid for pressure slightly above the critical
pressure (see Fig. 1) [27], which is a direct evidence for non-zero
surface tension force in supercritical fluid.

Tamba et al. [48] performed MD simulation on supercritical
Lennard-Jones fluid under non-uniform temperature field, and ob-
tained non-zero surface tension for Ar at pressures above the crit-
ical pressure, as shown in Fig. 17. When temperature gradient ex-
ists, MD simulations at supercritical pressure reproduced a struc-
ture similar to subcritical liquid-vapor interface. The characteris-
tics are compared with a subcritical liquid-vapor interface, and
the supercritical interfacial tension value agrees with experimental
measurement obtained using subcritical hydrodynamic instability
model and assuming linear relationship between temperature gra-
dient and surface tension. This study shows that an interface exists
even in supercritical fluid and the interfacial tension has significant
effect on SHT.

Surface tension is a very important concept and parameter to
generalize a complete theoretical framework for SPPB, linking SPPB
with SBB. Hence, future studies are strongly recommended on the
surface tension effect in supercritical fluids, including both experi-
mental measurements and numerical simulations.

For two-phase flow and heat transfer in subcritical pressures,
various experimental methods have been well established to inves-
tigate flow patterns such as bubbly flow, slug flow, churn flow and
annular flow and interfacial parameters [43]. These methods, such
as high-speed flow visualization, conductance probe, and fiber op-
tic method, are recommended to be introduced for measurements
of pseudo-boiling at supercritical pressures. Some important pa-
rameters such as T~ and Tt and VL film thickness are to be ob-
tained for different working fluids and operating conditions.

Moreover, even though a large quantity of experimental data
has been acquired for working fluids such as water and CO,, the
available experimental data cover narrow ranges of pressures and
temperatures [28,29,74] and are thus not sufficient. Due to the de-
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Fig. 14. Comparison of K number correlation and other correlations in the form of predicted Nu versus experimental Nu. Reproduced with permission from Ref. [47],

Copyright 2019, Elsevier.

mand in the application of supercritical technologies, more SHT ex-
periments are recommended to expand the database and provide
more information on SHT characteristics. Moreover, most avail-

able literature correlated experimental data based on the single-

13

phase fluid assumption, and it is recommended to analyze the ex-
perimental results using the new theoretical framework of three-
regime-model presented in this paper.
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(Eq. (18) vs. experimental Nu for the data points shown in Fig. 10. The K number
correlation has much smaller errors compared with the DB correlation.

6. Conclusions

SPPB has been experimentally observed decades ago, but the
relevant theory is still lacking, and thorough comparison between
SBB and SPPB is still missing. In this work, an analogy is performed
to bridge SBB and SPPB. A three-regime-model is proposed for
SPPB including LL, TPL and VL regimes, and the theoretical frame-
work for SPPB is established. For SPPB, the onset temperature of
pseudo-boiling T~ and the termination of pseudo-boiling tempera-
ture T™ determines the boundary between the three regimes. The
thermophysical properties of LL and VL phases are evaluated us-
ing these two pseudo-boiling temperatures, and the pseudo-boiling
enthalpy is the difference between VL enthalpy and LL enthalpy.
Based on these properties, a group of non-dimensional parame-
ters governing the mass, momentum and energy transport are de-
fined for SHT, and these new non-dimensional parameters such as
pseudo-vapor mass quality, LL Reynolds number, Froude number,
supercritical boiling number and K number are demonstrated to
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Fig. 17. Surface tension of Ar at different pressures, showing non-zero surface ten-
sion value near critical pressure and at supercritical pressure. Reproduced with per-
mission from Ref. [48], Copyright 1997, Taylor & Francis.

successfully explain abnormal SHT characteristics. Future investi-
gation of supercritical surface tension will fill the gap in the the-
oretical framework for SPPB, and enable the application of more
relevant non-dimensional parameters to explain SHT. Experimen-
tal and numerical methodologies widely used in SBB are recom-
mended to be applied for SPPB. It is also suggested that the exper-
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imental database for SHT should be further expanded and the ex-
perimental results can be analyzed using the three-regime-model
and the theoretical framework introduced in this work. Our work
paves the way for the application of SPPB concept in SHT and will
benefit the industrial applications of SFs.
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