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Abstract

The worldwide push towards energy efficiency, use of alternative/waste energy,
and power plant simplifications continues to drive the development of energy
conversion and utilization systems, now covering a wide range of industrial appli-
cations including nuclear reactors, solar/fossil-fired power generation, geother-
mal systems, aerospace engineering, refrigeration/heat pumps, and waste heat
utilization. Driven by fundamental thermodynamic efficiency considerations, an
emerging trend in these systems is that the working fluid operates at a pressure
above the critical pressure (i.e. supercritical pressure) in certain components
or the whole system. Energy transport is thus accompanied by dramatic and
strongly nonlinear variations of fluid thermophysical properties, which cause
abnormal heat transfer behavior and non-ideal gas effects. This situation raises
a crucial challenge for the heat exchanger and turbomachinery design, overall
energy and exergy efficiency, as well as the safe operation of these thermal sys-
tems. The proposed review aims to provide a multi-scale overview of the flow

and thermal behavior of fluid above the critical point: microscopic physics and

*Corresponding author
Email address: x.chu@exeter.ac.uk (Xu Chu*)



macroscopic transport. Microscopic physics, i.e. near-critical thermophysical
properties, phase transition and fluid dynamics, are introduced based on the
most recent findings through fundamental thermodynamics analysis, molecular
dynamics simulations, and in situ neutron imaging measurements. A particular
focus will be on the supercritical ‘pseudo boiling’ process, which is a generaliza-
tion of classical liquid-vapor phase transitions to non-equilibrium supercritical
states. Pseudo boiling was found to introduce a new, thermal, jet break-up
mechanism, and to be intricately linked to supercritical heat transfer deteriora-
tion. These new perspectives lead to a revised view of the state space. Further,
recent results demonstrated the possibility of stable supercritical fluid interfaces
without surface tension. On the macroscale, recent progress on the physical
understanding and modeling of turbulent flow and convective heat transfer of
supercritical fluids are summarized. Direct numerical simulation is able to fully
resolve the entire turbulence spectrum of flows at supercritical conditions and
to offer insights into the physics of thermal fluids. We start with a description
of fundamental fluid mechanics problems related to supercritical fluids, such
as velocity and temperature transformations and boundary-layer stability. It
turns out that pseudo boiling is a sufficient physical mechanism to cause super-
critical heat transfer deterioration, strongly resembling the subcritical boiling
crisis. In addition, the heat transfer deterioration in supercritical fluids is found
to be closely connected to the flow relaminarization by the non-uniform body-
force. Finally, various modeling approaches such as recently developed advanced
Reynolds-averaged turbulence modeling as well as machine-learning methods are
summarized.
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Nomenclature

Latin letters

a intermolecular attraction
A, Riedel parameter

Asrk  The slope of pseudo boiling line in Soave-Redlich-Kwong equation of

state
b molecular repulsion
Cp isobaric specific heat capacity
D Diameter
g Gravitational acceleration
H Shannon entropy
h enthalpy

lin thermal length

fvie interfacial thickness

m mass flow rate

P pressure

q heat flux

q perturbation vector
R gas constant

T Temperature

T Transfer entropy

U Velocity



Um

molar volume

Greek symbols

«a thermal conductivity

A Mesh size in the simulation
n Kolmogorov scale

Mo Batchelor scale

K von Karméan constant

I dynamic viscosity

v kinematic viscosity

P density

T wall shear stress

0 temperature difference
subscripts

cr critical

pb pseudoboiling

T reduced properties, non-dimensional
st structural component

t turbulent

th thermal

VD van Driest transformation
W wall

00 free stream quantity



superscripts

/ fluctuation/perturbation quantity
+ wall-unit scaling

* semi-local wall-normal scaling
Abbreviations

AHFM Algebraic Heat Flux Model
AIM  Anisotropy Invariant Map
ANN  Artificial Neural Network

CF CrossFlow

CFD Computational Fluid Dynamics
CHF  Critical Heat Flux

CNT Classical Nucleation Theory
CSP  Concentrating Solar Power
DNN Deep Neural Networks

DNS Direct Numerical Simulation
EOS Equation of State

GGDH Gradient Diffusion Hypothesis
HTD Heat Transfer Deterioration
LCOE Levelized Cost Of Electricity
LES Large-Eddy Simulation

ML Machine Learning

MLP  Multi-Layer-Perceptron



PCHE Printed Circuit Heat Exchanger
RANS Reynolds-Averaged Navier-Stokes
RMSE Root-Mean-Square Error

SCWR SuperCritical Water-cooled Reactors
SGDH Simple Gradient Diffusion Hypothesis
SST  Shear Stress Transport

TS Tollmien—Schlichting

VLE Vapor-Liquid Equilibria

WALE Wall-Adapting Local Eddy-viscosity
Dimensionless number

B Boiling number

Fcso  Eckert number

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

SBO  supercritical boiling number



1. Introduction

A supercritical fluid is a thermodynamic phase of a substance that exists
at conditions exceeding its critical temperature and pressure. In the phase
diagram Figure 1, the critical point marks the terminus of the liquid-vapor
phase boundary, representing the state at which distinctive liquid and gas phases
cease to coexist in equilibrium. The thermodynamic landscape at this juncture
is highly unique and engenders a set of intriguing properties that warrant careful
examination. At the liquid-vapor critical point, the liquid and vapor densities
become equal. Consequently, the surface tension, which usually acts as a barrier
between these two distinct phases, diminishes to zero. The vanishing of the
surface tension at the critical point means that the equilibrium meniscus or
interface between the liquid and gas phases is eradicated. Along the coexistence
line below the critical point, the transformation of a substance from liquid to
vapor requires energy, quantified as the “latent heat of vaporization”. This
heat input corresponds to the energy necessary to overcome the intermolecular
forces in the liquid state and to expand against the environmental pressure,
allowing the molecules to move freely in the vapor state. As the critical point
is approached, the differences between the coexisting equilibrium liquid and gas
phases diminish, and the latent heat of vaporization gradually decreases until
it becomes zero at the critical point. At supercritical states, fluid properties
change continuously between gas-like (at high temperatures) and liquid-like (at
lower temperatures) behavior. Thus, supercritical fluids can have the diffusive
characteristics of a gas or the enhanced solvent capabilities of a liquid. This
combination of properties allows supercritical fluids to behave in a manner that
permits transformations that can occur without typical phase transitions.

The unique properties of supercritical fluids find applications in various fields
such as analytical chemistry, material processing, and environmental science.
For example, supercritical carbon dioxide is widely used in extraction processes,
where it combines the penetrative power of a gas with the solvating power of

a liquid, facilitating efficient extraction of desired compounds from complex
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Figure 1: Thermodynamic state plane and supercritical state structure. The Widom line is
an extension to the coexistence line at supercritical pressure, defined as the locus of maximum
isobaric heat capacity. It is a marker of the crossover between supercritical liquid-like and
gas-like states. The contour represents the density distribution, showing the sharp transition
at subcritical pressure and a smooth crossover at supercritical pressure. The dashed line at
Z = 0.95 denotes the transition to an ideal gas. The reduced density is pr = p/pcr, R is the
gas constant, and the isentropic exponent. Data for oxygen from NIST [1], figure reproduced

from [2] with permission given by American Physical Society.

The behavior of supercritical fluids is governed by a complex interplay of
thermodynamic and transport properties, making them a rich subject of study
for researchers interested in fundamental physics and chemistry. Understanding
the behavior of substances in the supercritical state not only contributes to
the scientific comprehension of phase transitions and critical phenomena but
also supports innovations in industrial processes that leverage the distinctive
characteristics of supercritical fluids. Supercritical fluids represent a fascinating
state of matter that transcends the conventional boundaries of liquid and gas
phases. Their existence above the liquid-vapor critical point allows them to
undergo transformations without the traditional phase transitions and bestows
them with a unique set of properties that are both scientifically intriguing and

industrially desirable.
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1.1. Supercritical fluids for power generation

The developing trend of supercritical fluid based power cycles is summa-
rized in Figure 2a in terms of source temperature and cycle efficiency. The
inception of utilizing supercritical water as a working fluid for fossil-fuel-based
steam generators can be traced to the mid-20th century, where it was lauded
for its potential to augment thermal efficiency [3, 4, 5, 6, 7, 8, 9, 10]. In con-
temporary industrial contexts, supercritical water is ubiquitously employed as
a working medium in the majority of newly constructed fossil-fuel power plants
[11], constituting the preeminent application of supercritical fluids in modern
industry. Characteristically devoid of a liquid-vapor phase transition at super-
critical pressure, phenomena such as critical heat flux or dry-out are obviated in
this state. The application of the supercritical-water-powered cycle extends to
nuclear reactors, specifically in the form of supercritical water-cooled reactors
(SCWR). With roots dating back to the 1950s and resurgence in the 1990s,
the SCWR concept was endorsed by the Generation IV International Forum as
one of six highly promising reactor designs [7, 8, 9]. SCWRs bear the capacity
to elevate the thermal efficiency of contemporary nuclear power facilities from
roughly 33-35% to proximate values of 45-50%, constituting a substantial fis-
cal and environmental yield [11]. Using carbon dioxide (pe; = 7.38 MPa, T, =
304.25 K) instead of water (p.,=22.06 MPa, T.,= 674.09 K) leads to reduced
material and construction costs. Supercritical CO5 Brayton cycles can oper-
ate more efficiently at lower temperatures, improving thermal efficiency and
potentially lowering operational costs. The supercritical COs Brayton cycle’s
compact size (see Figure 2b) and reduced complexity are a direct result of the
fluid’s superior thermophysical properties, enabling more efficient heat exchange
and energy conversion processes. The application domains of the S-COs Rank-
ine or Brayton cycle are multifarious, encompassing nuclear, fossil fuel, waste
heat, and renewable energy sources such as solar thermal and fuel cells. One
of the major differences in the cycles applying to various energy sources lies in
the heat exchanger component as shown in Figure 2c, the performance of which

highly depends on the transcritical phenomena of S-COs.
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Figure 2: The developing trend of power cycles towards the supercritical state. a,
Supercritical power cycles and their efficiencies in various energy applications. b, Advantage
of smaller turbine and cooler in sCO2 Brayton cycle. ¢, Layout of a basic Rankine cycle
with the heat exchanger adapting to various energy sources. d, Layout of a recuperated
Brayton cycle with the heat exchanger adapting to various energy sources. Data in a from
[12, 13, 14, 15, 16, 17, 18, 19]. Part of the images in a,b,c,d reproduced or adapted from
[12, 20, 21, 22, 23, 24, 25, 26, 27], with permission from Elsevier or license under CC BY 4.0.
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For example, concentrating solar power (CSP) systems are highly scalable
and efficient, making them ideal for large-scale renewable energy production,
particularly in regions with abundant sunlight [28, 29] (Figure 3). The SunShot
project [30] anticipates that with the incorporation of advanced technologies
such as the S-COy power cycle, the Levelized Cost of Electricity (LCOE) for
CSP will fall below $0.06/kWh [31]. The future trend of CSP seems to lean
towards higher operating temperatures. In the context of the third-generation
CSP systems, it can be anticipated that the receiver’s inlet temperature will
surpass 750°C. However, the capacity of the steam Rankine cycle to enhance
thermal efficiency under these high-temperature conditions is restricted. Con-
sequently, the adoption of the supercritical carbon dioxide cycle becomes more
appealing, as it offers a thermal efficiency greater than 50%. Wang et al. [32]
reviewed various S-COs Brayton cycle layouts for potential integration into es-
tablished molten salt solar power tower systems, employing a comprehensive
modeling approach. They compared these cycles in terms of efficiency, specific
work, and compatibility with thermal energy storage, revealing that while cur-
rent S-CO4 layouts enhance efficiency, challenges remain in optimizing specific
work and temperature differential, necessitating further development of novel
cycle layouts. Furthermore, Wang and He [33] presented an integrated molten
salt solar power tower system combined with a S-COs Brayton cycle, featuring
a detailed model encompassing the heliostat field, solar receiver, thermal stor-
age, and Brayton cycle with reheating. It focused on parametric analysis and
optimization using a genetic algorithm to maximize exergy efficiency, explor-
ing the impact of key thermodynamic parameters and component performance,
and concludes that novel salts with higher allowable temperatures are crucial
for enhancing system efficiency. Prieto et al. [34] examined the potential of inte-
grating S-CO9 power cycles into CSP to enhance thermal-to-electric conversion
efficiency beyond 50%. It highlighted the need for delivering solar energy at tem-
peratures around or above 700°C, a significant increase from the current 565°C
in advanced plants. Their pioneering work in designing, building, and testing a

high-temperature (700°C) molten salt experimental pilot plant using carbonate
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salts is showcased, demonstrating the viability of large-scale operations within
this temperature range. Research into the dynamic performance of CSP is also
important due to their fluctuating and intermittent nature. These systems of-
ten deviate from their design points, presenting more instability compared to
conventional power plants. Therefore, understanding the dynamic behavior of
S-COs solar power systems under off-design conditions and developing swift con-
trol strategies is crucial for ensuring their reliable and stable operation amidst
varying parameters [35, 36].

Another important application of S-Hy0/S-CO4 cycles is in nuclear energy.
One of the Global Generation IV nuclear reactors is the Supercritical-Water-
Cooled Reactor (SCWR). Switching from water to COg as the coolant is attrac-
tive due to the lower critical temperature and pressure of CO5. The concep-
tional idea started with the dissertation of Dostal et al. [37]. Recently, KAIST
has led the design of the micro modular reactor (MMR) with a size of 3.8 m
(height)x3.7 m (width)x7.0 m (length) with the 36.2MW core thermal power
which can be contained in a small vessel and suitable for vehicle transportation
[38]. In addition, S-COz cycle can also be coupled with Sodium-cooled Fast
Reactor (SFR) to improve safety and economic [39, 40]. Further, the applica-

tion of S-CO4 cycle on coal-fired power plants also attracts attention due to its

potential high efficiency and compact design [41, 42, 6, 43].
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Figure 3: 10 MW CSP power plant combined with sCOq cycle, Shouhang-EDF. Reproduced
from [44], licensed under CC BY 4.0.
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More excitingly, in the last decade, the experimental loops and demonstra-
tion projects of the S-COs cycle were set up worldwide including the United
States, Korea, Japan and China. A team led by Gas Technology Institute
(GTI), Southwest Research Institute (SwRI) and General Electric Global Re-
search (GE) has initiated a project to design, construct, commission, and oper-
ate a versatile and reconfigurable 10 MWe Supercritical Carbon Dioxide (S-CO3)
Pilot Plant Test Facility located at SwWRI’s San Antonio, Texas campus (Figure
4). The project called STEP Demo (Supercritical Transformational Electric
Power) is one of the largest scale and most comprehensive in the world. In
China, the S-CO; cycle demonstration projects are being built for solar thermal
power plants and fossil-fired power plants. A 10MW CSP plant was applied in
Dunhuang (Figure 3) [45, 46, 44].

A, STEP
%S DEMO

Www.Stepdemolts

Figure 4: 10 MW Supercritical Transformational Electric Power (STEP) Demo pilot plant
by Southwest Research Institute (SwRI), figure from press release, used for educational and

informational purposes.

In the S-CO4 cycle, the performance of the components influences the ther-
modynamic performance and the commercial application such as turbomachin-
ery [47, 48, 49, 50]. The transcritical phenomena with the highly non-ideal gas
require a reconsideration of the compressor design with a deeper understanding
of the transcritical flow at the compressible range. Heat exchangers are also vi-

tal in S-COs cycles due to their role in ensuring efficient heat transfer, which is
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crucial for maintaining the supercritical state of CO5 under high temperatures
and pressures. Their compact design contributes to the overall reduction in size
and cost, while also enhancing thermal efficiency. Furthermore, the stability
and safety of the S-COg system heavily depend on the effective performance
of these heat exchangers, given the extreme operational conditions they must
endure [51, 52]. This can only be guaranteed with extensive knowledge of flow
and convective heat transfer in the pseudo-critical region.

Supercritical organic Rankine cycles (ORC), on the other hand, are well
suited for low temperature heat sources, like geothermal or process waste heat.
Figure 5(left) compares sub- and supercritical cycle processes in a T-s diagram.
It is apparent how, by increasing the pressure of heat addition to supercritical
values, the cycle power is increased substantially now that heat is no longer
added isothermally during a phase transition. Further, heat exchangers can
be operated more efficiently when an approximately constant temperature dif-
ference can be sustained. Due to the low overall temperatures, the increased
turbine inlet temperature caused by the increased pressure is of no concern here.
Figure 5 (right) exemplarily shows the Modular Low Temperature Cycle Karl-
sruhe (MoNiKa) of the Karlsruhe Institute for Technology (KIT), a 1 MW hermal
supercritical ORC using propane as working fluid [53]. Ongoing challanges in
supercritical ORC technologies are transients, compressor, expander/turbine

[54, 55, 56].

1.2. Supercritical fluids in aerospace engineering and transportation

High pressures are popular in a wide range of transport applications for
road, air, and space. It can improve the efficiency of burning fuel and increase
the thrust produced by engines, which is crucial for designing and improving
propulsion systems [57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71].
Specifically, in the realm of rocket engines, these pressures range from 40 to
560 bar, reflecting the stringent demands associated with space exploration and
satellite deployment [72]. This high-pressure environment facilitates the gener-

ation of substantial thrust, rendering it a cornerstone of modern rocketry. In
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Figure 5: The supercritical organic Rankine cycle MoNiKa (Modular Low Temperature Cycle
Karlsruhe) at the Karlsruhe Institute for Technology (KIT). Left: Comparison of sub- and
supercritical Rankine cycle, reproduced from [53] with permission given by Elsevier. Right:

Photo of the facility, a 1 MW perma1 supercritical ORC using propane as working fluid.

contrast, gas-turbine jet engines employed in commercial and military aviation
typically operate within a pressure window of 20 to 60 bar during takeoff [59].
The critical point of China RP-3 aviation kerosene is approximately p., = 24
bar and T, = 640 K. Diesel engines, widely utilized in various ground-based
applications such as transportation and industrial machinery, operate at modest
to high pressure levels. In high performance engines, a compression ratio from
20 to 23 is expected, corresponding to pressures of 66-80 bar [73].

Even within this pressure regime, the optimization of combustion pressure
remains a critical factor, impacting not only fuel efficiency and power output
but also influencing parameters such as noise, vibration, and emissions. The
dynamic interaction of pressure, temperature, and fuel mixture within the com-
bustion process poses intricate challenges and offers fertile ground for further
research and development. Advances in computational modeling, materials
science, and sensor technology are contributing to a more profound under-
standing of high-pressure combustion dynamics, opening avenues for innova-
tions that promise enhanced performance, reliability, and sustainability across
a wide range of propulsion applications. The optimal control of pressure within
combustion systems represents a critical aspect of propulsion engineering, with

implications extending across efficiency, environmental compliance, and opera-
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tional robustness. The continued exploration of high-pressure combustion dy-
namics, facilitated by technological advancements and interdisciplinary collab-
oration, is poised to yield transformative impacts on the future landscape of
mobility and energy utilization, aligning with broader societal and environmen-

tal imperatives.
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Figure 6: Active regenerative cooling, reproduced from [74] with permission given by Elsevier

In scramjet combustors, supercritical aviation kerosene, which also serves
as fuel, is used for active regenerative cooling [75], as shown in Figure 6. This
technique is essential for managing the heat generated during high Mach number
flights. The process begins with the compression of aviation kerosene using a
pump, preparing it for combustion. The kerosene is then channeled around the
combustor, where it absorbs the heat generated by combustion. After this heat
absorption, the now-heated aviation kerosene is directed into the combustion
process. Additionally, for aviation aircraft equipped with turbines, aviation

kerosene can be utilized in a kerosene-air heat exchange system.

1.3. Objective and outline
In conjunction with the original research being published, there has been an

effort to collate these findings into comprehensive reviews from various perspec-
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tives [5, 6, 20, 72, 76, 77, 78, 79, 80, 81]. A recent review by Guo et al. [6] system-
atically examined the supercritical carbon dioxide power cycle for energy indus-
tries, exploring state-of-the-art technologies, key issues, and future prospects.
Jofre and Urzay [72] discussed transcritical diffuse-interface hydrodynamics of
propellants in high-pressure chemical propulsion systems for aerospace, with an
emphasis on the theoretical foundations of transcritical multi-phase and multi-
component flow. The review by Ehsan et al. [76] focused on heat transfer and
pressure drop characteristics with supercritical COs under heating and cooling
conditions, particularly on experimental observations and the creation of heat
transfer correlations. Meanwhile, Zhang et al. [77] explored the application and
enhancement of heat transfer of supercritical COs in low-grade heat conversion.
About a decade ago, Yoo [78] offered a review on the deteriorated heat transfer
phenomena based on newly developed direct numerical simulation (DNS) from
his group, shedding light on fundamental fluid mechanics within a limited range
of conditions. Since then, many exciting research developments have brought
new insights into fluid physics. Therefore, there is a compelling need for a re-
view that encompasses the state-of-the-art understanding of the fundamental
thermodynamics and fluid mechanics of single-phase and mono-component su-
percritical fluids, an area currently unexplored. We aspire for our review to
impart valuable information for research and design across various levels and
contribute to the advancement of renewable energy technology and aerospace
engineering. Recently, Guardone et al. [82] summarized the progress on non-
ideal compressible fluid dynamics of dense vapors and supercritical fluids. The
behavior of single-phase, non-reacting fluids near vapor-liquid saturation, near
the vapor-liquid critical point, or under supercritical conditions, both quantita-
tively and qualitatively, deviates from the classical gas dynamics described for
dilute, ideal gases in textbooks.

Our review article summarizes inspiring new fundamental perspectives of
mostly single-phase and single-component supercritical fluids and shows the
potential to use them in engineering research and development.

Section 2 introduces the relevant microscopic physics of near-critical thermo-
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physical properties, phase transitions, and fluid dynamics. These are explored
based on fundamental thermodynamic analysis, molecular dynamics simula-
tions, and in situ neutron imaging measurements. Special emphasis is placed
on the concept of supercritical ‘pseudo boiling’, a phenomenon that extends the
classical understanding of liquid-vapor phase transitions to non-equilibrium su-
percritical processes. Since its introduction by Banuti [83], the quantitative view
of pseudo boiling has been successfully applied to (i) identify and explain a new,
thermal, jet break-up mechanism (Banuti and Hannemann [73]) for injection at
supercritical pressure; (ii) reveal that supercritical heat transfer deterioration
(HTD) can be solely explained as a thermodynamic phenomenon (Longmire and
Banuti [84]); (iii) realize that a latent heat of vaporization can be identified for
the supercritical liquid-gas (and vice versa) non-equilibrium phase transition
(Banuti [85], Banuti et al. [86]); (iv) demonstrate the existence of supercriti-
cal stable and gradient-steepening interfaces between liquid and gaseous states
in absence of surface tension (Longmire et al. [87]). These unexpected insights
prompt a reevaluation of the existing understanding of the thermodynamic state
space and its processes.

Section 3 provides a review of the research on convective heat transfer and
fluid flow in the past decade. Initially, the progress on the scaling law of the
velocity and temperature is discussed. The development of the scaling laws
with the consideration of supercritical fluids lays down a foundational frame-
work for forthcoming advancements in turbulence modeling. Then, the section
offers a comprehensive benchmark of supercritical heat transfer in pipe flow
with DNS from various research groups. The observed quantitative discrepan-
cies in predicting wall temperature indicates the difference introduced by differ-
ent numerical solvers. Additionally, the section introduces new DNS results in
other conditions such as horizontal flows, non-circular pipes, and non-uniform
heat fluxes. These extensions significantly broaden the scope of flow and heat
transfer conditions, going beyond previous works [88, 89], and furnish a more
thorough comprehension of heat transfer phenomena.

Section 4 presents the latest progress in analyzing flow stability, focusing on
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non-ideal fluids. This part is crucial for the ongoing endeavors to understand
the transition from laminar to turbulent flows. Present insights predominantly
cover the linear domain, yet grasping the full scope of the transition necessi-
tates considering nonlinear interactions. These are significant where the sharp
gradients of fluid properties can markedly influence the process.

Section 5 provides a summary of recent developments in turbulence model-
ing, including both RANS and LES methods to predict the heat transfer of
supercritical fluids. Advanced RANS models move beyond traditional two-
equation k — ¢ and £ — w models and encompass recent advances in physics-
informed machine learning. The LES section details progress in both wall-
resolved and wall-modeled LES for supercritical fluids. Additionally, the sec-
tion highlights the application of machine learning, specifically Artificial Neural
Networks (ANN), for the rapid prediction of heat transfer in supercritical flu-
ids. According to the latest research, ANN is capable of predictions as fast as
conventional heat transfer correlations but with a significant improvement in
accuracy. This novel approach has strong potential for contributing to system-

level modeling of heat exchangers.

2. Physics and thermodynamics of supercritical fluids

The coexistence region, terminating at the critical point where the pressure
p, temperature T, and density p reach their respective critical values pc;, Ter,
Per, 18 the most striking feature in the fluid state space. At subcritical pressures
p < per, this coexistence region has a large impact on the nature of heat transfer,
where condensation and vaporization can release or absorb amounts of energy
to an extent not observed in single phase fluids, enhancing or inhibiting heat
transfer beyond simple Fourier conduction [90]: heat flux from a wall to a pool
is enhanced up to a maximum value (critical heat flux-CHF') when rising va-
por bubbles absorb energy while limiting temperature increase, simultaneously
inducing a heat-flux enhancing flow. Upon further wall temperature increase,

heat flux from a wall to a pool is inhibited towards the Leidenfrost point (boil-
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ing crisis), when the bubbles coalesce into an insulating vapor film at the wall.
In addition, phase change phenomena cause large variations in density, making
convective heat transfer susceptible to acceleration and orientation; vaporiza-
tion causes rapid expansion of the fluid, which in turn may affect boundary
layer flow or turbulence.

This begs the question: Is there something akin to phase transitions at super-
critical pressures, beyond the coexistence region, that may affect heat transfer
in a manner similar to subcritical processes? We will address this question in

this section.

2.1. Introduction to supercritical fluids

For this to answer, we need to discuss characteristics of supercritical fluids,

a topic which has seen much advancement over the last decade.

2.1.1. High pressure fluid properties

The particular and extraordinary properties of fluids at near-critical and
supercritical pressures have been known since at least the 1970s [91, 92] and
remain an important point to this date [78, 93]. Figures 7 and 8 show various
fluid properties for water and carbon dioxide, respectively. Two things are
of particular note: first, fluids exhibit an extreme variation of properties in a
narrow temperature range in extension of the coexistence line; second, this is a

general property seen across different fluids.

2.1.2. Discovery and concept of supercritical fluids

Two centuries ago, in 1822, Cagniard de la Tour sealed fluids in in glass
tubes and discovered that the liquid-vapor meniscus vanished when sufficiently
heated [94]. 50 years later, Andrews explained this phenomenon in terms of the
critical point beyond which phase coexistence was no longer possible [94], and

van der Waals developed his equation of state [95]
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Figure 7: Fluid properties for water at subcritical (10 MPa), and supercritical (30, 60,
200 MPa) pressures.
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Figure 8: Fluid properties for carbon dioxide at subcritical (5 MPa), and supercritical (10,
20, 70 MPa) pressures.

This equation finally captured relations between pressure p, temperature T,
and molar volume v, across gaseous, liquid, and supercritical fluid states, by
accounting for molecular repulsion (or displacement) b, and intermolecular at-
traction a, using the gas constant R.

Andrews realized that even at supercritical temperatures the fluid still ex-

hibited limiting behavior of ideal gases at low pressures, and liquid behavior
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at high pressures. Similarly, Figure 9 shows how an incompressible liquid limit

is reached towards low temperatures, and an ideal gas limit towards higher

temperatures, if the pressures is not too high.
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Figure 9: Densities of water and carbon dioxide for accurate real fluid data (solid lines) and

the ideal gas equation (dashed). The blue lines represent a subcritical pressure, purple and

red correspond to supercritical pressures. Across all pressures, all isobar approach the same

incompressible liquid state towards low temperatures; towards high temperatures, the isobar

approach ideal gas behavior. In between, a transitional region can be found.
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Figure 10: Isobaric specific heat capacities of water and carbon dioxide at subcritical (blue)

and supercritical (purple and red) pressures. Like with densities, all isobar approach the same

incompressible liquid state towards low temperatures; towards high temperatures, the isobar

approach ideal gas behavior. In between, a transitional region can be found.
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2.1.3. Supercritical liquids and gases

I.e., the absence of an equilibrium coexistence of distinct supercritical liquid
and gaseous states does not preclude the existence of distinguishable supercrit-
ical liquid and gaseous states. This is important enough to discuss further: the
classical way to evaluate whether a liquid is present in an experimental vessel
is to check for the meniscus that separates liquid and gas [94, 92]. Le., the
liquid in that sense is defined by its equilibrium existence next to a gas. But,
again, this does not prevent the existence of fluid states that can molecularly
be identified as either liquids or gases at supercritical conditions.

And indeed, molecular dynamics simulations [96, 97, 98, 99, 86] have shown
that supercritical liquid-like fluids are identical to subcritical liquids, and that
supercritical gas-like fluids are identical to gases.

Thus, regions of different temperatures in flows of supercritical fluids can
cause the simultaneous existence of supercritical liquids and gases, c.f. Fig-

ure 9—a situation that is regularly found in heat transfer problems.

2.2. Transitional states

The existence of distinct liquid and gaseous states at supercritical conditions
suggests to study where exactly a transition between the states takes place. This
is not an obvious step, as it is still textbook knowledge [100] that ”above the
critical state, there is no line that separates the compressed liquid region and the
superheated vapor region.” There is a variety of definitions and concepts, some

of which are contradictory [86].

2.2.1. Pseudocritical line

The pseudocritical temperature T™*, defined as the temperature at which
the isobaric specific heat capacity c, exhibits a distinct peak along an isobar,
was suggested as a transition point between the supercritical ‘pseudoliquid’ and
‘pseudovapor’ [92]. Hendricks et al. [92] go so far as to associate a latent heat
with the supercritical liquid—gas transition, through extrapolation of the liquid

and gaseous branches of the enthalpy isobar towards T, c.f. Figure 11. The
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transition takes place at T* and can be mapped out in extension to the sub-
critical coexistence line as the locus of states with a maximum isobaric heat

capacity.

2.2.2. Widom line and ’the ridge’: response functions

Nishikawa and coworkers [101, 102, 103] identified what they called a ‘ridge’
in fluid properties in extension of the coexistence line, which they interpreted
as a higher order liquid-gas phase transition. More recently, the Widom line
has come into focus as a generalized term for supercritical maxima of different
thermodynamic response functions. Definitions based on the correlation length
[104, 105], isothermal compressibility [106, 107], or the isobaric specific heat
capacity [108, 109, 110, 111] are used. Originally introduced as a line separating
two different liquid states in subcooled water [112, 113], it has since been applied
to the supercritical liquid—gas transition. In that sense, the Widom line can be
interpreted as a generalization of the pseudocritical line. In mixtures, one or
more Widom lines can be identified, depending on the mixture characteristics

[97].

2.2.3. Fisher-Widom and Frenkel lines

Fisher and Widom [114] analyzed a supercritical liquid-gas transition based
on the molecular structure of the fluid states and suggested a dynamic transition
between the different states. The Frenkel line [115, 116] is a related idea which
predicts a structural transition at ¢, = 2kg. A thorough analysis [86] shows
that some results previously attributed to the Widom line [110, 104] can be
attributed to the Frenkel line instead. These data match the ¢, = 2kg criterion
fairly well up to p, = 100 and 7T, = 4.5, far beyond the region where extrema in

response functions can be found. A simple correlation for the Frenkel line [86]
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is
pr = 34.981T;, — 34.498 . (2)

Supporting experimental data exist for 10p., < p < 100pc; it is, however,

unclear whether the Frenkel line extends beyond these limits.

2.2.4. Pseudo boiling line

There are a few difficulties with both the pseudocritical line and the Widom
lines. First, one may ask why the heat-capacity-based line is chosen over, say, the
thermal expansion — both expansion and absorption of energy are phenomena
associated with subcritical boiling. Which, then, is the ‘correct’” Widom line?
Second, the ¢, maxima in isobaric scans move to higher temperatures as the
pressure increases only for p, < 6; beyond, the associated transition temperature
reduces as the pressure increases [86], with the exception of the quantum fluids
hydrogen [92] and helium. Which, then, is the ‘correct’ end point? Third, even
in a p,-T; plot, different species show different pseudocritical or Widom lines
[92]. Which is the ‘correct’ one?

This is resolved by the pseudo boiling line, introduced as a well-defined and
thermodynamic meaningful marker of a supercritical phase transition. The
term pseudo boiling originated in the heat transfer community for supercritical
boiling-like behavior [118, 119, 120], and was generalized to the pseudo boiling
line as an extension of the coexistence line by Oschwald [121].

We are mainly interested in the thermodynamic similarity between subcrit-
ical boiling and supercritical pseudo boiling. While boiling is characterized by
a discontinuous change in the slope of the Gibbs free enthalpy [122], it can be
shown that this discontinuity is projected into the supercritical state space as
a set of states with a mazimum curvature of the Gibbs free enthalpy [86]. The

locus of these states can be approximated as maxima of ¢, in the vicinity of the

IThe correlation is a based on a least squares fit of NIST [117] data for argon of the ¢, = 2kp
criterion. The fit line almost passes through the critical point, and maybe, physically, it

should.
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critical point, and a natural end point beyond which no maximum in the cur-
vature is present anymore sets an upper pressure limit of = 3p... This answers
our first two questions. For p., < p < 3p.r, the pseudo boiling line is described
by [83]

pr = exp [A,(T; - 1)] , (3)

where A is the slope of the coexistence line at the critical point, also known as
the Riedel parameter [123]. It turns out that A, can be determined analytically
from cubic equations of state [86, 124]. For the Soave-Redlich-Kwong equation

of state [125], we find
Asri = 551934 + 4.80640w — 0.537437w? | (4)

i.e., the slope of the pseudo boiling line is a cubic function of the acentric
factor. This answers our third question: the pseudo boiling line adheres to the
extended corresponding states principle, rather than the corresponding states
principle [86].

To reiterate, the pseudo boiling line is related to the pseudocritical line and
the cp-based Widom line, but has an exact thermodynamic meaning and a natu-
ral end point that is limited to the thermodynamic existence of the supercritical

phase transition.

2.2.5. Similarity of transition lines
The insight that different species have different pseudo boiling lines limits our
ability to generalize findings obtained for a particular fluid species. A similarity
parameter that collapses all fluids is thus desirable. We can first introduce a
generalized equation for the pseudo boiling line and the coexistence line [2],
Pr = €xp mh;(él;hl)(Tr -1 - (5)
Raising both sides of Eq. (5) to the power of (Ag/As), where Ag is a suitable
reference value, eliminates all species-specific parameters, and we obtain the

scaled reduced pressure p as a truly species independent parameter [2] within
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Figure 11: Densities of water and carbon dioxide for accurate real fluid data (solid lines) and
the ideal gas equation (dashed). The blue lines represent a subcritical pressure, purple and
red correspond to supercritical pressures. Across all pressures, all isobar approach the same
incompressible liquid state towards low temperatures; towards high temperatures, the isobar

approach ideal gas behavior. In between, a transitional region can be found.

the range of applicability of Eq. (5),
p; = p{ho/Ae) . (6)

The reference value Ag is arbitrary, but it seems suitable to use a simple fluid
as reference, i.e. a species adhering to the corresponding states principle [126].
We thus define [2] Ag = A(w = 0) ~ 5.52. Figure 12 shows that using p} and T,
as nondimensional parameters does indeed make coexistence lines and pseudo

boiling lines collapse.

2.8. Transitional processes and pseudo boiling

Figures 9 and 10 clearly show that fluid properties at supercritical conditions
reach liquid behavior towards low temperatures, indistinguishable from subcrit-
ical liquids, and ideal gas behavior towards high temperatures, indistinguishable
from ideal gases. How then do we arrive at the conclusion that “two distinct
phases do not exist at supercritical pressures” [127]7

This view can only come from the method of identifying a liquid, as discussed
by Andrews [94], where a visible meniscus between a liquid phase and a gaseous

phase marks the existence of a liquid. However, a meniscus is also not visible

29



Reduced pressure

Reducead temperature

Scaled reduced pressure
P

0.5

0.4 0.6 0.8 1 1.2
Reduced temperature

Figure 12: Collapse of coexistence lines in reduced pressure and temperature coordinates.
Following the corresponding states principle, the lines should collide. Left: However, due to
the difference in species acentric factors, different slopes of the reduced coexistence lines can
be expected. Right: Using the scaled reduced pressure Eq. (6), coexistence lines and pseudo
boiling lines even of fluids with widely different acentric factors collapse. Reproduced from

[2] with permission given by American Physical Society.

in a vessel filled purely with either a gas or a liquid — or, indeed, a supercriti-
cal fluid. Thus, what does not exist at supercritical pressures is a macroscopic
equilibrium coexistence between liquid and gaseous states. This, however, does
not contradict the existence of the observed distinct liquid and gaseous super-
critical states or the non-equilibrium coexistence of these supercritical states,
e.g., in problems with strong temperature gradients such as injection or wall
heat transfer.

Having thus established the existence and co-existence of supercritical liquids

and gases, we need to understand the actual transition better. We already
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discussed that the pseudo boiling line is a marker of this transition, representing
the locus of states with a maximum curvature in the Gibbs enthalpy. L.e., the
textbook notions that ”above the critical state, there is no line that separates
the compressed liquid region and the superheated vapor region” and that “at
pressures above the critical pressure, there is not a distinct phase-change process
[100] are not as clear is previously thought.

Revisiting Figures. 9 and 10, we see that the end points of a liquid—gas tran-
sition are identical between the subcritical and the supercritical case. What is
different is that at supercritical conditions, this transition spans a finite tem-
perature interval and occurs through a continuous change in fluid states and

properties [83].

2.8.1. Latent heat of supercritical fluids

None other than Ernst Schmidt, namesake of the Schmidt number, observed
that the latent heat is spread over a finite temperature interval at subcritical
conditions as the critical point is approached [91]2. This is visible in the rising
cp on either side of the coexistence line for both liquid and vapor states, unlike
for very low pressures p < 0.1p., where the liquid and vapor heat capacities
are constant as the coexistence line in approached. At supercritical pressures,
the equilibrium part of the transition has vanished altogether, all of the latent
heat, and indeed the transition, is now found distributed across the transitional
region between liquid and gas [83, 85].

Figure 13 shows enthalpy isobar at subcritical and supercritical pressure.
Much like in Figures 9 and 10, a common low temperature liquid limit and
a common high temperature gaseous limit are approached. For enthalpy, this
reveals something really interesting: The enthalpy required to heat the fluid

across the transitional region from liquid to gas takes the same amount of energy,

24Die als Verdampfungswirme auf eine bestimmte Temperatur konzentrierte
Warmekapazitit wird in der Ndhe der kritischen Temperatur sozusagen auf einen endlichen

Temperaturbereich ausgebreitet.” [91]
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regardless of pressure, e.g. heating water from 500 K to 1500 K. I.e., the integral
latent heat is invariant with respect to changes in pressure, even extending to
supercritical pressures. Only the constant temperature coexistence part reduces
with growing pressure and vanishes at the critical point.

A different way to think about it is this: When the enthalpy of both ideal
gases and incompressible liquids is pressure independent, then the transitional

‘difference’ between both states must also be pressure independent [83, 85].
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Figure 13: Specific enthalpies of water and carbon dioxide at subcritical (blue) and super-
critical (purple and red) pressures. All isobar approach the same incompressible liquid state
towards low temperatures; towards high temperatures, the isobar approach ideal gas behavior.
In between, a transitional region can be found. As the end points on liquid and gaseous limit
states are pressure independent, the difference in enthalpy between the limit states is likewise

pressure independent.

2.3.2. Pseudo boiling energy budget

But what happens during the pseudo boiling transition? Figure 14 gives a
close-up of the isobaric specific heat capacity across an isobaric pseudo boiling
process, spanning the finite temperature interval from 7~ to T with a total

enthalpy change during pseudo boiling of [83]

o, = /TT ¢)(T) dT = h(T+) = h(T") . ™)

During an isobaric heating process, added heat contributes to two phenom-

ena: First, energy is required to increase the temperature of the fluid from 7T~
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Figure 14: Energy budget during pseudo boiling transition. The area under the curve is the
change in enthalpy during the transition from T~ to TF. The total area can be subdivided
into the thermal component Ahg;, required to increase the temperature of the fluid, and the
structural component Ahgy that accounts for molecular separation and expansion of the fluid.

Reproduced from [83] with permission given by Elsevier.

to TF: considering as reference the fluid remaining a liquid with a heat capacity

of ¢, 1, during that process, the required thermal (th) component Ahyy, is [83]
hin = cp,L(T+ -T7). (8)

Second, the fluid needs to undergo the structural changes that turn a densely

packed liquid into a gas. This excess structural component (st) hg
hst = hpb - hth (9)

then accounts for these vaporization characteristics, i.e. hg represents the
amount of work needed to overcome intermolecular attraction and to expand

the fluid against the background pressure.

2.8.8. Microscale characterization of transitional fluid states

The evidence for a supercritical phase transition from (macroscopic) ther-
modynamic properties suggests to investigate the molecular nature of pseudo
boiling.

At subcritical pressures, classical nucleation theory (CNT) [128, 129] pre-
dicts the formation of molecular clusters as precursors to macroscopic droplet

formation and condensation. Under the capillarity assumption, the microscopic
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phases have the same properties as macroscopic liquid and vapor. With van-
ishing macroscopic surface tension as the critical pressure and temperature are
exceeded, CNT predicts that nucleation should no longer happen.

However, the existence of molecular clusters at supercritical conditions is
well documented from experiments and simulations [101, 102, 130, 131, 132, 86]

— and indeed the reason why supercritical fluids are desired as solvents.

Figure 15: Molecular snapshot showing cluster formation for model 2D Lennard-Jones fluid
at Ty = 1.17 and pr = 0.86. Adapted from [130] with permission given by American Chemical
Society.

It turns out that pseudo boiling occurs as the mesoscale phase transition,
among supercritical molecular clusters [98]. With increasing temperature, the
compact liquid breaks up into smaller and smaller fragments; the required en-
ergy to separate particles is manifest in the structural pseudo boiling enthalpy,
Eq. (9). The critical point is characterized by the transition between a single
large supercluster and its break-up into smaller clusters [133]. The reversed
process of clusters consolidating into a bulk liquid is then pseudo condensation.

There is one more subtlety about the molecular clusters at critical conditions:
rather than forming spheroidal formations, the particles associate in networks
instead. Figure 16 shows such a linearly branched structure at the critical
density and temperature, with the distribution pdf of number of neighbors per
particle. For an isothermal scan from low to high densities at T¢;, p, = 1 marks

the state at which each particle has on average two neighbors.
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Figure 16: Formation of molecular networks at near-critical conditions. In an isothermal
scan from low to high densities at Tcr, pr = 1 marks the state at which each particle has on
average two neighbors. P is a nondimensional lattice density where 0 and 1 correspond to an
empty and a fully occupied lattice, respectively. The number of neighbors follows a binomial

distribution. Reproduced from [86] with permission given by Elsevier.

2.4. A revised fluid state space

Rather than the traditional view of the fluid state space divided into four
quadrants by the critical isotherm T' = T, and the critical isobar p = p,, it is
physically more appropriate to distinguish between liquid states at low temper-
atures and gaseous states at higher temperatures. Due to the thermodynamic
similarity expressed in the corresponding states principle [134], a single chart
can be made to be (approximately) valid for general fluids when the reduced
properties p; = p/per, Ty = T/Ter, etc. are used instead of the dimensional
pressure, temperature, etc., respectively.

Figure 17 illustrates this view, along with the transition lines. As an ex-
ample, during an isobaric heating process at pressures above the triple pres-
sure, substances undergo a transition solid-liquid—-gaseous—ideal gas as they are
heated. At low subcritical pressures, a distinct boiling process with a liquid-
vapor equilibrium on the coexistence line is observed, where the vapor acts like
an ideal gas. As the critical point is approached, real fluid effects get stronger:
the vapor no longer behaves like an ideal gas, the liquid heat capacity exhibits a
distinct increase as the temperature approaches the saturation temperature [91],
until, at the critical point, it diverges [92]. At supercritical pressures 1 < p, < 3

the liquid-gas transition occurs across the pseudo boiling line, over a widening
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temperature interval [103, 83]. A latent heat [83, 85] and distinct expansion
can still be identified. The distinct pseudo boiling process loses its relevance
for p, > 3; at p, > 10 neither distinct heat capacity peaks nor an inflection
point in the density can be identified [86]. For p, > 10, a transition can still be
identified in terms of the cross-over in the transport coefficients, but it has lost

its thermodynamic character [135].

10°
solid
102 4 o OO~ KT
o 0 liquid-like _ y-o—# 07K
5
[2]
e 10" 4 ) gas-like
E_ 7lr
9 ideal gas
g 10°
©
[0)
o
10—1 4
1072 T T T
0 1 2 3 4 5

Reduced temperature

—— Solidification Simeoni MD (a)
—:— Frenkel line fit —%— Bencivenga IXS
=== Widom line o Frenkel line NIST
= Coexistence line Y% Critical point
Ideal gas NIST <] Simeoni MD (b)
—e— MD transition A Gorelli revisited

Figure 17: A revised state space diagram. Rather than distinguishing the classical but arbi-
trary four quadrants around the critical point, one can identify distinct transition lines. Solid
and liquid states are separated by the solidification line. At pressure exceeding the triple
point, the liquid—gas transition occurs across different lines and means different things as the
pressure increases: for p; < 1 the coexistence line marks liquid-vapor phase coexistence; for
1 < pr < 3 the pseudo boiling line (or ¢, based truncated Widom line) marks the thermody-
namic pseudo boiling process; for p, > 10 the Frenkel line separates regions that dynamically
behave like liquids and gases, e.g. a vanishing transversal sound propagation. The transition
between pseudo boiling and Frenkel line is still an open question, as is a potential upper limit

for the Frenkel line. Reproduced from [86] with permission given by Elsevier.

Figure 17 reveals something else: a gas can indeed be compressed to a liquid
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state at supercritical temperatures; it just does not reach an equilibrium phase

coexistence on its way.

2.5. Interfaces

The absence of a pure fluid liquid-vapor phase equilibrium at supercriti-
cal pressures raises questions concerning the existence and possible nature of
supercritical interfaces. This is particularly important for heat transfer appli-
cations, such as droplet evaporation or film boiling. In the following, we will
briefly discuss the fundamental aspects of mixture and pure fluid interfaces at

supercritical pressures; the main focus of the paper is in pure fluids.

2.5.1. Equilibrium

Mixture thermodynamics and liquid-vapor phase equilibria (vapor-liquid
equilibria, VLE) were among the key applications of van der Waals’ research and
his equation of state [95], Eq. (1). The exciting history and key concepts behind
the theory of VLE were presented by Anneke Levelt Sengers in her wonderful
book [136].

The theory of VLE is a long-established textbook topic and was discussed
in numerous books, c.f. Elliott and Lira [134] for a gentle but concise introduc-
tion and Prausnitz et al. [137] for a thorough and deep discussion, including a
molecular perspective. Further, see Reid et al. [138] for a comprehensive com-
pilation of property models and correlations. Given the focus of this paper on
pure fluid heat transfer and the abundance of material available on this topic
already available, we will provide only a very brief introduction, focused on
recent advances.

Ultimately, the key insight in VLE is that all coexisting phases exhibit the
same Gibbs free enthalpy G = H — T H and generally the lowest possible value
of GG is attained in spontaneous phenomena. From this, the exact conditions
of the liquid to vapor transition (and vice versa) can be determined. As an
example, using a cubic equation of state, such as van der Waals’ Eq. (1), we

obtain three mathematical solutions from which two are physically realizable
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(thermodynamically stable) within the coexistence region for the fluid density
when given temperature and pressure. The solution that will be realized in
nature is then the one with the minimum G. In pure fluids, a VLE can no
longer be reached for pressures at or above the critical pressure.

In mixtures, the same fundamental mechanism is at work—we still need iden-
tical Gibbs enthalpies across all coexisting phases where the minimum G solution
will be favored by nature. However, the difficulty now lies in determining the
proper mixture conditions. In the ubiquitous cubic equations of state, such as
van der Waals’ or the more practical Peng-Robinson [139] and Soave-Redlich-
Kwong [125] equations of state, representative mixture values of the parameters
a and b of Eq. (1) are evaluated and the mixture treated as if it was a pure
fluid, but now with adapted values for a = apix and b = byix. This formalism
remains extremely successful in predicting phase envelopes of mixtures, e.g. in
applications relevant for the oil industry [139].

An important phenomenon that is captured by this formalism is that of VLE
at pressures exceeding the pure components’ critical pressures, i.e. at nominally
supercritical pressure. It is indeed common for mixtures at suitable compositions
to exhibit a VLE at such nominally supercritical conditions. Interestingly, the
character of these nominally supercritical VLE depends on the exact mixture
at hand, but was formalized by Scott and van Konynenburg [140, 136]. All in
all, six types have been identified, c.f. Figure 18, five of which can be derived
from van der Waals’ equation. As examples, a Type I mixture requires its
components to be ‘similar’ and exhibits a maximum pressure at which a VLE
can be observed. In a somewhat stretched analogy, one could argue this is similar
to the pure fluid case. On the other hand, a Type III mixture does not appear
to have such an upper pressure limit for VLE, and phase separation for many
technically relevant mixtures such as hydrocarbon-nitrogen, hydrogen-oxygen,
can occur at arbitrary pressures.

This allows for the formation of distinct interfaces, e.g. around hydrocarbon

droplets in air, even at high and nominally supercritical pressures [142, 143, 144].
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Figure 18: Vapor liquid equilibrium (VLE) curves for binary mixtures types I to VI according
to Scott and van Konynenburg [140]. Solid lines denote the pure component coexistence lines,
dotted lines mark the VLE envelope. While fluid mixtures of similar fluids (e.g. hydrocarbons)
exhibit an upper pressure limit to phase separation, Type I, many technical mixtures, such as
between nitrogen and heptane, exhibit Type III behavior with no such upper limit. Adapted

from [141] with permission given by American Chemical Society.

2.5.2. Multi-component local equilibrium

However, in the case of propellant injection (e.g. in rockets [142] or Diesel
engines [143, 144]), we do not observe a global thermodynamic equilibrium.
Instead, a temperature difference between the droplet and the carrier gas is
present, allowing at best for a local interfacial equilibrium.

This complicates matters compared to VLE such as depicted in Figure 18,
because now, transport needs to be solved in addition to a thermodynamic equi-

librium. Consider a quasi-isobaric mixing process between (liquid) n—dodecane

39



at 363 K and (gaseous) nitrogen at 900 K, akin to the cases defined by Manin
et al. [143], Crua et al. [144]. In fluid mechanical problems, we are not interested
in the final global equilibrium state, such as if we put both components into a
box and waited out the equilibration. Instead, the whole point are the dynamics
of the local states. In the chosen example, we have the simultaneous transfer of
mass and heat, a molecular diffusion into each component and thermal diffusion
from the cooler to the warmer stream.

Figure 19 illustrates this in a composition—temperature diagram [145], where
the limiting conditions of cool pure n—dodecane can be found on the left for
(Xn2 = 0, T = 363 K) and the pure hot nitrogen can be found on the right
at (Xy2 = 1, T = 900 K). The detailed fluxes of both mass and heat now de-
termine the exact mixing trajectory that will connect both limiting conditions
through the composition—temperature space. In black, we find the VLE solu-
tion for the respective compositions. Assuming local equilibrium, if the mixing
trajectory intersects the VLE dome, phase separation can be expected; of the
mixing trajectory passes outside of the VLE dome, a single phase flow prevails.

Unfortunately, the prediction of the mixing trajectory remains a challenge [145].

2.5.3. Multi-component non-equilibrium

A further analysis of such interfacial states was introduced by van der Waals
in his linear gradient theory [146], which originally allowed for variation of one
parameter, originally composition, across an phase interface. Dahms and Oe-
felein [147, 148] and Dahms [149] applied and analyzed this framework to injec-
tion and introduced the concept of an interfacial Knudsen number to distinguish
diffuse and sharp interfaces at nominally supercritical conditions. Originally
hailing from the field of rarefied gas dynamics, the Knudsen number Kn is the
nondimensional ratio of the mean free path of gas particles A and a geometrical
length scale ¢ that allows to differentiate between the limits of continuum (many
collisions and equilibrated fluid) and free molecular flows (few if any collisions)
[122]. Dahms and Oefelein instead relate a thermal length £y, to the interfacial

thickness fyrg, Figure 20 illustrates the formation of a sharp interface with
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Figure 19: Temperature-composition diagram for injection of a 363 K n-dodecane jet into a

900 K nitrogen environment. Grey scattered dots mark CFD results of the mixing process,

connecting both pure boundary conditions. The black solid and dotted lines mark the vapor

liquid equilibrium envelope at different pressures supercritical for both components, represen-

tative of a Type III mixture as shown in Figure 18. Phase separation can be expected when a

mixture state lies within the VLE envelope. Depending on the CFD solver, two main mixing

trajectories emerge, isochoric (red) and adiabatic (blue), i.e. current state of the art solvers

give ambiguous results as to whether the mixture would phase separate or not. Reproduced

from [145] with permission given by Elsevier.
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2.5.4. Single component non-equilibrium

We have discussed the well-established existence of phase equilibria with
associated interfaces at subcritical pressures in pure fluids, and at nominally
supercritical pressures in mixtures.

It turns out that there is another way interfaces can be stabilized at su-
percritical conditions, even in a pure fluid: in presence of a thermal gradient
Longmire et al. [87]. These ‘Thermal Gradient Induced Interfaces’ (TGIIF) are
characterized through a non-equilibrium heat transfer between the cold and the
hot side, where a sufficient temperature difference needs to be established across
the pseudo boiling regime.

Figure 21 shows the density fields of a cool drop of oxygen in a warm oxy-
gen environment [87] at supercritical pressure, at two instances in time. The
counterintuitive aspect here is that the blurred blob with a low interfacial den-
sity gradient is the initial condition, the sharpened blob with a high interfacial
density gradient is the state the field converges to before the blob eventually
vaporizes. l.e., what we observe under certain conditions is the apparent dif-
fusion against a density gradient without the presence of surface tension. The
specific gradient the field is attracted to is case-specific, when the initial density

gradient is lower, a density steepening process can be observed.

Figure 21: Gradient steepening and thermal gradient induced interface (TGIIF) in a cold
blob of oxygen embedded in a warm oxygen environment. Left: Initial condition with diffuse
interface. Right: Sharpened interface with steepened density gradient at later point in time.
The steepening of gradients is unexpected as diffusion tends to minimize the curvature of

profiles, smearing them out. Reproduced from [87], licensed under CC BY 4.0.

In fact, Longmire et al. [87] found analytical conditions that identify ther-
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modynamic regimes where such an interface is possible even as a steady state.
Figure 20 illustrated that even the sharp interface of a phase equilibrium is truly
a smooth, continuous transition from a dense to a light region in the field. The
initial ansatz of Longmire et al. [87] hence was to look for the general physical

possibility of a sustained, steady state density inflection point, i.e. solutions of
paz = pr7Ts + prTey =0, (10)

and of Fourier’s law of heat conduction in 1D
q" = kT, , (11)

where subscripts denote partial differentiation, e.g., pr = (9p/0T) and prr =
(0%p/0T?). Rather than directly solving Egs. (10,11), Longmire et al. [87]
analyze sign compatibility to find

sgn(prr) = —sgn(kr) (12)

as necessary condition for the existence of a density inflection point, i.e. a steady
interface. Comparing Egs. (10) and (12), we see that the latter no longer features
any case boundary conditions, such as spatial gradients. Instead, Eq. (12) is
purely a fluid specific criterion! The existence of a thermal gradient induced
interface is thus fluid-inherent.

So where do we find a fluid that fulfills Eq. (12)7 What we are looking for is a
fluid where the sign of the thermal density dependence curvature is the opposite
of the thermal conductivity gradient sign. Figure 22 (left) shows density and
thermal conductivity along an isobaric trace at slightly supercritical pressure
for oxygen. At low temperatures < 160 K the fluid behaves like a liquid, with
prr > 0 and kp < 0; at high temperature 7' 2 210 K it behaves like a gas, with
prr < 0 and k7 > 0. Neither case fulfills Eq. (12).

However, a transcritical fluid exhibits the desired behavior for Tj,;, < T <
T*, where T* is the temperature at which the thermal conductivity reaches its
minimum. Figure 22(right) maps out the regions where Eq. (12) is fulfilled; we

see that it even extends to subcritical pressures close to the coexistence line.
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According to the fundamental corresponding states principle [137] this can

be expected to be general fluid behavior.
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Figure 22: A steady persistent interface in presence of a temperature gradient, characterized
by a density inflection point, is a fluid property and possible if sgn(prr) = —sgn(kr). This
condition is not fulfilled in liquids or ideal gases but is observed in the vicinity and beyond

the critical point (shaded red region). Reproduced From [87], licensed under CC BY 4.0.

2.6. Characteristic parameters

Nondimensional characteristic parameters play a fundamental role in our
understanding of heat transfer and fluid mechanics. In this section, we discuss
parameters that measure the ‘strength’ of pseudo boiling, and the likelihood of

reaching pseudo boiling through heat addition.

2.6.1. A supercritical boiling number

The ‘strength’ of the pseudo boiling effect can be quantified by comparing
the amount of energy needed to heat the fluid A, to the amount of energy used
to expand the fluid and separate its particles, hg; - see Figure 14 and Eq. (9).

The boiling number B [83] then assesses the respective contributions,

hst
hen

For subcritical transitions with phase coexistence, the transition occurs at a

B:

(13)

single constant temperature, so that hyy, = 0 and B — co. For p, =3, B~ 0.1

and the effect becomes negligible. For even higher pressures, hiy, > hg and

B — 0.
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This parameter thus gives us evidence about an upper pressure limit of p, ~ 3

for pseudo boiling and associated phenomena.

2.6.2. Heat flur vs mass flow
In order for pseudo boiling to play a role in a process, the pseudo boiling
state has to be reached from the inflow condition, subscript (in). The enthalpy

required to do so for a given mass flow rate 7 is then [73]
AHyp, = 1i(hpy — hin) - (14)
For an isobaric heating process, we can write

. Ton
Af,y = m/T ¢ (T) AT = 12 [W(Ty) — h(T)] - (15)

in

We can then define a parameter A [73] that relates the required energy
addition AHpb from inflow conditions to the supplied heat ¢
_ AHy,

E

A (16)

Then, A = 1 means that pseudo boiling conditions are exactly reached through
added heat, and A > 1 means that pseudo boiling is not reached.
Equation (16) under the condition A = 1 can be rearranged to determine

the limiting mass flow rate for pseudo boiling to be reached

q

ey = ——— 17
pb (hpb — hin) ( )

Equation (17) suggests that pseudo boiling can be avoided for
m > mpy, - (18)

The ill-defined ‘supercritical boiling number’ SBO was later introduced that
is reminiscent of the reciprocal of Eq. (16) [150], SBO = gy /mip,.. However,
here, ip. denotes the specific enthalpy at the pseudo boiling temperature rather
than an enthalpy difference. As the absolute value of the enthalpy is mean-
ingless, and indeed arbitrary reference values can be chosen [134], i, and thus

SBO are likewise arbitrary and thus not physically meaningful.
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2.7. Conclusion

It has become clear that distinct phases and phase transitions can be dis-
tinguished at supercritical pressures. Then, phase transition phenomena that
are known at subcritical pressures, such as the boiling crisis, can equally be
expected at supercritical pressures. Pseudo boiling theory provides criteria for
onset and upper pressures limits for these phase transitions.

The absence of a phase equilibrium beyond the critical point is no contra-
diction: heat transfer is inherently a non-equilibrium process. The existence of
different regions with distinctly liquid or gaseous character, such as a gaseous
film layer embedded in liquid bulk flow, is caused by the existence of regions

with different temperatures.
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3. Fluid Mechanics and convective heat transfer

The rapidly changing thermo-physical properties in the vicinity of the criti-
cal point can introduce significant complexity to even simple channels or pipes.
However, measuring the internal flow field in the supercritical condition is an
extremely challenging task due to the high pressure involved [151, 152]. The
feasibility of particle image velocimetry (PIV) measurement in a thermal con-
vection with supercritical fuid was investigated by Valori [153], Valori et al.
[154]. A preliminary background oriented schlieren (BOS) study confirmed that
the tracer particles remained visible despite of signifcant local blurring. Main
difficulty was a result of blurring and optical distortions in the boundary layer
and thermal plumes regions.

Advances in computational power over the last decade have enabled the use
of scale-resolving approaches such as DNS to study the fundamental fluid me-
chanics and convective heat transfer of supercritical fluids. Significant progress
has been made in this area through the utilization of various high-fidelity nu-
merical methods, which have contributed to the fundamental understanding of
fluid mechanics at supercritical pressure.

Approximately 20 years ago, Bae et al. [88, 89] conducted a series of DNS
on a spatially-developing long pipe filled with CO5 at a pressure of 8 MPa.
Wall heat flux caused the near-wall fluid temperature to rise above the pseu-
docritical temperature T}, while the bulk fluid temperature remained below
T.:. Heat transfer deterioration was observed in upward flow orientation, while
heat transfer enhancement was seen in downward flow, highlighting the role of
the buoyancy effect. Although a validation with the strongly heated airflow
experiments [155] was given by Bae et al. [88, 89], a direct validation with the
experiments of supercritical CO2 was missing. Based on these results, Yoo [78]
published a survey covering thermal-hydraulic considerations and fundamental
fluid mechanics. DNS has become more affordable for turbulent flow at low
Reynolds numbers in the last decade, making it a major contributor to new

physical understanding and modeling. This section is aimed to summarize the
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relevant new findings.

The occurrence of supercritical heat transfer deterioration (HTD) is com-
monly linked to mass flow rate, buoyancy, pressure, fluid properties, and tem-
peratures [78, 156]. Mostly, turbulence reduction or relaminarization is sug-
gested as the underlying physical mechanism, as no true phase change — like
during subcritical film boiling and the associated boiling crisis — occurs at su-
percritical conditions [78, 156]. However, the discussion of pseudo boiling above
demonstrates that distinct liquid and gaseous states, as well as sharp interfaces
between them, can exist in a flow field. Based on this, Longmire & Banuti
[157] demonstrated that HTD does indeed occur in absence of turbulence and
buoyancy in simulations of laminar forced convection over a flat plate. Their
simulations showed that pseudo boiling alone is a sufficient physical mechanism
to cause HTD, in the absence of turbulence or buoyancy, as seen in Figure 23.
They observed the formation of a supercritical gas film at the wall, with low den-
sity, low thermal conductivity, a high compressibility factor, and low viscosity

— just like during subcritical film boiling and the boiling crisis.
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Figure 23: Calculated heat transfer coefficient for CO2. At the lower pressures an increase
in the heat transfer coefficient is seen before the pseudo boiling temperature then a sharp
decrease in the heat transfer coefficient occurs right after the pseudo boiling temperature.

Reproduced from [84] with permission given by Elsevier.

Technical heat transfer systems, however, are typically operated in turbu-

lent flow regimes. l.e., the interaction of pseudo boiling and turbulent flow

48



governs heat transfer and supercritical phase transitions. This is the focus for

the remainder of the paper.

8.1. The scaling law of velocity and temperature in the vicinity of pseudo boiling
point

One of the most fundamental knowledge of the wall-bounded turbulent flow
is the scaling of the mean velocity profile and the corresponding law of the wall.
The law of the wall forms the cornerstone of modeling for wall-bounded turbu-
lent flows, including techniques such as wall functions in RANS or wall-modeled
LES. Yet, in conditions where strong thermo-physical property variations occur,
conventional turbulence behavior is altered, causing scaling laws based on con-
stant property flows to fail. In such cases, the van Driest velocity transformation
[158] can accommodate density variations provided that Morkovin’s hypothesis
[159] is met. However, when dealing with transcritical fluids, Morkovin’s hy-
pothesis is often violated, making the derivation of new scaling laws a priority.

A conventional turbulent channel flow (Figure 24) offers a suitable starting
point to test these scaling laws and to investigate turbulence modulation in
transcritical fluids. This configuration allows for the design of DNS with two
homogeneous and statistically steady-state directions: streamwise and spanwise.
The homogeneous setting of the streamwise direction disables the appearance
of the heat transfer deterioration makes a simplification to the condition. With
isothermal walls set at differing temperatures—one hot side Tt > Ty and one
cold sie Tio1q < Tpe-the wall-normal direction encompasses a temperature range
on either side of the pseudocritical point. This facilitates a detailed exploration
of the effects of significant variations in thermo-physical properties on wall-
bounded turbulent flow. Many recent DNS studies have employed this setup
[160, 161, 162, 163, 164, 165, 166, 167, 168, 169], despite differences in numerical
methods, fluids, and temperature variations between the walls.

In conventional wall-bounded turbulent flows with constant thermo-physical
properties, the time-averaged streamwise velocity profile follows the law of the

wall:
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Figure 24: Channel flow setup in the DNS with two homogeneous (streamwise- and spanwise)

directions, one side hot wall Tj,ot > Tpc and one side cold wall Teolq < Tpe

ut =y, in the viscous sublayer, y* < 5,
1 (19)
ut = ~log(y") + B, in the logarithmic region, y™ > 30,
K
where u is the streamwise velocity, y is the wall-normal coordinate, T in-
dicates normalization by wall units, x ~ 0.41 is the von Kédrman constant,
B =~ 5.2 is an additive constant and - indicates an ensemble average. The wall
unit for normalization is u, = /7w /p,, as friction velocity and d, = [, /(P ur)
as the viscous length scale. Correspondingly, the dimensionless coordinate is

* = y/d, and dimensionless velocity is u" = u/u,. For variable-property

Y
flows such as compressible boundary layer flow and supercritical fluid flow, fluid
density, dynamic viscosity and/or other flow properties are functions of temper-
ature and pressure. The classical law of the wall could fail. About 60 years ago,
Van Driest [158] derived a velocity transformation, commonly referred as van
Driest transformation:

at

_ p -
U :/ ()" 2dut, (20)
0 Pw

The performance of van Driest transformation has been assessed by various

experiments and DNS of different conditions. It works quite well for boundary
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conditions with adiabatic walls but less successful for flows with heat transfer
involved. Therefore, the development of new velocity transformations is urgently
required.

Patel et al. [160, 161] derived a semi-local transformation and tested it in
their designed DNS. This semi-local transformation is derived by equating the
turbulent momentum flux and the viscous stress to their incompressible coun-
terparts. Interestingly, this transformation is the same as the one derived by
Trettel and Larsson [170] at almost the same time, although Trettel and Lars-
son [170] intended for the compressible boundary-layer flow and used a slightly
different approach. The validity of the semi-local velocity transformation was
further proved using the setup as in Figure 24 with synthetic variable thermo-

physical properties. This semi-local scaling law reads as:

«_ YReZ
- h
. UVD y dRe* a
= T d
T /0 ( Rer dy )duvp (21)
Re* ReT V ﬁ/pw
T B/ Ty

where y* is the semi-local wall-normal coordinate, @* is the transformed ve-
locity and Re} is semi-local friction Reynolds number. The semi-local scaling
is proved to be quite useful on supercritical fluids. In the DNS test cases [161],
it is able to collapse velocity profiles as a function of the semi-local wall coor-
dinate despite of property gradients in the channel. Moreover, other turbulent
characteristics such as streamwise velocity streaks and quasistreamwise vortices
are also strongly governed by Re; and their dependence on the density and
viscosity profiles is minor.

More recently, Volpiani et al. [171] developed a data-driven velocity transfor-
mation with the assumption that the compressibility effect can be accounted for
by the variation of mean density and mean viscosity. The exponent parameters

are calibrated using DNS databases of adiabatic and diabatic boundary layers.
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formation. It is fundamentally distinct from previous methods, which have
presumed that compressibility influences both the viscous stress and Reynolds
shear stress through a single mechanism. In contrast, the present approach
handles the viscous stress by considering mean property variations through the
application of semi-local nondimensionalization. Meanwhile, it addresses the
Reynolds shear stress in a manner that preserves the approximate equilibrium

between turbulence production and dissipation.
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Bai et al. [173] conducted an evaluation of various velocity transformations
for non-canonical wall-bounded turbulent flows, including those involving su-
percritical fluids. The assessment encompasses four databases from different
groups (Wan et al. [168], Kawai [174], Toki et al. [175], Ma et al. [166]), which
can be categorized into two groups: the low-density ratio group (with a typical
density ratio of O(< 10), from Wan et al. [168] and Toki et al. [175]) and the
high-density ratio group (with a higher density ratio of O(20), from Ma et al.
[166] and Kawai [174]). The transformations were successful in collapsing the
mean velocity profiles in the low-density ratio group, with the best performance
achieved by the transformation proposed by Patel et al. [160]. However, in
the case of the high-density ratio group, none of the examined transformation

methods were able to collapse the profiles to match the incompressible reference.
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Figure 25 illustrates the results from one of the four assessments, with the
data from Kawai [174]. While all four transformations demonstrate a qualitative
agreement, the best performance is observed using the method of [171], though it
still falls short of success. The conditions under which these transformations are
successful appear to be limited to cases with a density ratio of O(< 10). In prac-
tical engineering applications involving transcritical fluids, large density ratios
on the order of O(10 ~ 100) and significant density fluctuations are frequently
encountered. Therefore, the development of advanced velocity transformations
that are suitable to these realistic conditions is both necessary and urgent [176].
An enhanced velocity transformation has the potential to significantly refine the
performance of turbulence modeling. This assertion has been demonstrated and
supported by the work of Patel et al. [177].

Analog to the velocity transformation, the temperature profile is also ex-
pected to follow a universal scaling behavior. Firstly, we define 6 = |T — T,,|
where T is the fluid temperature and T,, donates the wall temperature. Nor-

malization of 6 reads:

a gw w T ? T_Tw
9+:pCp7U:7:| |7 (24)

qW TT TT
with py, ¢p.w and Pr as the density and special heat capacity on the wall as
well as the Prandtl number. A general form of the temperature law of the wall

[179] can be expressed as:

0 = Pry™, in the viscous sublayer,

(25)
+

n _ 1 + S . . . .
¢ = .- Iny" + B(Pr), in the logarithmic (log) region,
gw = |AOT/0yly, denotes the wall heat flux and T; = ¢w/(pwepwtr) is the
friction temperature. Similar to the van Driest transformation of velocity, the
van Driest transformed temperature can be written as:
ot

ot _ _
—+ Cp —t
Bip = / (L2 gt (26)

Pw pr
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Figure 25: Validation of velocity transformation laws on the DNS data (5 cases) of Kawai
[174]: Van-Driest tranformation Van Driest [158] in (a), the transformation from Patel et al.
[160] in (b), the transformation from Volpiani et al. [171] in (c), the transformation from
Griffin et al. [172] in (d), and incompressible the zero-pressure-gradient boundary layer (black
dotted line) by Sillero et al. [178] as comparisons (reproduced from [173] with permission given

by AIAA)

Patel et al. [162] and Wan et al. [168] evaluated this transformation using
their own DNS studies, one employing synthetic properties and the other fo-
cusing on transcritical COs. Both studies found that the transformation did
not provide a satisfactory collapse. They concurred that this failure could be
attributed to the influence of near-wall property variations, which the transfor-
mation did not adequately account for. This evidence suggests that considering
only the mean density (p) and the mean specific heat at constant pressure (¢,)
is not enough to create an effective temperature transformation. An important
progress is the extended van Driest transformation derived from the low-Mach

energy equation by Patel et al. [162] and later by Wan et al. [168]. The extended
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van Driest transformation starts from the low-Mach-number Reynolds averaged

energy equation, with a final expression as:

—x Y 1
fcvp :/ ﬁd% (27)
0 f + Pr=

with the turbulent eddy conductivity oy = (—ﬁuﬁﬁ//) /(df/dy), the semi-
local Prandtl number is defined as Pr* = Pry(Gy/cpw) T/ ttw) N/ Aw)- ?eVD
has been seen with a reasonable collapse in the less-challenging cases Patel
et al. [162], Wan et al. [168] as well as an improvement in Guo et al. [167],
which has a density difference of (O(20). In all three tests, QVD exhibits a
Prandtl-number-dependent shift and a similar slope in the log-law region. To
eliminate the influence of local Prandtl number in the log regime, ?:VD can be
decomposed into two parts: 9;—,6\,1) with constant local Prandtl number Pr* =1
and local-Prandtl-number depend part 57*;.79/\,[)

s g

—x% —x% . —% Y 1
Oevp = 07 cvp + 0p oyp, With 07 yp = / @ dyp (28)
o (%+1)

By using the constant local Prandtl number part 9*776\,]3, a quite successful
temperature scaling has been proved by Patel et al. [162], Wan et al. [168] and
also a significant improvement in the full compressible DNS of Guo et al. [167].

The above temperature scaling laws are all derived from the energy equation
with the priori-assumed low-Mach condition, its validity could be questionable
since the compressibility of transcritical fluids even in low bulk Mach number
setup is not a clear issue. Therefore, Guo et al. [167] took a step forward and
developed a new temperature transformation within the same framework as
above. Guo et al. [167] derived the scaling law from the full compressible Navier-
Stokes equations rather than the low-Mach-number assumption as other scaling
laws. By analyzing the averaged energy flux equation obtained from DNS; it was
found that the pressure work u;0p/0z; is small enough to be neglected but the
contribution of viscous dissipation of kinetic energy W is significant. In
addition, the hypotheses of linear heat flux is found to restrict the performance

of the transformation and has also been replaced. This version of transformation
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can be considered as the state-of-art as it considers all possible physical processes

allowed by the energy equation:

gt Ldh g Ldh
a* Cp d 1. F Cp db
T P 7

In the validation, the constant-Prandtl number part 9;— shows a nearly-
universal scaling in all five cases. Further efforts are required to prove the
validity of this temperature scaling in other conditions, such as an engineering-

realistic density difference of O(100).

3.2. Insights into convective heat transfer via DNS

3.2.1. Heat transfer deterioration in the vertical pipe flow

SR

¥

Inflow genelrator Heated domain

Figure 26: Spatial developing pipe flow setup

Over the past two decades, numerous attempts have been made to predict
abnormal heat transfer through turbulence modeling [180]. Unfortunately, most
of these attempts have been successful only under specific conditions, and they
have failed to accurately reproduce the trends observed in heat transfer. DNS,
on the other hand, has shown the capacity to provide valuable insights into
the physics of flows within confined ranges of flow and heat transfer conditions
[78]. As the pioneer in this area, Bae et al. [88] designed and performed a
series of DNS for turbulent heat transfer to sCO5 and elucidated the effects of
buoyancy on turbulent heat transfer in a vertical tube as shown in Figure 26.

In their DNS, the wall temperatures for downward flow showed lower values
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than for upward flow and a local peak in temperature was observed in upward
flow, a characteristic of deteriorated heat transfer. Bae et al. [88] explained the
heat transfer deterioration with the very strong buoyancy forces due to density
variations. The velocity profile flattens out during the relaminarization. The
flow can recover with a new kind of turbulence with a further increase of the
buoyancy force, and the mean velocity profile acquires then an M-shape.

This setup has been inspiring many researchers and significant progress has
been achieved since then. From today’s perspective, the spatial resolution from
Bae et al. [88] (0.18 < Art < 5.34, A(RA)" ~ 9.41, Azt ~ 14.55 based on the
inlet velocity and properties) is insufficient. After the inlet, the bulk Reynolds
number goes higher since the bulk temperature rises due to the heat input.
Moreover, the thermal scales are expected to be much smaller than the Kol-
mogorov length scale since the Prandtl number is Pry = 3.19 at the inlet and
reach a maximum value of Pr = 14 for CO5 at the pseudo-critical tempera-
ture. The smallest thermal scale, i.e. the Batchelor scale has a relationship
of mg = n/v/Pr [181]. Thus, the mesh resolution in each direction to resolve
the temperature field should be approximately twice to four times as fine as
required to resolve the velocity field. For instance, in the DNS of Wan et al.
[168] and Nemati et al. [182], both showed the mesh resolution in each direc-
tion compared to the Batchelor scale A/ng, which could exceed A/ny > 10 in
the position where pseudo-critical temperature appears. This indicates a slight
under-resolution. However, this has only minimal influence on the first- and
second-order statistics such as mean wall temperature, as pointed out by the
grid independence studies by Nemati et al. [183], Cao et al. [184].

Given the rapid advancements in HPC resources, recent simulations can
now be performed with high-order methods or higher spatial resolution. As
such, a convincing validation usually serves as the initial step before delving
into scientific analysis. Although DNS is often regarded as the ground truth
or a numerical experiment, noticeable differences may exist between numerical
methods, spatial and temporal resolution, thermo-physical libraries, and other

factors. DNS of canonical turbulence cases, such as channel flow [185, 186], pipe
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flow [187], and turbulent boundary layers, generally exhibit a cohesive agreement
across different studies. However, the discrepancy between simulations tends to
increase with the complexity of the flow. In more intricate scenarios like multi-
phase turbulent flows [188, 189, 190, 191], reaching mutual agreement among
different simulations can be particularly challenging. Most existing DNS studies
of supercritical fluids have been validated using well-recognized experiments of
strongly heated air flow [192, 193, 194, 195], which also exhibit slight heat
transfer deterioration. However, these are typically considered less challenging
cases. A direct validation between experiments and DNS of supercritical fluids
remains rare, as the Reynolds number that DNS can cover is generally 1-2 orders

of magnitude lower than that in experimental settings.

Case name in | Pipe diameter heat flux Flow direction  convection type
Bae et al. [88] (mm) (kW /m?)

A 1 61.74 upward forced

B 1 61.74 upward mixed

C 2 30.87 upward mixed

E 1 30.87 downward mixed

F 2 30.87 downward mixed

H 2 61.74 upward mixed

Table 1: Validation cases, po = 8 MPa, Tp=301.15 K, Rep=5400

Bringing together all the available DNS for a comprehensive comparison
would indeed be a valuable contribution to the field, as such a detailed ex-
amination has not been conducted elsewhere. Such a unified reference could
become an essential tool for researchers, guiding future simulations, assisting in
the validation of new models, and fostering collaboration across the field. Table
1 details the simulation conditions for all six validation cases originally designed
by Bae et al. [88], and the reproduced results from different authors are depicted
in Figure 27. Among them, one case pertains to forced convection, while the

other five cases involve mixed convection, including three upward flowing in-
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stances and two downward cases. These simulations were later independently
performed by several research groups: Cao et al. [184], Nemati et al. [183], Chu
and Laurien [196], Nguyen et al. [197], each using different numerical methods,
as outlined in Table 2. All of the numerical solvers leveraged thermo-physical
properties extracted from NIST/PROPATH and implemented them as func-
tions of temperature. Generally, four of the solvers maintained second-order
accuracy in both space and time, whereas Nguyen et al. [197] utilized a high-
order spectral-element method known as NekRS [198], employing a polynomial
order of 7. To ensure a consistent foundation, all the DNS incorporated fully
developed turbulent flow at the inlet, validated against the standard metrics for

mean and fluctuation statistics.

Mesh resolution
Authors Solver Thermo library
rx6xz
Bae et al. [88] In-house 69 x 129 x 769 PROPATH
Cao et al. [184] CHAPSim 64 x 128 x 768 NIST
Chu and Laurien [196] | OpenFOAM [199] 168 x 172 x 2400 NIST
Nemati et al. [183] In-house 128 x 288 x 1728 REFPROP
Nguyen et al. [197] NekRS [198] 33 Mio. PROPATH

Table 2: Numerical details (partially) of five DNSs

It is notable that all simulations performed admirably in the validation
against the heated air flow simulation of [192]. However, the agreement with
supercritical COs flow, as depicted in Figure 27, is less successful. For the
cases exhibiting a monotonic trend of wall temperature (case A, B, E, F), the
wall temperature T,, in those simulations demonstrates a similar slope with
only minor differences. The best agreement across all the DNS is observed in
downward flowing cases . and F. On the other hand, the largest discrepancies
are found in upward flowing cases C and H, characterized by a non-monotonic
trend of wall temperature, i.e., the phase involving deteriorated heat transfer

and subsequent recovery. This side-by-side comparison highlights that the heat
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transfer of supercritical fluids is highly sensitive to the choice of discretization
methods and simulation details. This sensitivity makes it a far more complex
and demanding task than constant-property simulations or heat transfer with
mild property variation, such as with air. A blind benchmark with experimental
measurements could be extremely valuable in establishing a uniform standard
for the community, guiding future research, and ensuring more consistent and
reliable results.

Recently, Cao et al. [184] conducted an insightful, non-blind validation along-
side experiments from Wang et al. [200] at a low Reynolds number. The DNS
in their study was configured with parameters matching those in the exper-
iments, encompassing both upward and downward arrangements. Figure 28
illustrates a validation of the averaged wall temperature. Within the experi-
ment, the tube’s inside diameter measures 1 mm, and its outside diameter is
2 mm. Thermocouples measured the temperatures of the tube’s outer surface,
and the inner tube surface’s local temperatures were subsequently estimated.
This validation approach serves as a notable example of how experimental data
and computational simulations can be cohesively aligned, thereby enhancing our
understanding of complex thermal and flow phenomena. In general, the DNS
results show a commendable agreement with the experimental data across all
four considered cases. The trend of heat transfer deterioration, evident in cases
A and B, has been accurately captured. Interestingly, case A demonstrates a
better alignment with experimental results than case B, even though the wall
heat flux in case A is higher. This successful validation is quite encouraging,
indicating the potential for further exploration and refinement of DNS in under-
standing complex flow dynamics. The availability of this validation set, which
includes both experimental measurements and DNS, represents a valuable asset
for researchers and engineers in the field.

Until now, there is still debate about the causality of the heat transfer deteri-
oration. Longmire and Banuti [84] examined forced laminar convection of super-
critical CO4 over a flat plate, excluding factors like buoyancy or turbulence. The

paper demonstrated pseudoboiling as a sufficient physical mechanism to cause
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Figure 27: A comparison of wall temperature between DNSs from five groups (Bae et al.

[88], Cao et al. [184], Nemati et al. [183], Nguyen et al. [197], Chu and Laurien [196])

heat transfer deterioration, even without turbulence or buoyancy. The study

also observes the formation of a supercritical gas film at the wall, characterized

by low density, low thermal conductivity, high compressibility factor, and low

viscosity. These findings suggest that pseudoboiling is a sufficient mechanism

for heat transfer deterioration. In the turbulent regime, one theory may present
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Figure 28: Validation between DNS (Cao et al. [184], permission given by Camebridge Uni-

versity Press) in lines and experiments (Wang et al. [200]) with markers
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Figure 29: Iso-surfaces of streaks and vortex structures along the pipe of cooling; blue: low-
speed streaks; green: high-speed streaks. Reproduced from [201] with permission given by

American Institute of Physics

a plausible explanation. In a heated upward flow or cooled downward flow, a
flow relaminarization can appear which leads to the deteriorated heat transfer.
This observation has been confirmed by many DNS as well as experiments. The

flow development and heat transfer in a spatial-developing pipe can be divided
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into several stages:

I: In the vicinity of the wall, the fluid temperature rises past the pseudo-
critical point, while the bulk temperature remains below this threshold. This
vast discrepancy in thermo-physical properties exerts a profound influence on
the turbulent flow field. Specifically, the near-wall region’s density is much lower
than in the bulk region, resulting in a non-uniform body force that flattens
the mean velocity profile meaning a low velocity gradient and diminishes the
shear production from the mean flow. This effect can be seen in the shear
production term in the turbulent kinetic energy budget. Consequently, the
flow tends to become laminar, though turbulence may still be generated by
buoyancy production. Near the wall, elongated and stable streaks are formed,
largely driven by buoyancy production without any vorticity generation (see
Figure 29). These streaks maintain the streamwise fluctuation, but the radial
and circumferential fluctuations are notably weak. This rod-like turbulence,
characterized by one-dimensional fluctuation, has been vividly depicted through
the Anisotropy invariant map (AIM) [201, 202]. These elongated streaks stay
stable and therefore the generic Self-Sustaining Process in Shear Flows is broken.
The ability of a non-uniform body force to relaminarize turbulent flow has been
confirmed in various studies [203, 204, 205].

IT: As the flow progresses further downstream, it becomes distorted, forming
a M-shape velocity profile indicating a recovered velocity gradient and there-
fore shear production. In this region, turbulence begins to recover. The elon-
gated streaks generated in the relaminarization section turn unstable, leading
to the creation of turbulence spots [206]. Both buoyancy production and shear
production act as significant sources of turbulence generation in this complex
environment. Contrary to the monotonic velocity gradient typically seen in
constant-property turbulence, the M-shape velocity profile possesses both pos-
itive and negative velocity gradients, with an inflection point in between. This
means that both the shear production and turbulent fluctuation could exhibit
two peaks in the radial direction. The recovered turbulence, characterized by

an M-shape velocity profile, exhibits significant differences from the turbulence
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at the inlet. According to quadrant analysis, this unique form of turbulence
is dominated by Q1/Q3 events [201], in contrast to the traditional sweep and
ejection events (Q2/Q4) commonly observed in constant-property turbulence.

IIT: As the bulk fluid temperature crosses the pseudo-critical point due to the
constant input of heat flux, the variations in properties across the radial direc-
tion become less pronounced, and the non-uniformity of the body force dimin-
ishes. Consequently, the M-shape velocity profile begins to flatten again, lead-
ing to the possibility of secondary relaminarization and secondary heat transfer
deterioration. In most existing DNS, the pipe flow is not long enough to ob-
serve this phenomenon. However, in some DNS simulations with extreme pipe
lengths, such as a pipe of 75D as studied in [207], the secondary relaminariza-
tion and heat transfer deterioration can be observed. Interestingly, Zhao et al.
[207] also noted that the second instance of heat transfer deterioration is not as
pronounced as the first one.

IV: As the thermo-physical properties in the bulk of the flow approach those
in the near-wall region, the velocity profile, initially flattened for a second time,
will gradually return to a parabolic shape, typical of constant-property flow.
Consequently, the phenomena of secondary relaminarization and heat transfer
deterioration will dissipate. This evolution in flow characteristics underscores
the complex interplay between thermo-physical properties and flow behavior in
supercritical fluid systems.

The cause for the relaminarization and heat transfer deterioration could be
even more complicated. Among many, buoyancy is considered as the domi-
nant effect to alternate the heat transfer behavior. In the forced convection
condition where the buoyancy is absent, strongly-relaminarized flow and the
transition from the M-shape velocity profile have not been observed as the
mixed convection cases [208, 195, 201]. Instead, the wall temperature shows a
monotonic trend. One of the advantages of simulations is to artificially design
and control the thermo-physical properties. He et al. [208] designed a series of
DNS with one or more thermo-physical properties artificially frozen. The DNS

solely with the real density profile and constant other properties is still able
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to show the M-shape velocity profile and therefore the flow relaminarization
and recovery. On the other hand, keeping the density constant and remain the
other real properties can not do the same. This confirmed the dominant role
of the buoyancy effect brought by the density variance. Even though the heat
transfer deterioration is more frequently found in the mixed convection under
the strong influence of buoyancy, it should be also noted that sometimes heat
transfer deterioration occurs in the forced convection with a negligible buoyancy
effect [209].

In addition to the local buoyancy effect, the global thermal acceleration can
attenuate the heat transfer as well. The thermal acceleration is known as the
global flow acceleration driven by the temperature gradient in the axial direction
[210]. Tts interaction with the buoyancy effect belongs to the cornerstone of
the supercritical heat transfer. However, its impact is much weaker than the
buoyancy effect. Apart from density, viscosity p also plays a direct role in the
momentum equation. The rapid decrease in viscosity near the wall leads to a
reduction in skin friction, consequently accelerating the flow in this region. In
the DNS study with artificially combined thermo-physical properties, He et al.
[208] discovered that the effect of variable viscosity alone can lead to a reduction
in turbulence by flattening the velocity profile. However, this effect does not
suffice to transform the velocity profile into an M-shape; this transformation
can only be achieved through the influence of buoyancy.

Until now, there is no clear evidence of the exact cause of the deteriorated
heat transfer. The variance of density, viscosity, heat capacity, pseudo-boiling,
thermal acceleration, buoyancy and others are among the possible reasons. A
potential way to quantify this systematically is to use the causality analysis in
the framework of information theory. Traditionally, causal inference has been
reduced to analyzing the time correlation between pairs of signals. However, this
approach is flawed, as correlation does not possess the necessary directionality
and asymmetry to definitively establish causation. Granger’s 1969 test [211]
sought to address this by assessing causality through the statistical utility of

one time signal to predict another. Despite this advancement, concerns remain
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about assumptions related to the joint statistical distribution of data and the
applicability of Granger causality to highly nonlinear systems. Recent efforts
to mitigate these issues have shifted focus to information-theoretic measures of
causality. The concept of transfer entropy was proposed by Schreiber [212] as
an effective approach to evaluate the directional information transfer between a
source signal and a target signal. The transfer entropy measures the information
contained in the source about the next state of the target that was not already
contained in the target’s past. This allows one to differentiate the direction of
the information flux, and can therefore be used to quantify causal interactions.
Recently, Lozano-Durdn et al. [213, 214], Wang et al. [215, 216], Liu et al.
[191, 190] highlighted the importance of causal inference in fluid mechanics and
proposed leveraging information-theoretic metrics to explore causality in various

scenarios.

3.2.2. Flow and heat transfer in complex geometries and boundary conditions
Certainly, a vertical circular pipe with uniform heat flux is the most repre-
sentative configuration for studying the heat transfer behavior of supercritical
fluids. However, in practical applications such as printed circular heat exchang-
ers (PCHE), additional geometrical complexities such as non-circular channels,
non-uniform heat flux, and horizontal alignment often arise. It is not difficult
to imagine that the introduction of these complex boundary conditions will sig-
nificantly alter the flow and heat transfer characteristics, especially since fluids
near the critical point are highly sensitive to even small changes. Over the
last decade, substantial progress has been made in understanding these com-
plex geometries and boundary conditions. Many intriguing findings have been
reported, providing valuable insights for engineering design and further expand-
ing the scope of our understanding of supercritical fluid dynamics. However, the
introductions here mainly focused on the high-fidelity simulations with DNS.
Nemati et al. [182] conducted a comparison between using constant heat
flux as a boundary condition and employing averaged constant wall temper-

ature as the boundary condition under forced convection. They found that
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suppressing temperature fluctuations at the wall led to a 7% reduction in the
Nusselt number. Conversely, allowing temperature fluctuations resulted in large
property variations near the wall, triggering an increase in wall-normal velocity
fluctuations and thereby enhancing overall heat flux and skin friction. He et al.
[217] investigated the effect of conjugate heat transfer demonstrating that the
inclusion of solid pipe wall conduction in the computational model dampened
enthalpy fluctuations near the wall and caused uneven distribution of wall heat
flux. These changes had minimal impact on flow development and turbulence
but led to differences in heat transfer at the flow’s early stage. When considering
the thermal conduction of the solid wall, the Nusselt number exhibited a stronger
laminar contribution and a weaker turbulent contribution. This resulted in a
larger Nu at an early stage and a lower Nu at a later stage compared to the
flow case without a solid wall. Pucciarelli and Ambrosini [218] presented the
findings from LES analyses regarding the influence of conjugate heat transfer.
Specifically, the presence of a wall with realistic properties strongly dampens
the large temperature and fluid property fluctuations that occur when imposing
constant heat flux. Therefore, contrary to fluids in standard conditions, heat
transfer to supercritical fluids appears to depend on the actual coupling between
the fluid and the wall, adding another layer of complexity to an already chal-
lenging subject. The design of applications such as PCHE may require various
arrangements of pipes or channels, including horizontal flows and inclined an-
gles. While buoyancy plays a significant role in vertical flow, it is also expected
to greatly influence horizontal flows and flows at other incline angles. Building
on previous DNS of vertical flows [196], Chu and Laurien [219] unveiled new
DNS results concerning horizontal pipe arrangements. Here, the density differ-
ence across the pseudo-critical point gives rise to strong flow stratification (as
illustrated in Figure 30), with low-density hot fluid located in the upper layer
and high-density cold fluid in the lower layer, separated by a layer with high spe-
cific heat capacity. Such stratification is driven by buoyancy-induced secondary
flow from Dean vortices, resulting in a temperature difference between the upper

and lower parts that is significantly larger than in vertical flows with the same
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setup. This information is invaluable for heat exchanger design. Furthermore,
Wang et al. [220] conducted DNS to investigate the underlying characteristics
of turbulence and heat transfer in supercritical fluid flowing between two dif-
ferentially heated parallel plates. By examining both forced and mixed convec-
tion, they sought to understand the effects of buoyancy and variable properties
on stably-stratified horizontal flow. Their findings revealed that the variable
property effect contributed to turbulence deterioration near the cold wall, but
increased turbulence stress near the hot wall. While direct buoyancy effects
tended to dampen turbulence throughout the channel, indirect buoyancy effects
fostered flow laminarization near the cold wall and enhanced turbulence near
the hot wall. Interestingly, the net buoyancy effect near the hot wall was found
to be negligible, as competing direct and indirect effects canceled each other
out. Overall, the turbulence behavior near the hot wall was largely governed by
the variable property effect, while the wall heat flux was significantly reduced

by buoyancy but less influenced by property variation.
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Figure 30: DNS of a heated horizontal pipe flow, reproduced from [219] with permission given

by Elsevier

Due to manufacturing reasons, the channels in PCHE are usually semicir-
cular rather than circular. The semicircular cross-section is featured with two
additional corners which are similar to the duct flow. Wang et al. [221] per-
formed DNS of a horizontal semicircular duct with a diameter of D = 2 mm
corresponding to a hydraulic diameter of D = 1.22 mm, which is close to that of
a typical PCHE channel. The flat wall and curved wall are both imposed with
a constant heat flux. In the typical semicircular configuration (top flat-wall),

the wall temperature was highest at the corner, which is known as the “corner
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effect” (Figure 31). The second highest temperature is observed at the top wall
owing to the buoyancy effect. The secondary flow as in the horizontal circu-
lar pipe [219] was also seen here. In the top curved-wall configuration (Figure
31), the temperature at the top flat wall was the highest. In both horizontal

configurations, the thermal stratification and secondary flow are obvious.
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Figure 31: DNS of a heated horizontal semicircular pipe flow, reproduced from [221] with

permission given by Elsevier

The effect of non-uniformity of wall heat flux has been studied by Pandey
and Laurien [222]. They performed DNS of vertical circular pipe flow with
both axial and circumferential varying heat flux. It has been found that the
circumferential heat flux induces the thermal stratification which resulted in a

higher wall temperature at one side where heat flux was maximum.

3.2.8. Flow relaminarization and stablization brought by non-uniform body force

The numerous DNS results in the previous section provided evidence that
the buoyancy-induced non-uniform body force flow can flatten the velocity pro-
file leading to relaminarization and subsequently to heat transfer deterioration.
This complex setup can be simplified using constant-property incompressible
Navier-Stokes equations without the energy equation, and by including an ad-
ditional body force term in the momentum equation to simulate the non-uniform
body force caused by buoyancy, as illustrated by the linear change of body force
in Figure 32 [203, 205]. In fact, He et al. [203] designed four different types
of body force, including stepwise and linear changes, all of which were able to

reduce turbulence and cause the flow to relaminarize.
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Figure 32: (a):Density variation observed in DNS of Pandey et al. [201], (b):designed non-
uniform body force by Pandey et al. [205]. Reproduced with permission given by American
Physical Society.

Applying non-uniform body force in a fully-developed wall-bounded turbu-
lent flow can reproduce the fluid phenomena in the heated supercritical fluids.
Various intensity of the non-uniform body force leads to flattened mean velocity
profile or M-shape velocity profile corresponding to partially relaminarize, fully
relaminarize or even recover the turbulence respectively. This again confirms
the dominant role of the buoyancy in the heat transfer of supercritical fluid.
Furthermore, He et al. [203] introduced their new insights into the influence
of non-uniform body force on turbulence and named with author’s initials as
"HHS”. The idea of "HHS” is based on the body-force influenced flow behaves
in the same way as the the equal pressure gradient flow and relaminarisation
occurs when the apparent Reynolds number Re; yus = ur nusR/v drops below
a certain threshold where turbulence cannot be sustained any more. The new
definition of the apparent friction velocity u, yus = \/m relies on the wall
friction 7, from the equal pressure gradient reference from the bulk instead of
the measured 7, on the wall.

The interest to the relaminarized turbulent flow by the flattened velocity pro-
file attracts broader interests than the supercritical fluids community. Kiihnen
et al. [204] from Institute of Science and Technology Austria designed the pipe

flow facility and the corresponding DNS to investigate the spatial development
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of the pipe turbulence under the influence of non-uniform body force. One of
the approach to introduce non-uniform body force is the axial injection at a
certain location. They observed a stabilization of the turbulent field when the

velocity profile becomes flat (Figure 33).
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Figure 33: Experimental measurement of relaminarization by the non-uniform body force

Kiihnen et al. [204], reproduced with permission given by Springer Nature

In wall-bounded turbulent flow, continuous energy transfer from the mean
shear to smaller eddy motions is necessary to maintain turbulence. A critical
aspect of this process is the interaction between streamwise vortices and streaks.
The role of streamwise vortices is to elevate low-velocity fluid from the wall
and transport it towards the center, a phenomenon referred to as the lift-up
mechanism. This mechanism, which is rooted in the non-normality of the linear
Navier—Stokes operator [223], is a primary contributor to energy growth in shear
flows. Its significance is often quantified by transient growth calculations. In
the study by Kiihnen et al. [204], transient growth was computed for flattened
flow profiles in DNS, revealing that transient growth monotonically declines
as the velocity profile becomes flatter, reaching its minimum value just before
turbulence collapses. In general, the flatter the velocity profile, the more the
interaction between streaks and vortices is suppressed, thereby reducing the

capability of the flow to sustain turbulence.
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4. Flow instability and laminar-turbulent transition

Emerging applications involve flows that are not fully turbulent. In such con-
siderations, one must take the laminar-turbulent transition into account. The
flow stability analysis thus helps to understand the mechanisms and further
build transition prediction models whose objective is to minimize uncertainties
in designing purposes. A comparatively accepted transition route is shown in
Figure 34. As can be seen, transition is associated with various mechanisms
(receptivity, eigenmode growth, transient growth, nonlinear interactions and
bypass mechanisms), whose route depends on environmental disturbance levels.
Due to its high complexity and sensitivity to various parameters, flow instability
and transition have remained an enduring research topic even in the framework
of ideal-gas assumption. Readers are referred to contemporary reviews cover-
ing viscosity-stratification [224], bypass transition & modeling [225], nonlinear

theories [226, 227], chemical reactions [228] and hypersonic flows [229].
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Figure 34: The route leading to turbulence. Reproduced from [230] with permission given by

American Physical Society.

4.1. Flow stability theory and its extension to non-ideal fluids

Modern hydrodynamic stability theory commonly dates back to the setup
of O. Reynolds in 1883 [231], where laminar-turbulent transitions in a pipe flow

were experimentally investigated. From a contemporary perspective, the initial
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step toward turbulence begins with the receptivity stage [232]: the penetra-
tion of perturbations from the outside or border of the boundary layers. Once
excited, perturbations in the boundary layer may experience transient growth
mathematically due to the non-normality of the stability operator [233]. The
more vigorous growth amounts to the eigenmode growth [234], which usually
causes a significant accumulation of the growth rate and disturbance energy,
based on which the N-factor is obtained, enabling engineering transition pre-
diction [235, 236]. Beyond the linear eigenmode or transient growth, the larger
perturbation scales break down and build a typical turbulent energy cascade fol-
lowing nonlinear interaction or bypass mechanisms. In boundary layer flows of
ideal gases, the unstable eigenmode (the Tollmien—Schlichting wave) is respon-
sible for the transition in the subsonic or modest supersonic regimes. In the
hypersonic regime, there are additionally multiple modes involved, commonly
referred to as Mack’s second mode. The reason is due to the metamorphosis of
governing equation’s nature as shown by Mack [237]. Mack’s second mode plays
a decisive role in the laminar-to-turbulent transition of an insulating boundary
layer for Mach numbers greater than 4. For flows of higher Mach numbers,
the real gas effects become influential, therefore, received increasing engage-
ment since the 1990s [238, 239], addressing the physics of high-enthalpy flow
encountered [240], for example, during high-speed re-entry. However, for non-
ideal gases such as supercritical fluid flow, the knowledge about the mechanism
of laminar-turbulent transition is still minimal. Only until quite recently have
some researchers started to reach this area and revealed interesting new physics.

Naturally, the stability equations are derived by subtracting governing equa-
tions for the perturbed and laminar base flow (both satisfy the N-S equations).
Note that the framework remains analogous to ideal fluids, but the coupling with
thermodynamics shall be adequately accounted for. Without loss of generality,

the stability equation reads

(—iwlt + LyD +iBLy + Lg + VyyD* + i8Vy:D — 3°Vzz) g
= (ﬁ VXZ - ZvaD - 'LLx) 7 + 062 Vqu, (30)
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where the perturbation vector ¢ = (p’,u’,v’,w’, T')T. In addition to the veloc-
ity perturbation, one may choose any two non-trivial thermodynamic variables
(e.g., pressure, density, temperature, internal energy, to name a few) depicting
the thermodynamic state to define the perturbation vector q. In addition, the
analytical equation-of-state and viscosity/thermal conductivity law may not be
present. In such circumstances, it calls for implementing lookup tables based
on a trusted database. According to the state postulate for a simple compress-
ible system, the dependence of thermodynamic and transport properties (e.g.,
viscosity) and their perturbations are functions of two primary thermodynamic
variables (e.g., density and temperature). As a result, the non-ideality of the
stability problem is delivered in the stability matrix L, V (see Ren et al. [241])

and nonlinear terms N.

4.2. Results for canonical flows

In early 2019, the first knowledge of Poiseuille flows’ linear stabilities with
highly non-ideal fluids (supercritical CO5 at 80 bar) was brought by Ren et al.
[241]. A strong influence of fluid properties on the linear stability of these flows
was demonstrated. The results show that the flow is more unstable in the sub-
critical (relative to the Widom line) regime compared to an ideal gas in the
same conditions but less unstable in the supercritical regime. In the transcrit-
ical regime, the flow turns inviscid unstable. Additionally, the authors showed
that except for the transcritical regime, the linear stability analysis with sim-
ple cubic EoS (The van der Waals, Redlich—-Kwong and Peng—Robinson) gives
qualitatively similar results to using the more accurate multi-parameter EoS
implemented in the REFPROP library. In the following study, Ren et al. [242]
have extended these results for the first time to boundary layer flows near the
pseudo-critical point. Depending on the free-stream temperature T, (with adi-
abatic wall) and the Eckert number Ece, = uZ /(cp.00Ts) that determines the
viscous heating, the boundary-layer temperature profile was divided into sub-,
trans- or supercritical regimes (Figure 35). The stability analysis showed that

the non-ideal-gas exhibit a stabilization influence in the subcritical or supercrit-
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ical regime, as shown in Figure 35.
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Figure 35: Summary of stability analysis results from Ren et al. [242]. Horizontal line segments
stand for the temperature range of the base flow for each case. The red vertical line shows
the pseudo-critical temperature Tp. = 307.7 K. For instance, the case name T220 denotes a
freestrem temperature of Too = 220 K. Four line colors indicates four different Eckert number
(viscous heating). Reproduced from [242] with permission given by Cambridge University

Press.

An exciting discovery was made in the transcritical regime. The flow is
extremely destabilized due to the co-existence of dual unstable modes: Mode
I, related to viscous Tollmien—Schlichting instability and Mode II, a new in-
viscid mode with a tremendous growth rate (Figure 36). Mode II does not
exist in the sub- and supercritical regimes. Only Mode I drives the instabil-
ities: viscous and two-dimensional for the subcritical regime and inflectional
and three-dimensional for the supercritical regime [243]. In addition, Ren et al.
[242] showed that Mode II is not connected to Mack’s second mode [237] since
the Mach number relative to perturbations’ phase velocity is not supersonic in
the transcritical regime, which is a necessary condition to change the nature of
the stability equation thus supporting acoustic modes. The work of Ren et al.
[241, 242] presents intriguing perspectives on the study of transcritical fluids.
In particular, the dual-mode instability exhibits dramatic instability and may
act as a catalyst for the transition to turbulent flows.

More recently, Ly and Thme [244] found that the coupling of Widom-line
transition and binary mixing-layer instabilities (e.g., in fuel injection systems)

leads to a destabilised novel thermodynamical instability that bears striking
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Figure 36: The onset of Mode II in a boundary layer flow with transcritical COg at p = 8
MPa. Growth rates (in color) of perturbations in the F'—Reg stability diagram with subcritical
free-stream temperatures of T3, = 280 K, the horizontal axis is the boundary layer Reynolds
number based on boundary Res = pootood/ oo With boundary layer thickness 6. Reproduced

from [242] with permission given by Cambridge University Press.

analogies with the dual-mode instability behaviour in boundary-layer flows [242].
An intuitive observation is a competition between a backward- and a forward-
travelling eigenmode, where the former represents the thermodynamically in-
duced instability. In addition to Widom line transition, the binary mixing flows
gives contradictory results compared to supercritical single-species mixing layers
when examining the influence of reduced pressure. The study provides essen-
tial theoretical foundations for applications with binary mixtures, commonly
encountered in fuel injection systems.

In addition, Rinaldi et al. [245] studied linear stability of buffer layer streaks
in turbulent channels with synthetic properties: variable density and viscosity
as in the DNS of Patel et al. [160, 161]. The mean velocity profile from this
DNS is taken as the base flow for the linear stability analysis. The study aims
to investigate the linear stability of buffer layer streaks under the condition
of variable properties rather than laminar-turbulent transition. The semi-local

scaling developed by Patel et al. [160, 161] provides an effective parametrization
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of the effect of variable properties on optimal streaks and their critical mode of
secondary instability calculated using the linear theory.

New knowledge also extends to three-dimensional boundary layer flows [246,
247]. Towards the goal of a cleaner sky, crossflow (CF) instability that rises
on wing surfaces of aircraft has attracted persisting research forces since the
1990s. Understanding and controlling CF instability are essential to achieving
laminar flow control and drag reduction. Physically, the instability is caused by
a secondary inflectional flow profile perpendicular to the potential-flow direction,
that balances the pressure gradient and centrifugal force inside the boundary
layer. CF instability typically happens in e.g. a swept flow in the favourable
pressure gradient region of a wing surface. Three dimensional boundary layers
were investigated with ideal gas assumption due to its early focus on aeroplanes.
Recent study indicates that a strong coupling between pseudo-boiling and the
linear instability can completely change its nature of instability from cross-flow
mode to inviscid T-S mode.

As shown in figure 37, in the transcritical regime a changeover of the dom-
inating instability mechanism from CF to inviscid TS type appears here for
the wall cooling case. The maximum growth rate of the inviscid TS instability,
raised by an inflection point in the streamwise-velocity profile, is one order of
magnitude larger than the CF mode rate despite the flow acceleration. The
strong instability will lead to a rapid flow transition and must be avoided if
possibly long laminar flow is sought. The scenario resembles somewhat the sit-
uation with an ideal fluid with a CF boundary layer and sudden strong flow
deceleration by an adverse pressure gradient, leading to flow separation. With
the non-ideal fluid considered here, just a slight wall cooling in the transcritical
regime does it.

The new physics observed in recent studies has spurred efforts to elucidate
the underlying mechanisms. The work of Bugeat et al. [249] represents an
advancement in this domain, revealing that within stratified plane Couette flow,
the presence of a minimum kinematic viscosity in the baseflow profile induces a

generalized inflection point, satisfying Fjgrtoft’s generalized inviscid instability
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5.24 and 7.33. Reproduced from [248] with permission given by Cambridge University Press.

criterion.

Boldini et al. [250] investigated the non-modal growth of perturbations. By
eliminating the pressure-work term, they defined a new energy norm under
which the growth of perturbation energy is considered. In non-transcritical
regimes, the optimal perturbations are identified as streamwise-elongated streaks
resulting from the lift-up mechanism, similar to what is observed in an ideal gas.
When the temperature becomes transcritical under wall heating, the optimal en-
ergy growth arises from an interplay between the lift-up and Orr mechanisms
due to the additional presence of the inviscid Mode II. The most significant
change occurs with wall cooling across the Widom line, where energy amplifi-
cation is significantly enhanced by streamwise-independent optimal disturbance
structures.

From the above research, it is evident that new instability mechanisms

emerge when the temperature crosses the Widom line, particularly with wall
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cooling (if a wall is present). Significant portions of flow theory, such as linear
modal/non-modal and inviscid theories, have been extended to non-ideal fluids.
The results obtained thus far primarily pertain to canonical flows and remain
within the linear framework. Future work is necessary to explore the nonlinear

regime, model the transition, and apply these findings to complex geometries.

5. Modeling of turbulence and heat transfer and the involvement of

data-driven approaches

5.1. Progress in RANS modeling

Even though computational power has been increasing for a long time, mak-
ing DNS more accessible, turbulence modeling remains the most suitable ap-
proach for engineering applications. However, there is a common consensus
within the community that the existing Reynolds-averaged Navier—Stokes equa-
tions (RANS) models are not reliable in predicting the heat transfer of super-
critical fluids [180, 78, 251, 252]. This is certainly not a surprise, considering
the observable discrepancy published in simulations without any models (DNS)
among different groups. Even in fluids with constant thermo-physical proper-
ties, standard RANS models tend to fail under conditions of transition and flow
separation. The emergence of flow relaminarization and transition poses fur-
ther challenges, in addition to dealing with complex supercritical properties. In
2008, He et al. [180] conducted a comprehensive assessment of the performance
of RANS models, utilizing the very first DNS data from Bae et al. [88]. They
concluded that none of the tested models were capable of accurately predicting
the results derived from DNS. This conclusion was highlighted in a well-known
review by Yoo [78], published approximately a decade ago. Since that time,
there has been a recognition of the need for more DNS data to better under-
stand the flow physics and to support improvements in modeling. In 2016, Ro-
hde et al. [251] organized a blind numerical benchmark focusing on supercritical
water heat transfer experiments in a 7-Rod Bundle. This initiative, undertaken

by the Gen-IV International Forum, aimed to demonstrate the predictive ca-
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pability of the currently available models in real-life applications. The findings
concluded that none of the numerical simulations were able to accurately pre-
dict the wall temperature in the test case where a deterioration of heat transfer
was observed.

Modeling the heat transfer of supercritical fluids continues to be a chal-
lenging task, yet some progress has been made recently. Bae [253] modeled
the turbulent Prandtl number, Pr;, as a function of thermo-physical proper-
ties. Utilizing the mixing length theory, he derived the Reynolds stress and
turbulent heat flux, taking into account density variation, which led to a mod-
ified Pr;. In subsequent research, Bae et al. [254] explained that during the
relaminarization-transition stage, the effective viscous sublayer thickness is not
constant but varies as a function of buoyancy effects. Consequently, a new
function was derived for the viscous sublayer thickness, taking into account
the deformation of the turbulent boundary layer. Tang et al. [255] employed a
similar approach aimed at developing an alternative expression for the turbu-
lent Prandtl number, Pr;. However, the modeling of Pr; tends more towards
empirical methods rather than physical ones.

An alternative method to enhance modeling performance involves advanced
modeling of turbulent heat flux. Many studies have utilized the Algebraic Heat
Flux Model (AHFM) proposed by Launder [256], which serves as a replacement
for both the Simple Gradient Diffusion Hypothesis (SGDH) and the Generalized
Gradient Diffusion Hypothesis (GGDH) models. The AHFM is derived from a

detailed analysis of the exact transport equation for turbulent heat flux, u;7":

_ T ___ou
w T = _Ctg Cruju) 0 +(1- Ctz)u;'TlgUl,
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This model simplifies the balance equation of turbulent heat flux into a steady-
state algebraic form, thereby obviating the need for a turbulent Prandtl num-
ber. This approach necessitates the definition of four coefficients and requires
the computation of the temperature variance distribution. Consequently, it in-
creases computational demands by requiring two additional partial differential

equations to calculate this variable and its dissipation rate.
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The first term on the right-hand side is identical to that in the GGDH model,
whereas the second term adjusts the ratio of the flux in different directions, and
the third term models the buoyancy effect. The four constant parameters are
defined differently by various authors. Several studies have confirmed the en-
hanced performance offered by the AHFM. Zhang et al. [257] demonstrated that
the AHFM model is superior in calculating the buoyancy term compared to the
SGDH and GGDH models, which consistently underestimate this term. Xiong
and Cheng [258] reported even further improvements with the use of the Elliptic
Blending-Algebraic Flux Model. Pucciarelli et al. [259] implemented the AHFM
in commercial code and found that the calculated wall temperature values are
generally well reproduced. Pucciarelli and Ambrosini [260] further tested the
AHFM across a wide range of experimental cases involving supercritical carbon
dioxide, with operating conditions that included both high and low mass flux
values and ranged from relatively low inlet temperatures to values exceeding
the pseudocritical threshold. The model successfully replicated several intrigu-
ing aspects observed in the experimental data, accurately forecasting the trends
of wall temperature both qualitatively and quantitatively.

In addition to the studies based on AHFM, Li et al. [261] developed a novel
non-linear eddy viscosity turbulence model, deriving from the AKN k — ¢ low
Reynolds-number model. Unlike the linear Boussinesq approximation for eddy
viscosity, this model represents the Reynolds stress tensor as a quadratic func-
tion of a set of integrity bases derived from the strain rate tensor and the rotation
tensor [262]. Furthermore, this non-linear eddy viscosity model incorporates a
new pressure strain model, which includes both rapid and slow components,
aligning with the principles of Reynolds stress transport modeling to account
for the non-equilibrium effects of Reynolds stress transport. By integrating the
pressure strain model with the non-linear Reynolds stress constitutive equation,
modified values for the eddy viscosity, ¢, and the turbulent Prandtl number,
Pry, are derived. Ultimately, the modified model was tested across 10 experi-
mental and DNS data cases, demonstrating significant improvements over the

baseline model in terms of wall temperature predictions and other turbulent
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statistics.

Pecnik and Patel [163] made a fundamental and systematic contribution
to the modeling. They utilized the key finding from their DNS [160, 161]: a
semi-local scaling equation system for turbulence modeling. They derived an
alternative form of the TKE equation based on semi-local scaling and demon-
strated that if a turbulence model is solved in the semi-local scaling form, in-
stead of its conventional form, there is an excellent agreement with the DNS
data [160, 161]. In the subsequent study, Patel et al. [177] tested the semi-local
scaling approach on five different turbulence models: the eddy viscosity correla-
tion of Cess, the one-equation model of Spalart-Allmaras (SA), the k—e model of
Myong and Kasagi (MK), Menter’s shear stress transport model (SST), and the
four-equation v2 — f model (V2F). The agreement with results obtained by DNS
shows that the modification significantly improves the results of eddy viscosity
models for fluids with variable transport properties. It should be noted, however,
that these validations were based on channel flow with synthetic thermo-physical
properties, avoiding the complexities of deteriorated heat transfer, which is less
challenging than real properties.

In recent years, machine learning has been successfully applied in the fields
of fluid mechanics and heat transfer, thanks to its inherent ability to learn from
complex data [264, 265, 266, 189]. This approach can be customized for various
applications to optimize computational resource usage and minimize the risk of
overfitting. Currently, different types of neural networks have led to state-of-
the-art accuracy in challenging domains such as computer vision and natural
language processing. Over the past decade, a key factor behind the success
of deep learning has been the ability of neural networks to represent general
non-linear functions, while providing multiple alternatives for fine-tuning their
design. Notable works in applying deep learning to CFD include the study of
Ling et al. [267], who developed deep neural networks to model turbulence with
embedded Galilean invariance. Despite the wealth of recent research, substantial
investigation is still required regarding the implementation of machine learning

in the realm of CFD. Furthermore, there is a need for the development of rich
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datasets to explore turbulence under complex conditions. Sanhueza et al. [268]
introduced a field inversion machine learning (FIML) approach [269] to improve
predictions of RANS turbulence models in channel flows with varying thermo-
physical properties. The approach includes efficient optimization routines for
field inversion within CFD and a unique neural network architecture with log-
arithmic and hyperbolic tangent neurons for numerical stability. A weighted
relaxation factor methodology refines predictions, and L2 regularization mini-
mizes overfitting. Utilizing K-fold cross-validation, the model significantly re-
duced the L-infinity modeling error on the velocity profile from 23.4% to 4.0%
in successful cases. The study concludes that this method offers a valid al-
ternative for enhancing RANS models without introducing prior assumptions.
Cao et al. [263] proposed an innovative approach to modeling through a com-
bination of direct turbulent production models and indirect transport closures
utilizing deep neural networks (DNN). An iterative framework involving DNS-
DNN-RANS is introduced, incorporating prior physics knowledge and feature
engineering strategies. By employing machine learning algorithms to modify
the low Reynolds number k — & model, the study successfully validates the new

model against DNS and experimental data for upward pipe flows.

5.2. LES approach

Due to the low fidelity of RANS, LES is considered as the future turbulence
modeling approach [270], though at the expense of increased computational de-
mand. Specifically, wall-modeled LES, combined with modern heterogeneous
HPC systems, is becoming increasingly viable for industrial applications, such
as aerodynamic design [271]. For a considerable period, LES has been regarded
as having the potential to supplant RANS in industrial applications, contin-
gent upon the continued growth of computational power. LES strikes a balance
between accuracy and computational cost by not resolving the smallest scales
of turbulence, thereby offering a practical compromise for complex flow sim-
ulations. In our domain of application, efforts have been made to leverage

LES alongside the widespread implementation of RANS modeling. Ni¢eno and

84



Sharabi [272] pioneered the use of LES for turbulent heat transfer in water at
supercritical pressures, employing a standard Smagorinsky sub-grid model. In
both upward and downward flows, the wall temperatures demonstrated quali-
tative agreement with experimental measurements. Pucciarelli and Ambrosini
[273] conducted LES analyses incorporating conjugate heat transfer. The com-
mercial solver STAR-CCM+ [274], in conjunction with the Wall-Adapting Local
Eddy-viscosity (WALE) subgrid model [275], was employed. The analyses re-
vealed a more pronounced heat transfer deterioration phenomenon in the case
that accounted for conjugate heat transfer. Nabil and Rattner [276] conducted a
LES on supercritical COy convection within microchannels, focusing on nonuni-
form heat fluxes. The investigation employed OpenFOAM [199] as the solver,
with the WALE subgrid model being utilized. The geometry of microchannels
closely mirrors that of a typical heat exchanger, thereby underscoring the im-
portance of utilizing high-fidelity LES in this context. Such application of LES
offers a compelling demonstration of its utility in practical engineering scenarios.
In subsequent research, Alkandari and Rattner [277] employed the same numer-
ical method to simulate an impinging jet of supercritical CO5. They found that
heat transfer deterioration was most pronounced in the stagnation zone, with its
relative magnitude decreasing more sharply downstream in turbulent flows than
in laminar flows. Intriguingly, an enhancement in heat transfer was observed
when the temperatures at both the jet inlet and the impingement plate were
situated at opposite ends of the pseudo-critical temperature range. Xie and Xie
[278] assessed heat transfer deterioration to supercritical CO5 via LES. The wall
temperature in the LES shows excellent consistency with the DNS data. Wang
et al. [279] introduced their LES solver framework with the WALE subgrid model
and used it to simulate a vertical pipe with supercritical water flow. Later, they
[280] used this numerical method on a square subchannel. Indelicato et al. [281]
presented wall-resolved LES of cryogenic hydrogen at supercritical pressure with
varying wall heat fluxes. This dataset is poised to serve as a pivotal reference
for the development of wall functions under trans- and supercritical conditions,

which are prevalent in liquid rocket engine applications. The study encom-
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passes a comprehensive validation and grid-convergence analysis, alongside an
in-depth examination of axial, radial, and azimuthal refinements. Additionally,
it conducts a parametric analysis with a focus on turbulent pseudoboiling. No-
table outcomes highlight a significant increase in wall temperature correlating
with heat flux, a phenomenon attributed to a pseudochange in the core flow
phase. Furthermore, the research provides valuable insights into the interplay
between turbulent pseudoboiling and near-wall gradients. Moreover, Indelicato
and Creta [282] explored the application of an algebraic equilibrium wall func-
tion to supercritical conditions, highlighting its potential to significantly reduce
computational costs compared to wall-resolved LES. The research primarily as-
sesses the efficacy of existing algebraic wall functions through a systematic anal-
ysis, leveraging a wall-resolved LES database [281] of cryogenic para-hydrogen
flow in a heated pipe under supercritical pressure. The findings indicate that the
model tends to overestimate wall temperatures and slightly underestimate skin
friction velocity as heat flux increases. The investigation delves into the under-
lying causes of these discrepancies, scrutinizing the equilibrium boundary layer
hypothesis, the applicability of the Van Driest transformation for stratified su-
percritical flows, and the implications of the ideal-gas assumption in the original
model formulation. To enhance the model’s adaptability across different Equa-
tions of State (EOS), a thermodynamic correction is proposed. Although this
adjustment leads to improved predictions, notable deviations persist. These
discrepancies are primarily attributed to the equilibrium assumption and the
limitations of the Van Driest transformation, particularly under conditions of
increasing stratification, which introduce errors that vary by specific percent-
ages depending on the case. Further analysis into recent transformations for
variable property flows also uncovers similar constraints.

Compared to the situation a decade ago [78], notable progress has been
achieved in enhancing RANS and LES modeling. At that time [78], the lim-
itations of existing RANS models were well-recognized, yet the path to im-
provement remained uncertain. Since then, the adoption of AFHM [260] and

the non-linear eddy viscosity model [261] has demonstrated significant benefits
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over preceding models. Furthermore, the integration of physics-informed ma-
chine learning presents promising opportunities for future advancements. De-
spite these innovations, a universally accepted model that achieves comprehen-
sive success across all applications has yet to emerge. An updated blind test
between various models such as the one from Rohde et al. [251] could be ex-
tremely helpful. Moreover, the validation of these RANS models is often based
on experimental or DNS data from vertical, circular, and straight pipes, not re-
flecting their application to more complex engineering geometries. As the cost
of wall-resolved/modelled LES becomes increasingly manageable, its capacity
for scale-resolving simulations presents substantial potential for scenarios that
require high precision. However, the impact of subgrid scale modeling on simu-
lation outcomes remains an area requiring clearer understanding. Establishing a
benchmark for these models could offer crucial insights, guiding future research
endeavors. The significant decrease in LES computational expenses opens up
new possibilities for its application to more intricate geometries or segments
of heat exchangers. Drawing on the findings of Nabil and Rattner [276], it is
projected that simulating a section of a heat exchanger with LES would neces-
sitate between O(10%) and O(10°) mesh elements, a requirement that is well
within the reach of current HPC resources. This advancement signals a promis-
ing direction for the application of simulation methods in addressing complex

engineering challenges.

5.8. Machine learning based heat transfer model

Despite a long history of developing empirical correlations or physics-based
models, there is still no satisfactory approach to addressing the growing com-
plexity of new heat transfer correlations/models [283, 284], which is prone to
the issue of overfitting. Inspired by recent advancements in artificial intelligence
across multiple disciplines, a data-driven approach utilizing neural networks has
been proposed to swiftly predict heat transfer characteristics. This innovative
methodology harnesses the power of machine learning, enabling efficient and

precise analyses. Such an approach underscores the burgeoning trend of incor-
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porating Al technologies into engineering practices, reflecting a shift towards

more intelligent and adaptable solutions in the field.

Input Hidden layer Hidden layer ~ Output

Figure 38: A three-layer multi-layer-perceptron (MLP) neural network structure used by Sun
et al. [285]. Reproduced with permission given by Elsevier

Chang et al. [286] introduced a shallow artificial neural network (ANN)
model, trained using experimental data, to predict heat transfer behavior in
supercritical water. The model inputs include mass flux, heat flux, pressure,
tube diameter, and bulk specific enthalpy, with the tube wall temperature as
the output. The training dataset comprised 5280 data points, all derived from
published experimental findings. A rigorous validation process, distinct from
the training phase, demonstrated mean error percentages and standard devi-
ations below 0.5%. In addition, the ANN’s performance was evaluated under
operational conditions not covered by the training or validation datasets, com-
paring its predictions against those from four well-established correlations. The
results indicated a significant improvement in prediction accuracy by the ANN.
Remarkably, the ANN training process requires less than an hour on a standard
computing setup, and it can generate predictions within milliseconds. Sub-
sequently, Sun et al. [285] created a forecasting model utilizing ANN (Figure
38) that was trained using 5780 sets of experimental wall temperature data

collected from upward flows. The model yielded a remarkably low root mean
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square error (RMSE) and mean relative error, demonstrating its superior pre-
dictive capabilities compared to conventional empirical correlations (Figure 39).
The superiority of using a data-driven approach such as ANN has been demon-
strated by independent research groups [287, 288, 289, 290, 291, 292]. In a
landmark development, Zhang et al. [289] have developed an advanced ANN
model that is capable of simultaneously predicting both the wall temperature
and the Nusselt number for supercritical HoO and COx fluids (Figure 40). This
model represents a pioneering achievement as it is the first to offer predictive
capabilities for multiple fluids. Remarkably, although the model was initially
trained on data from circular tubes, it demonstrated exceptional accuracy when
applied to data from non-circular tubes. This indicates a significant level of
generalization, suggesting that the model’s predictive accuracy may not be lim-
ited by the geometry of the channel. Recently, Shi et al. [293] introduced a
transfer learning model that leverages multi-fidelity data to enhance prediction
accuracy and generalization capabilities. Their findings underscore the signif-
icant impact of the training dataset’s data distribution on both the accuracy
and the generalization ability of deep learning models. Notably, the transfer
learning model, benefiting from the assimilation of prior knowledge during pre-
training, exhibited superior performance on both high-fidelity and validation
datasets. This achievement demonstrates that the generalization ability of the
transfer learning model significantly surpasses that of models trained exclu-
sively on sparse high-fidelity data. Departing from conventional 1-dimensional
(streamwise direction) data-driven models, Shi et al. [294] have innovated a rapid
prediction model that captures both streamwise and circumferential dimensions
for supercritical CO4 heat transfer in inclined tubes. This deep learning-based
model is capable of predicting the 2D temperature distribution for such cases,
achieving a maximum absolute relative error of 16.60%. The introduction of a
2-dimensional perspective is particularly significant, addressing the frequent oc-
currence of circumferential non-uniformity in heat exchangers and representing
a valuable advancement in the field.

The research mentioned above demonstrates the remarkable superiority of
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Figure 39: Nusselt number predictions compared with correlations (Dittus-Boelter, Pioro,

Kim, Jackson, Preda, Bringer-Smith), reproduced from [285] with permission given by Elsevier

machine-learning algorithms over traditional heat transfer correlations, with
significant potential for accurately predicting results despite unclear underlying
mathematical equations. However, this emerging field still presents unanswered
questions and challenges that necessitate further investigation and exploration.

Generalizability and Blind Tests: One of the paramount advantages of ANNs
lies in their capacity for generalization, which enables them to make accurate
predictions for data points not encountered during training. To validate the
robustness of an ANN, employing blind tests is essential. These tests involve
comparing the model’s predictions against actual outcomes, thereby providing a
measure of the model’s accuracy. Conducting such assessments ensures that the
ANN can reliably generalize beyond the specific instances it has learned from,
affirming its utility in practical applications.

Various fluid types: The investigation into heat transfer mechanisms within
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Figure 40: Root mean square error (RMSE) of Nusselt number predictions of circle and non-
circle channels. Fluids are HoO and CO2. Reproduced from [289] with permission given by

Elsevier

supercritical fluids extends beyond merely HoO and COs, encompassing a vari-
ety of other fluids such as helium, hydrogen, and nitrogen. Preliminary findings
suggest the feasibility of employing ANN to predict heat transfer behaviors
across these diverse fluids as well [289]. To ensure the ANNSs’ capacity for ac-
curate generalization, it is critical that the training datasets comprehensively
encapsulate a wide spectrum of fluid properties, including specific heat, pres-
sure, and temperature. Such diversity in the training data is imperative for the
ANN to achieve precise and reliable generalizations across different fluid types.

Complex geometry: ANNs hold the potential to accurately predict heat
transfer phenomena in complex geometrical configurations, such as horizontal
flows, rod bundles, and non-circular pipes. Nevertheless, it necessitates a com-
prehensive and diverse dataset that encompasses a wide range of geometries,
flow rates, and other pertinent variables. Additionally, selecting the input fea-
tures for the ANN, such as surface roughness, Prandtl number, and Reynolds
number, is crucial to ensure precise predictions. This aspect is undeniably rel-

evant to the generalizability of the trained models.
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Small Data Training: In contexts where data availability is constrained, sev-
eral strategies can be employed to train an ANN efficiently. Transfer learning is
a notable technique in this regard, which involves refining a pre-trained neural
network on a smaller dataset to adapt it to specific needs. To enhance general-
ization and prevent overfitting, regularization techniques such as dropout and
weight decay can be utilized. Moreover, it might become necessary to enhance
the available data by creating artificial data points using methods like data
interpolation or data augmentation.

In summary, ANN is a potent instrument that can predict heat transfer
in supercritical fluids in various situations. However, precise attention to the
training data, input features, and model architecture is crucial to producing

accurate and generalizable predictions.

6. Conclusion and perspectives

Supercritical fluids, marked by their existence above the liquid-vapor critical
point, offer a rich and fascinating area of study that spans both scientific and
industrial realms. From the intriguing properties like zero surface tension at
the critical point and the gradual vanishing of the latent heat of vaporization,
to their diffusive and solvent characteristics, supercritical fluids present a myr-
iad of potentials. Their applications extend to analytical chemistry, material
processing, and environmental science, as well as powering cutting-edge energy
generation technologies. The present review navigated the complex landscape of
supercritical fluids’ thermodynamics, fluid dynamics, instability, and heat trans-
fer. Recent advances in machine learning for enhanced turbulence modeling and
heat transfer predictions were also discussed, showing a promising pathway for
efficient modeling. Our synthesis of the current state of knowledge emphasizes
the critical role supercritical fluids play in aligning with global climate commit-
ments, technological innovation, and the underlying physics that govern their
behavior. This review, therefore, stands as a comprehensive testament to the

ongoing progress in understanding and leveraging supercritical fluids.
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The review delves into various facets of supercritical fluids, from micro-
scopic physics to macroscopic heat transfer. In the section 2, it explores the
near-critical thermophysical properties, phase transitions, and fluid dynamics
of supercritical fluids, grounding the investigation in cutting-edge findings. A
highlight is the discovery of a ”pseudo boiling” process, a novel concept extend-
ing classical phase transitions and revealing intricate mechanisms affecting heat
transfer in supercritical states.

The section 3 starts with a summary of the new velocity and temperature
scaling laws and then focuses on the summary and discussion of the recent
findings on the turbulent heat transfer. A comprehensive comparison of DNS
results from various research groups sheds light on discrepancies in wall temper-
ature predictions, accentuating the uncertainties inherent in numerical solvers.
The section also includes innovative findings on horizontal flows, non-circular
pipes, and non-uniform heat fluxes, significantly broadening the understanding
of heat transfer phenomena in supercritical fluids. In addition, we link the ap-
peared non-variable density field to the non-uniform body-force, which is able
to relaminarize the flow in the experiments and DNS.

Section 4 elucidates the forefront of advancements unraveling the complexi-
ties inherent in the laminar-turbulent transition, with a particular emphasis on
the linear stage of flow instabilities. This examination encompasses an array of
flow configurations, including Poiseuille and Couette flows, mixing layers, and
both two-dimensional and three-dimensional boundary layer flows. A pivotal
discovery within this domain is the identification of a novel inviscid mode, which
is markedly influenced by the significant gradients in thermodynamic and trans-
port properties proximal to the Widom line. Furthermore, we underline that
the entirety of the transition process is intrinsically characterized by profound
nonlinear phenomena. It articulates that there is a substantial avenue for fu-
ture research endeavors to demystify the underlying principles of this transition
process comprehensively. Such explorations are imperative for the advancement
of precise control mechanisms and the refinement of predictive models, thereby

contributing to a holistic understanding and manipulation of transitional flows.
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Finally, section 5 introduces encouraging progress in turbulence modeling
based on AFHM and non-linear eddy viscosity models. In contrast to a decade
ago when existing RANS models were tested, the recent decade has witnessed
substantial advancements in enhancing and refining these models. Non-blind
tests have yielded promising outcomes regarding heat transfer behavior, yet
these findings require validation through impartial blind tests. Subsequently,
validated models can then be applied to intricate real-world geometries and heat
exchangers for further testing. Except RANS modeling, the newly developed
data-driven 1-dimensional heat transfer models have demonstrated superior per-
formance over traditional heat transfer correlations while maintaining compa-
rable prediction speeds. Consequently, these trained models are well-suited
for engineering prototyping, though their capacity for extrapolation merits ad-
ditional tests. Overall, the review offers a multifaceted view of the progress of
single-phase supercritical heat transfer in the last decade, unearthing new scien-
tific understandings and engineering-orientated modeling, bridging fundamental
physics with innovative methodologies, and paving the way for future research
and applications.

The exploration of heat transfer of supercritical fluids is far from complete; it
continues to open new horizons in both theoretical understanding and practical
application. On the scientific front, the uncharted territories of thermodynam-
ics and fluid dynamics at the supercritical phase offer opportunities for further
research, particularly in understanding the nuanced behavior at the molecu-
lar level and the pseudo boiling process. The recently employed S-COs pilot
loop indicates a urgent need for optimized designs in turbomachines, crucial
for reaching the system’s thermal efficiency to the target level. This advance-
ment requires a deeper comprehension of supercritical fluids in the compressible
regime and the impact of non-ideal gas effects on the turbomachines. In the
industrial domain, the applications of supercritical fluids in energy generation,
including nuclear, fossil fuel, waste heat, and renewable energy sources, are
paving the way for cleaner and more efficient power systems. The continuous

refinement of these applications, underlined by fiscal and environmental con-
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siderations, is crucial to meeting the ever-growing global energy demands and
climate goals.

The supercritical phase represents an extraordinary convergence of physics,
chemistry, and engineering. The intersection of these domains provides fer-
tile ground for innovation, driving technological advancement and fostering a
deeper understanding of the fundamental principles of matter. The research
community is poised to continue unraveling the multifaceted potentials of su-
percritical fluids, ensuring that their exploration remains at the forefront of
scientific inquiry and industrial application. The journey has only just begun,
and the coming years promise further exciting developments in the study and

utilization of supercritical fluids.

CRediT authorship contribution statement

Zhouhang Li: Conceptualization, Writing - Original Draft, Funding acqui-
sition. Daniel Banuti: Conceptualization, Writing - Original Draft, Funding
acquisition. Jie Ren: Conceptualization, Writing - Original Draft, Funding
acquisition. Junfu Lyu: Writing - Review & Editing, Project administration.
Hua Wang: Writing - Review & Editing, Project administration. Xu Chu:

Conceptualization, Writing - Original Draft, Funding acquisition

Declaration of competing interest

The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported

in this paper.

Data availability

Data will be made available on request.

95



Acknowledgments

The authors appreciates the funding support from Deutsche Forschungs-

gemeinschaft (DFG, German Research Foundation) under Germany’s Excel-
lence Strategy-EXC2075-390740016, the National Natural Science Foundation
of China (Grant No. 12372215, 52176073). The authors gratefully appreciate

the access to the high performance computing facility Hawk at HLRS, Stuttgart

of Germany.

References

1]

[4]

[5]

P. Linstorm. NIST chemistry webbook, nist standard reference database
number 69. Journal of Physical and Chemical Reference Data, Monograph
9:1-1951, 1998.

D. T. Banuti, M. Raju, and M. Thme. Similarity law for Widom lines and
coexistence lines. Physical Review E, 95:052120, 2017.

J. Starflinger and T. Schulenberg, editors. High Performance Light Water
Reactor: Design and Analyses. KIT Scientific Publishing, Jun 2012.

R. B. Duffey and I. L. Pioro. Experimental heat transfer of supercritical
carbon dioxide flowing inside channels (survey). Nuclear Engineering and

Design, 235(8):913-924, 2005.

Y. H. Fan, G. H. Tang, X. L. Li, and D. L. Yang. General and unique
issues at multiple scales for supercritical carbon dioxide power system:
A review on recent advances. Energy Conversion and Management, 268:

115993, 2022.

J. Guo, M. Li, J. Xu, J. Yan, and T. Ma. Energy, exergy and economic (3e)
evaluation and conceptual design of the 1000 mw coal-fired power plants
integrated with s-CO2 brayton cycles. Energy Conversion and Manage-
ment, 211:112713, 2020.

96



[7]

[10]

[11]

[13]

[14]

[15]

T. Schulenberg and D. Visser. Thermal-hydraulics and safety concepts of
supercritical water cooled reactors. Nuclear Engineering and Design, 264:

231-237, 2013.

T. Schulenberg, L. Leung, and Y. Oka. Review of R&D for supercritical
water cooled reactors. Progress in Nuclear Energy, 77:282-299, 2014.

Thomas Schulenberg. The fourth generation of nuclear reactors: Funda-

mentals, Types, and Benefits Fxplained. Springer Nature, 2022.

Marko Draskic, Benjamin Bugeat, and Rene Pecnik. The steady behavior
of the supercritical carbon dioxide natural circulation loop. Energy, 294:

130735, 2024.

Igor L. Pioro, Hussam F Khartabil, and Romney B Duffey. Heat transfer
to supercritical fluids flowing in channels—empirical correlations (survey).

Nuclear engineering and design, 230(1-3):69-91, 2004.

Klaus Brun, Peter Friedman, and Richard Dennis. Fundamentals and
applications of supercritical carbon dioxide (sCO2) based power cycles.

Woodhead publishing, 2017.

Echogen Power Systems LLC. EPS100 heat recovery solution. https://
www . echogen. com/our-solution/product-series/eps100/, 2019. Ac-

cessed: 2024-05-01.

The Hong Kong Institution of Engineers. EPR and Tais-
han EPR  project. http://ne.hkie.org.hk/Upload/Doc/
28dd6956-1£746-4a5a-9bb9-b0fb5a90eeda_EPR},20and’20TS . pdf,

2009. Accessed: 2024-05-01.

International Atomic Energy Agency. Advanced Reactors Information
System(ARIS). https://aris.iaea.org/sites/SCWR.html, 2015. Ac-
cessed: 2024-05-01.

97


https://www.echogen.com/our-solution/product-series/eps100/
https://www.echogen.com/our-solution/product-series/eps100/
http://ne.hkie.org.hk/Upload/Doc/28dd6956-f746-4a5a-9bb9-b0fb5a90eeda_EPR%20and%20TS.pdf
http://ne.hkie.org.hk/Upload/Doc/28dd6956-f746-4a5a-9bb9-b0fb5a90eeda_EPR%20and%20TS.pdf
https://aris.iaea.org/sites/SCWR.html

[16]

[17]

CNNPN. Xiapu nuclear power. https://www.cnnpn.cn/article/
30456.html, 2022. Accessed: 2024-05-01.

Marco Astolfi, Roberto Bini, Ennio Macchi, Marco Paci, Claudio Pietra,
Nicola Rossi, Alessio Tizzanini, et al. Testing of a new supercritical orc
technology for efficient power generation from geothermal low temperature

resources. In Proceedings of ORC2013. 2013.

PA Strakey, ON Dogan, GR Holcomb, and G Richards. Technology needs
for fossil fuel supercritical CO2 power systems. In The 4th Supercritical

CO2 Power Cycle Symposium. Citeseer, 2014.

Hiroshi Yamaguchi, Xin-Rong Zhang, and Katsumi Fujima. Basic study
on new cryogenic refrigeration using CO2 solid—gas two phase flow. Inter-

national Journal of Refrigeration, 31(3):404-410, 2008.

Yoonhan Ahn, Seong Jun Bae, Minseok Kim, Seong Kuk Cho, Seungjoon
Baik, Jeong Ik Lee, and Jae Eun Cha. Review of supercritical CO2 power
cycle technology and current status of research and development. Nuclear

Engineering and Technology, 47(6):647-661, 2015.

eDF in China. Taishan 1&2. https://china.edf.com/en/

our-activities/nuclear/taishan-1-2, 2023. Accessed: 2024-05-01.

CNNP Xiapu Nuclear Power Co..Ltd. Construction of Demonstra-
tion Fast Reactor Unit 2 begins . https://www.cnnp.com.cn/cnnp/
cydwzd62/zhxphdyxgs/qyjbxx56/qyjj66/index.html, 2021. Accessed:
2024-05-01.

Steven A Wright, Thomas M Conboy, and Gary E Rochau. Supercrit-
ical CO2 power cycle development summary at sandia national labora-
tories. Technical report, Sandia National Lab.(SNL-NM), Albuquerque,
NM (United States), 2011.

Qian Zhu. Power generation from coal using supercritical CO2 cycle. In

Technical report CCC/280. International Energy Agency (IEA). 2017.

98


https://www.cnnpn.cn/article/30456.html
https://www.cnnpn.cn/article/30456.html
 https://china.edf.com/en/our-activities/nuclear/taishan-1-2
 https://china.edf.com/en/our-activities/nuclear/taishan-1-2
https://www.cnnp.com.cn/cnnp/cydwzd62/zhxphdyxgs/qyjbxx56/qyjj66/index.html
https://www.cnnp.com.cn/cnnp/cydwzd62/zhxphdyxgs/qyjbxx56/qyjj66/index.html

[25]

[27]

28]

[30]

[31]

32]

Xin-Rong Zhang, Hiroshi Yamaguchi, and Daisuke Uneno. Experimental
study on the performance of solar rankine system using supercritical CO2.

Renewable Energy, 32(15):2617-2628, 2007.

Marfa Ferndndez-Torrijos, KJ Albrecht, and CK Ho. Dynamic modeling
of a particle/supercritical CO2 heat exchanger for transient analysis and

control. Applied Energy, 226:595-606, 2018.

Igor Pioro. Handbook of Generation-IV nuclear reactors. Woodhead Pub-
lishing, 2017.

Marc T Dunham and Brian D Iverson. High-efficiency thermodynamic
power cycles for concentrated solar power systems. Renewable and Sus-

tainable Energy Reviews, 30:758-770, 2014.

Alejandro Calderén, Anabel Palacios, Camila Barreneche, Merce Segarra,
Cristina Prieto, Alfonso Rodriguez-Sanchez, and A Inés Ferndndez. High
temperature systems using solid particles as tes and htf material: A re-

view. Applied Energy, 213:100-111, 2018.

Mark Mehos, Craig Turchi, Jennie Jorgenson, Paul Denholm, Clifford Ho,
and Kenneth Armijo. On the path to sunshot-advancing concentrating
solar power technology, performance, and dispatchability. Technical re-
port, EERE Publication and Product Library, Washington, DC (United
States), 2016.

Caitlin Murphy, Yinong Sun, Wesley J Cole, Galen J Maclaurin, Mark S
Mehos, and Craig S Turchi. The potential role of concentrating solar
power within the context of doe’s 2030 solar cost targets. Technical report,
National Renewable Energy Lab.(NREL), Golden, CO (United States),
2019.

Kun Wang, Ya-Ling He, and Han-Hui Zhu. Integration between supercriti-

cal CO2 brayton cycles and molten salt solar power towers: A review and

99



[33]

[35]

[37]

[38]

a comprehensive comparison of different cycle layouts. Applied Energy,

195:819-836, 2017.

Kun Wang and Ya-Ling He. Thermodynamic analysis and optimization of
a molten salt solar power tower integrated with a recompression supercrit-
ical CO2 brayton cycle based on integrated modeling. Energy Conversion

and Management, 135:336-350, 2017.

Cristina Prieto, Sonia Fereres, Francisco Javier Ruiz-Cabanas, Alfonso
Rodriguez-Sanchez, and Cristina Montero. Carbonate molten salt solar
thermal pilot facility: Plant design, commissioning and operation up to

700 c. Renewable Energy, 151:528-541, 2020.

Minh Tri Luu, Dia Milani, Robbie McNaughton, and Ali Abbas. Advanced
control strategies for dynamic operation of a solar-assisted recompression
supercritical CO2 brayton power cycle. Applied Thermal Engineering,
136:682-700, 2018.

Yuegeng Ma, Tatiana Morosuk, Ming Liu, and Jiping Liu. Development
and comparison of control schemes for the off-design operation of a re-
compression supercritical CO2 cycle with an intercooled main compressor.

Energy, 211:119011, 2020.

Vaclav Dostal, Michael J Driscoll, and Pavel Hejzlar. A supercritical

carbon dioxide cycle for next generation nuclear reactors. 2004.

Seong Gu Kim, Hwanyeal Yu, Jangsik Moon, Seungjoon Baik, Yonghee
Kim, Yong Hoon Jeong, and Jeong Ik Lee. A concept design of supercrit-
ical CO2 cooled smr operating at isolated microgrid region. International

Journal of Energy Research, 41(4):512-525, 2017.

Hwa-Young Jung, Jeong Ik Lee, Myung-Hwan Wi, and Hong Joo Ahn.
An investigation of sodium—CO2 interaction byproduct cleaning agent for
sfr coupled with s-CO2 brayton cycle. Nuclear Engineering and Design,
297:158-165, 2016.

100



[40]

[43]

[47]

Jae-Hyuk Eoh, Hee Cheon No, Yong-Bum Lee, and Seong-O Kim. Po-
tential sodium—CO2 interaction of a supercritical CO2 power conversion
option coupled with an sfr: Basic nature and design issues. Nuclear En-

gineering and Design, 259:88-101, 2013.

Jinliang Xu, Enhui Sun, Mingjia Li, Huan Liu, and Bingguo Zhu. Key
issues and solution strategies for supercritical carbon dioxide coal fired

power plant. Energy, 157:227-246, 2018.

Yu Yang, Hongzhi Li, Yifan Zhang, Wengang Bai, and Mingyu Yao. Cou-
pled modeling of combustion and heat transfer process of a supercritical

CO2 boiler. Fuel, 279:118294, 2020.

Yann Le Moullec. Conceptual study of a high efficiency coal-fired power
plant with CO2 capture using a supercritical CO2 brayton cycle. Energy,
49:32-46, 2013.

Yann Le Moullec, Zhipeng Qi, Jinyi Zhang, Pan Zhou, Zijiang Yang, Xihua
Wang, Wenlong Chen, and Shuai Wang. Shouhang-edf 10mwe supercriti-
cal CO2 cycle + csp demonstration project. In 8rd Furopean Conference

on Supercritical CO2 Power Systems, number 19th-20th, 2019.

Jeffrey Moore, Stefan Cich, Meera Day-Towler, and Jason Mortzheim.
Development and testing of a 10 mwe supercritical CO2 turbine in a 1
mwe flow loop. In Turbo Ezxpo: Power for Land, Sea, and Air, volume
84232, page VO11T31A018. American Society of Mechanical Engineers,
2020.

Hongzhi Li, Yifan Zhang, Mingyu Yao, Yu Yang, Wanlong Han, and Wen-
gang Bai. Design assessment of a 5 mw fossil-fired supercritical CO2 power

cycle pilot loop. Energy, 174:792-804, 2019.

Alireza Ameli, Ali Afzalifar, Teemu Turunen-Saaresti, and Jari Backman.
Centrifugal compressor design for near-critical point applications. Journal

of Engineering for Gas Turbines and Power, 141(3):031016, 2019.

101



[48]

[50]

[53]

Mostafa Odabaee, Emilie Sauret, and Kamel Hooman. CFD simulation of
a supercritical carbon dioxide radial-inflow turbine, comparing the results
of using real gas equation of estate and real gas property file. Applied

Mechanics and Materials, 846:85-90, 2016.

Jianhui Qi, Thomas Reddell, Kan Qin, Kamel Hooman, and Ingo HJ
Jahn. Supercritical CO2 radial turbine design performance as a function
of turbine size parameters. Journal of Turbomachinery, 139(8):081008,
2017.

Robert Pelton, Tim Allison, Sewoong Jung, and Natalie Smith. Design
of a wide-range centrifugal compressor stage for supercritical CO2 power
cycles. In Turbo Expo: Power for Land, Sea, and Air, volume 50961, page
V009T38A031. American Society of Mechanical Engineers, 2017.

Dohoon Kwon, Lingxue Jin, WooSeok Jung, and Sangkwon Jeong. Fx-
perimental investigation of heat transfer coefficient of mini-channel pche

(printed circuit heat exchanger). Cryogenics, 92:41-49, 2018.

Seung Hyun Yoon, Hee Cheon No, and Gil Beom Kang. Assessment of
straight, zigzag, s-shape, and airfoil pches for intermediate heat exchang-

ers of htgrs and sfrs. Nuclear Engineering and Design, 270:334-343, 2014.

Christian Vetter, Hans-Joachim Wiemer, and Dietmar Kuhn. Comparison
of sub- and supercritical organic rankine cycles for power generation from
low-temperature/low-enthalpy geothermal wells, considering specific net
power output and efficiency. Applied Thermal Engineering, 51(1):871-879,
2013.

Jui-Ching Hsieh, Ben-Ran Fu, Ta-Wei Wang, Yi Cheng, Yuh-Ren Lee, and
Jen-Chieh Chang. Design and preliminary results of a 20-kW transcritical
organic rankine cycle with a screw expander for low-grade waste heat

recovery. Applied Thermal Engineering, 110:1120-1127, 2017.

102



[55]

[58]

[60]

[61]

[62]

George Kosmadakis, Dimitris Manolakos, and George Papadakis. Ex-
perimental investigation of a low-temperature organic rankine cycle (orc)
engine under variable heat input operating at both subcritical and super-

critical conditions. Applied Thermal Engineering, 92:1-7, 2016.

Arnaud Landelle, Nicolas Tauveron, Rémi Revellin, Philippe Haberschill,
and Stéphane Colasson. Experimental investigation of a transcritical or-
ganic rankine cycle with scroll expander for low—temperature waste heat

recovery. Energy Procedia, 129:810-817, 2017.

Valerie Gerber, Steffen Baab, Felix J Forster, Hannes Mandler, Bernhard
Weigand, and Grazia Lamanna. Fluid injection with supercritical reser-
voir conditions: Overview on morphology and mixing. The Journal of

Supercritical Fluids, 169:105097, 2021.

Jaya Vignesh Madana Gopal, Giovanni Tretola, Robert Morgan, Guil-
laume de Sercey, Grazia Lamanna, and Konstantina Vogiatzaki. Unpick-
ing the interplay of turbulence, diffusion, and thermophysics in cryogenic

jets at supercritical pressures. Physics of Fluids, 33(7), 2021.

D. T. Banuti, V. Hannemann, K. Hannemann, and B. Weigand. An effi-
cient multi-fluid-mixing model for real gas reacting flows in liquid propel-

lant rocket engines. Combustion and Flame, 168:98-112, 2016.

Daniel T. Banuti, Peter C. Ma, Jean-Pierre Hickey, and Matthias Thme.
Thermodynamic structure of supercritical lox—gh2 diffusion flames. Com-

bustion and Flame, 196:364 — 376, 2018.

D. T. Banuti. Thermodynamic analysis and numerical modeling of super-

critical injection. PhD thesis, University of Stuttgart, 2015.

D. T. Banuti and K. Hannemann. Effect of injector wall heat flux on
cryogenic injection. In Proceedings of the 46th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference and FEzhibit, number AIAA-2010-7139,
Nashville, USA, 2010. ATAA.

103



[63]

[66]

[67]

D. T. Banuti and K. Hannemann. Real gas library in continuous phase
propellant injection model for liquid rocket engines. In Proceedings of the
49th ATAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit,
number ATAA 2013-4068, San Jose, USA, 2013.

D. Banuti, S. Karl, and K. Hannemann. Interfacial area modeling for
eulerian spray simulations in liquid rocket engines. In Proceedings of the
44th ATAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit,
number ATAA-2008-5231, Hartford, USA, 2008. ATAA.

D. T. Banuti and K. Hannemann. Flow control by energy deposition
in hypersonic flow - some fundamental considerations. In Proceedings of
the 16th AIAA/DLR/DGLR International Space Planes and Hypersonic
Systems and Technologies Conference, number AIAA-2009-7345, Bremen,
Germany, 2009. ATAA/DLR/DGLR.

D. T. Banuti and K. Hannemann. Application of a real-gas-library multi-
fluid-mixing model to supercritical single injector flow. In Proceedings
of the 50th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and
Ezhibit, number ATAA 2014-3791, Cleveland, USA, 2014.

Marco Pizzarelli, Francesco Nasuti, Renato Paciorri, and Marcello Onofri.
Numerical analysis of three-dimensional flow of supercritical fluid in cool-

ing channels. AIAA journal, 47(11):2534-2543, 20009.

Marco Pizzarelli, Annafederica Urbano, and Francesco Nasuti. Numerical
analysis of deterioration in heat transfer to near-critical rocket propellants.

Numerical Heat Transfer, Part A: Applications, 57(5):297-314, 2010.

Marco Pizzarelli, Francesco Nasuti, Marcello Onofri, Pietro Roncioni, Raf-
faele Votta, and Francesco Battista. Heat transfer modeling for supercrit-
ical methane flowing in rocket engine cooling channels. Applied Thermal

Engineering, 75:600-607, 2015.

104



[70]

[72]

[73]

L Jofre, J Urzay, A Mani, and P Moin. On diffuse-interface modeling of
high-pressure transcritical fuel sprays. Center Turbul Res Ann Res Briefs,

2015:55-64, 2015.

Lluis Jofre and Javier Urzay. Interface dynamics in the transcritical flow
of liquid fuels into high-pressure combustors. In 53rd AIAA/SAE/ASEFE
Joint Propulsion Conference, page 4940, 2017.

Lluis Jofre and Javier Urzay. Transcritical diffuse-interface hydrodynamics
of propellants in high-pressure combustors of chemical propulsion systems.

Progress in Energy and Combustion Science, 82:100877, 2021.

D. T. Banuti and K. Hannemann. The absence of a dense potential core
in supercritical injection: A thermal break-up mechanism. Physics of

Fluids., 28(3):035103, 2016.

Yougian Chen, Yong Li, Bengt Sunden, and Gongnan Xie. The abnormal
heat transfer behavior of supercritical n-decane flowing in a horizontal
tube under regenerative cooling for scramjet engines. Applied Thermal

Engineering, 167:114637, 2020.

Y Tsujikawa and GB Northam. Effects of hydrogen active cooling on
scramjet engine performance. International Journal of Hydrogen Energy,

21(4):299-304, 1996.

M Monjurul Ehsan, Zhigiang Guan, and AY Klimenko. A comprehensive
review on heat transfer and pressure drop characteristics and correlations
with supercritical CO2 under heating and cooling applications. Renewable

and Sustainable Energy Reviews, 92:658-675, 2018.

Shijie Zhang, Xiaoxiao Xu, Chao Liu, and Chaobin Dang. A review on
application and heat transfer enhancement of supercritical CO2 in low-

grade heat conversion. Applied Energy, 269:114962, 2020.

105



[78]

[79]

[80]

[81]

J. Y. Yoo. The turbulent flows of supercritical fluids with heat transfer.
Annual Review of Fluid Mechanics, 45(1):495-525, 2013. doi: 10.1146/
annurev-fluid-120710-101234.

Yaping Liu, Ying Wang, and Diangui Huang. Supercritical CO2 brayton
cycle: A state-of-the-art review. Energy, 189:115900, 2019.

Francesco Crespi, Giacomo Gavagnin, David Sanchez, and Gonzalo S
Martinez. Supercritical carbon dioxide cycles for power generation: A

review. Applied Energy, 195:152-183, 2017.

Marco Pizzarelli. The status of the research on the heat transfer deterio-
ration in supercritical fluids: A review. International Communications in

Heat and Mass Transfer, 95:132-138, 2018.

Alberto Guardone, Piero Colonna, Matteo Pini, and Andrea Spinelli. Non-
ideal compressible fluid dynamics of dense vapors and supercritical fluids.

Annual Review of Fluid Mechanics, 56:241-269, 2024.

D. T. Banuti. Crossing the Widom-line - Supercritical pseudo-boiling.
Journal of Supercritical Fluids, 98:12—16, 2015.

N Longmire and DT Banuti. Onset of heat transfer deterioration caused
by pseudo-boiling in CO2 laminar boundary layers. International Journal

of Heat and Mass Transfer, 193:122957, 2022.

Daniel T. Banuti. The latent heat of supercritical fluids. Periodica Poly-
technica Chemical Engineering, 63(2):270-275, 2019.

D.T. Banuti, M. Raju, and M. Thme. Between supercritical liquids and
gases — reconciling dynamic and thermodynamic state transitions. The

Journal of Supercritical Fluids, 165:104895, 2020.

NP Longmire, SL Showalter, and DT Banuti. Holding water in a
sieve—stable droplets without surface tension. Nature Communications,

14(1):3983, 2023.

106



[88]

[95]

[96]

Joong Hun Bae, Jung Yul Yoo, and Haecheon Choi. Direct numerical
simulation of turbulent supercritical flows with heat transfer. Physics of

Fluids, 17(10):105104, 2005.

Joong Hun Bae, Jung Yul Yoo, and Donald M McEligot. Direct numer-
ical simulation of heated co 2 flows at supercritical pressure in a vertical

annulus at re= 8900. Physics of Fluids, 20(5):055108, 2008.

V.P. Carey. Liquid-vapor phase-change phenomena. Taylor & Francis,
New York, 2008.

E. Schmidt. Warmetransport durch natiirliche Konvektion in Stoffen bei
kritischem Zustand. International Journal of Heat and Mass Transfer, 1

(1):92-101, 1960.

R. C. Hendricks, R. J. Simoneau, and R. V. Smith. Survey of heat transfer
to near-critical fluids. Technical Report TN D-5886, NASA, 1970.

T. J. Yoon and Y.-W. Lee. Current theoretical opinions and perspectives
on the fundamental description of supercritical fluids. The Journal of

Supercritical Fluids, 134:21 — 27, 2018.

T. Andrews. The Bakerian lecture: On the continuity of the gaseous and
liquid states of matter. Philosophical Transactions of the Royal Society
(London), (159):575-590, 1869.

J.D. van der Waals. Quver de Continuiteit van den Gas- en Vloeistoftoe-

stand. PhD thesis, University of Leiden, 1873.

D. T. Banuti, M. Raju, and M. IThme. On the characterization of trans-
critical fluid states. In Annual Research Brief, pages 165178, Stanford
University, 2017. Center for Turbulence Research.

M. Raju, D. T. Banuti, P. C. Ma, and Matthias Thme. Widom lines in
binary mixtures of supercritical fluids. Scientific Reports, 7:3027, 2017.

107



[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

F. Maxim, C. Contescu, P. Boillat, and et al. Visualization of supercritical
water pseudo-boiling at widom line crossover. Nature Communications,

10:4114, 2019.

Florentina Maxim, Konstantinos Karalis, Pierre Boillat, Daniel T Banuti,
Jose Ignacio Marquez Damian, Bojan Niceno, and Christian Ludwig.
Thermodynamics and dynamics of supercritical water pseudo-boiling. Ad-

vanced Science, 8(3):2002312, 2021.

Y.A. Cengel and M.A. Boles. Thermodynamics: An Engineering Ap-
proach. McGraw-Hill Higher Education. ISBN 9780073107684.

K. Nishikawa and I. Tanaka. Correlation lengths and density fluctuations
in supercritical states of carbon dioxide. Chemical Physics Letters, 244:

149-152, 1995.

K. Nishikawa and T. Morita. Small-angle X-ray-scattering study of su-
percritical trifluoromethane. The Journal of Physical Chemistry B, 101
(8):1413-1418, 1997.

T. Morita, K. Nishikawa, M. Takematsu, H. Iida, and S. Furutaka. Struc-
ture study of supercritical CO2 near higher-order phase transition line by

X-ray diffraction. Journal of Physical Chemistry B, 101:7158-7162, 1997.

G.G. Simeoni, T. Bryk, F.A. Gorelli, M. Krisch, G. Ruocco, M. Santoro,
and T. Scopigno. The Widom line as the crossover between liquid-like
and gas-like behaviour in supercritical fluids. Nature Physics, 6:503-507,
2010.

H.-O. May and P. Mausbach. Riemannian geometry study of vapor-liquid
phase equilibria and supercritical behavior of the Lennard-Jones fluid.

Physical Review E, 85(031201), 2012.

F. Sciortino, P.H. Poole, U. Essmann, and H.E. Stanley. Line of com-
pressibility maxima in the phase diagram of supercooled water. Physical

Review E, 55(1):727-737, 1997.

108



[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

J.L.F. Abascal and C. Vega. Widom line and the liquid-liquid critical point
for the TIP4P /2005 water model. The Journal of Chemical Physics, 133:
234502, 2010.

L. Xu, P. Kumar, S.V. Buldyrev, S.-H. Chen, P.H. Poole, F. Sciortino,
and H.E. Stanley. Relation between the Widom line and the dynamic
crossover in systems with a liquid-liquid phase transition. Proceedings of

the National Academy of Sciences, 102(46):16558-16562, 2005.

M. Santoro and F.A. Gorelli. Structural changes in supercritical fluids at

high pressures. Physical Review B, 77:212103, 2008.

F. Gorelli, M. Santoro, T. Scopigno, M. Krisch, and G. Ruocco. Liquidlike
behavior of supercritical fluids. Physical Review Letters, 97:245702, 2006.

G. Ruppeiner, A. Sahay, T. Sarkar, and G. Sengupta. Thermodynamic
geometry, phase transitions, and the Widom line. Physical Review FE, 86:
052103, 2012.

J. Schwartz. Water wisdom and Widom. Boston University Research

Briefs, 2003.

P.H. Poole, F. Sciortino, U. Essmann, and H.E. Stanley. Phase behaviour
of metastable water. Nature, 360:324-328, 1992.

M.E. Fisher and B. Widom. Decay of correlations in linear systems. The

Journal of Chemical Physics, 50(9):3756-3772, 1969.

V. V. Brazhkin, Yu. D. Fomin, A. G. Lyapin, V. N. Ryzhov, and K. Tra-
chenko. Two liquid states of matter: A dynamic line on a phase diagram.

Physical Review E, 85:031203, 2012.

D. Bolmatov, V.V. Brazhkin, and K. Trachenko. Thermodynamic behav-

ior of supercritical matter. Nature Communications, 4:2331, 2013.

Peter J Linstrom and W. Goled Mallard. NIST chemistry webbook, NIST

standard reference database number 69. National Institute of Standards

109



18]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

and Technology, Gaithersburg, MD. (hitp://webbook.nist.gov/chemistry),
2001.

N.L. Kafengauz and M.I. Federov. Excitation of high frequency
pressure oscillations during heat exchange with diisopropylcyclohexane.

Inzhenerno-Fizicheskii Zhurnal, 11(1):99-104, 1966.

N.L. Kafengauz and M.I. Federov. Pseudoboiling and heat transfer in a
turbulent flow. Inzhenerno-Fizicheskii Zhurnal, 14(6):923-924, 1968.

J. W. Ackerman. Pseudoboiling Heat Transfer to Supercritical Pressure
Water in Smooth and Ribbed Tubes. Journal of Heat Transfer, 92(3):
490-497, 08 1970.

M. Oschwald, J. J. Smith, R. Branam, J. Hussong, A. Schik, B. Chehroudi,
and D. Talley. Injection of fluids into supercritical environments. Com-

bustion Science and Technology, 178:49-100, 2006.

J.O. Hirschfelder, C.F. Curtiss, and R.B. Bird. Molecular Theory of Gases
and Liquids. Wiley, 1954.

L. Riedel. Die Zustandsfunktion des realen Gases. Untersuchungen {iber
eine Erweiterung des Theorems der iibereinstimmenden Zusténde Teil VI.

Chemie Ingenieur Technik, 28(8/9):557-562, 1956.

D. T. Banuti. Supercritical pseudo boiling in cubic equations of state. In

Proceedings of ASME Turbo Exzpo, number GT2021-58788, Virtual, 2021.

G. Soave. Equilibrium constants from a modified Redlich-Kwong equation

of state. Chemical Engineering Science, 27:1197-1203, 1972.
E. Guggenheim. Thermodynamics. North-Holland, Amsterdam, 1967.

W.B. Hall. Heat transfer near the critical point. In T.F. Irvine Jr. and
J.P. Hartnett, editors, Advances in Heat Transfer, volume 7, pages 1-86.
Academic Press, 1971.

110



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Michael E. Fisher. The theory of condensation and the critical point.
Physics Physique Fizika, 3:255-283, Oct 1967.

A. Dillmann and G. E. A. Meier. A refined droplet approach to the
problem of homogeneous nucleation from the vapor phase. The Journal

of Chemical Physics, 94(5):3872-3884, 1991.

S.C. Tucker. Solvent density inhomogeneities in supercritical fluids. Chem-

ical Reviews, 99(2):391-418, 1999.

I. Skarmoutsos, D. Dellis, and J. Samios. The effect of intermolecular
interactions on local density inhomogeneities and related dynamics in pure
supercritical fluids. a comparative molecular dynamics simulation study.

The Journal of Physical Chemistry B, 113(9):2783-2793, 2009.

I. Skarmoutsos, E. Guardia, and J. Samios. Local structural fluctuations,
hydrogen bonding and structural transitions in supercritical water. The

Journal of Supercritical Fluids, 130:156-164, 2017.

D. T. Banuti. The hybrid ergodic lattice gas model for critical fluids and
the molecular nature of the critical point. The Journal of Supercritical

Fluids, 183:105505, 2022.

J.R. Elliott and C.T. Lira. Introductory Chemical Engineering Thermo-
dynamics. Prentice Hall, 2012.

D. Bolmatov, D. Zav’yalov, M. Gao, and M. Zhernenkov. Structural evo-
lution of supercritical CO4 across the Frenkel line. The Journal of Physical

Chemistry Letters, 5:2785-2790, 2014.

Johanna Levelt Sengers. How Fluids Unmiz: Discoveries by the School
of Van Der Waals and Kamerlingh Onnes. Number 9069843579. Royal
Netherlands Academy of Arts and Sciences, Amsterdam,, 2002.

J. M. Prausnitz, R. N. Lichtenthaler, and E. Gomes de Azevedo. Molecular
Thermodynamics of Fluid-Phase FEquilibria. Prentice-Hall, 2nd edition
edition, 1985.

111



[138]

[139)

[140]

[141]

[142]

[143]

[144]

[145]

[146]

R. C. Reid, J. M. Prausnitz, and B. E. Poling. The Properties of Gases
and Liquids. McGraw Hill, 4th edition, 1987.

Ding-Yu Peng and Donald B Robinson. A new two-constant equation
of state. Industrial & Engineering Chemistry Fundamentals, 15(1):59-64,
1976.

P. H. van Konynenburg and R. L. Scott. Critical lines and phase equilibria
in binary van der Waals mixtures. Philosophical Transactions of the Royal

Society, London, Series A, 298(1442):495-540, 1980.

Robert L. Scott. Models for phase equilibria in fluid mixtures. Accounts

of Chemical Research, 20(3):97-107, 1987.

W. Mayer and H. Tamura. Propellant injection in a liquid oxygen/gaseous
hydrogen rocket engine. Journal of Propulsion and Power, 12(6):1137-
1147, 1996.

J. Manin, M. Bardi, L. M. Pickett, R. N. Dahms, and J. C. Oefelein. Mi-
croscopic investigation of the atomization and mixing processes of Diesel
sprays injected into high pressure and temperature environments. Fuel,

134:531-543, 2014.

Cyril Crua, Julien Manin, and Lyle M. Pickett. On the transcritical mixing
of fuels at diesel engine conditions. Fuel, 208:535-548, 2017.

Peter C. Ma, Hao Wu, Daniel T. Banuti, and Matthias IThme. On the
numerical behavior of diffuse-interface methods for transcritical real-fluids
simulations. International Journal of Multiphase Flow, 113:231 — 249,
2019.

J. D. van der Waals. Thermodynamische theorie der kapillaritat unter vo-
raussetzung stetiger dichteinderung. Zeitschrift fiir Physikalische Chemie,

13U(1):657-725, 1894.

112



[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

R. N. Dahms and J. C. Qefelein. Atomization and dense-fluid breakup
regimes in liquid rocket engines. Journal of Propulsion and Power, 31(5):

1221-1231, 2015.

R. N. Dahms and J. C. Oefelein. Non-equilibrium gas-liquid interface
dynamics in high-pressure liquid injection systems. Proceedings of the

Combustion Institute, 35:1587-1594, 2015.

Rainer N. Dahms. Understanding the breakdown of classic two-phase
theory and spray atomization at engine-relevant conditions. Physics of

Fluids, 28(4):042108, 2016.

Bingguo Zhu, Jinliang Xu, Xinming Wu, Jian Xie, and Mingjia Li. Super-
critical “boiling” number, a new parameter to distinguish two regimes of
carbon dioxide heat transfer in tubes. International Journal of Thermal

Sciences, 136:254-266, 2019.

Jeremy Licht, Mark Anderson, and Michael Corradini. Heat transfer and
fluid flow characteristics in supercritical pressure water. Journal of Heat

Transfer, 131(7), 2009.

John Edlebeck, Gregory F Nellis, Sanford A Klein, Mark H Anderson, and
Matthew Wolf. Measurements of the flow of supercritical carbon dioxide

through short orifices. The Journal of Supercritical Fluids, 88:17-25, 2014.

Valentina Valori. Rayleigh-Bénard convection of a supercritical fluid: PIV
and heat transfer study. PhD thesis, Delft University of Technology, 2018.

Valentina Valori, Gerrit E Elsinga, Martin Rohde, Jerry Westerweel, and
Tim HJJ van Der Hagen. Particle image velocimetry measurements of a
thermally convective supercritical fluid. Fzperiments in Fluids, 60:1-14,

2019.

A Mohsen Shehata and Donald M McEligot. Mean structure in the viscous
layer of strongly-heated internal gas flows. measurements. International

Journal of Heat and Mass Transfer, 41(24):4297-4313, 1998.

113



[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

The status of the research on the heat transfer deterioration in supercrit-
ical fluids: A review. International Communications in Heat and Mass

Transfer, 95:132-138, 2018.

N. Longmire and D.T. Banuti. Onset of heat transfer deterioration caused
by pseudo-boiling in CO2 laminar boundary layers. International Journal

of Heat and Mass Transfer, 193:122957, 2022.

Edward R Van Driest. Turbulent boundary layer in compressible fluids.
Journal of the Aeronautical Sciences, 18(3):145-160, 1951.

MV Morkovin and A Favre. Mécanique de la turbulence. CNRS, Paris,
pages 367-380, 1962.

Ashish Patel, Jurriaan WR Peeters, Bendiks J Boersma, and Rene Pec-
nik. Semi-local scaling and turbulence modulation in variable property

turbulent channel flows. Physics of Fluids, 27(9):095101, 2015.

Ashish Patel, Bendiks J Boersma, and Rene Pecnik. The influence of
near-wall density and viscosity gradients on turbulence in channel flows.

Journal of Fluid Mechanics, 809:793-820, 2016.

Ashish Patel, Bendiks J Boersma, and Rene Pecnik. Scalar statistics in
variable property turbulent channel flows. Physical Review Fluids, 2(8):
084604, 2017.

Rene Pecnik and Ashish Patel. Scaling and modelling of turbulence in

variable property channel flows. Journal of Fluid Mechanics, 823, 2017.

Jurriaan WR Peeters, Rene Pecnik, Martin Rohde, THJJ Van Der Ha-
gen, and Bendiks Jan Boersma. Turbulence attenuation in simultaneously
heated and cooled annular flows at supercritical pressure. Journal of Fluid

Mechanics, 799:505-540, 2016.

JWR Peeters, Rene Pecnik, Martin Rohde, THJJ van der Hagen, and

Bendiks Jan Boersma. Characteristics of turbulent heat transfer in an

114



[166]

167

[168]

[169]

[170]

[171]

[172]

[173]

annulus at supercritical pressure. Physical Review Fluids, 2(2):024602,
2017.

Peter C Ma, Xiang IA Yang, and Matthias Thme. Structure of wall-
bounded flows at transcritical conditions. Physical Review Fluids, 3(3):

034609, 2018.

J Guo, XIA Yang, and M Thme. Structure of the thermal boundary layer
in turbulent channel flows at transcritical conditions. Journal of Fluid

Mechanics, 934, 2022.

Teng Wan, Pinghui Zhao, Jiaming Liu, Chaozheng Wang, and Mingzhun
Lei. Mean velocity and temperature scaling for near-wall turbulence with
heat transfer at supercritical pressure. Physics of Fluids, 32(5):055103,
2020.

Fabian Foll, Sandeep Pandey, Xu Chu, Claus-Dieter Munz, Eckart Lau-
rien, and Bernhard Weigand. High-fidelity direct numerical simulation of
supercritical channel flow using discontinuous galerkin spectral element
method. In High Performance Computing in Science and Engineering’18,

pages 275-289. Springer, 2019.

Andrew Trettel and Johan Larsson. Mean velocity scaling for compressible

wall turbulence with heat transfer. Physics of Fluids, 28(2):026102, 2016.

Pedro S Volpiani, Prahladh S Iyer, Sergio Pirozzoli, and Johan Lars-
son. Data-driven compressibility transformation for turbulent wall layers.

Physical Review Fluids, 5(5):052602, 2020.

Kevin Patrick Griffin, Lin Fu, and Parviz Moin. Velocity transforma-
tion for compressible wall-bounded turbulent flows with and without heat

transfer. Proceedings of the National Academy of Sciences, 118(34), 2021.

Tianyi Bai, Kevin Griffin, and Lin Fu. Assessment of compressible velocity

transformations for various non-canonical wall-bounded turbulent flows.

AIAA Journal, 03 2022.

115



[174]

[175]

[176]

[177]

[178]

179

[180]

[181]

[182]

S. Kawai. Heated transcritical and unheated non-transcritical turbulent
boundary layers at supercritical pressures. Journal of Fluid Mechanics,

865:563-601, 2019.

Takahiko Toki, Susumu Teramoto, and Koji Okamoto. Velocity and tem-
perature profiles in turbulent channel flow at supercritical pressure. Jour-

nal of Propulsion and Power, 36(1):3-13, 2020.

Asif Manzoor Hasan, Johan Larsson, Sergio Pirozzoli, and Rene Pecnik.
Incorporating intrinsic compressibility effects in velocity transformations
for wall-bounded turbulent flows. Physical Review Fluids, 8(11):L112601,
2023.

Ashish Patel, Rafael Diez, Rene Pecnik, et al. Turbulence modelling for
flows with strong variations in thermo-physical properties. International

Journal of Heat and Fluid Flow, 73:114-123, 2018.

Juan A Sillero, Javier Jiménez, and Robert D Moser. One-point statistics
for turbulent wall-bounded flows at reynolds numbers up to d+= 2000.
Physics of Fluids, 25(10):105102, 2013.

BA Kader. Temperature and concentration profiles in fully turbulent
boundary layers. International Journal of Heat and Mass Transfer, 24(9):

1541-1544, 1981.

S He, WS Kim, and JH Bae. Assessment of performance of turbulence
models in predicting supercritical pressure heat transfer in a vertical tube.
International Journal of Heat and Mass Transfer, 51(19-20):4659-4675,
2008.

Hendrik Tennekes, John Leask Lumley, Jonh L Lumley, et al. A first

course in turbulence. MIT press, 1972.

Hassan Nemati, Ashish Patel, Bendiks J Boersma, and Rene Pecnik. The

effect of thermal boundary conditions on forced convection heat transfer to

116



[183]

[184]

[185]

[186]

[187]

[188]

[189)]

[190]

fluids at supercritical pressure. Journal of Fluid Mechanics, 800:531-556,
2016.

Hassan Nemati, Ashish Patel, Bendiks Jan Boersma, and Rene Pecnik.
Mean statistics of a heated turbulent pipe flow at supercritical pressure.

International Journal of Heat and Mass Transfer, 83:741-752, 2015.

YL Cao, RN Xu, JJ Yan, S He, and PX Jiang. Direct numerical simulation
of convective heat transfer of supercritical pressure in a vertical tube with
buoyancy and thermal acceleration effects. Journal of Fluid Mechanics,

927, 2021.

Myoungkyu Lee and Robert D Moser. Direct numerical simulation of
turbulent channel flow up to. Journal of Fluid Mechanics, 774:395-415,
2015.

A. Lozano-Durdn and J. Jiménez. Effect of the computational domain
on direct simulations of turbulent channels up to Re,= 4200. Physics of

Fluids, 26(1):011702, 2014.

Xiaohua Wu and Parviz Moin. A direct numerical simulation study on
the mean velocity characteristics in turbulent pipe flow. Journal of Fluid

Mechanics, 608:81-112, 2008.

Hassan Nemati, Wim-Paul Breugem, Marcel Kwakkel, and Bendiks Jan
Boersma. Direct numerical simulation of turbulent bubbly down flow using
an efficient clsvof method. International Journal of Multiphase Flow, 135:

103500, 2021.

Xu Chu, Yanchao Liu, Wenkang Wang, Guang Yang, Bernhard Weigand,
and Hassan Nemati. Turbulence, pseudo-turbulence, and local flow topol-

ogy in dispersed bubbly flow. Physics of Fluids, 32(8), 2020.

Yanchao Liu, Xu Chu, Wenkang Wang, and Bernhard Weigand. Large-

eddy simulation, convective instability, and modal causality of coaxial

117



[191]

[192]

(193]

[194]

[195]

[196]

[197]

[198]

supersonic air-water jets considering a swirl effect. Physics of Fluids, 35

(6), 2023.

Yanchao Liu, Wenkang Wang, Guang Yang, Hassan Nemati, and Xu Chu.
The interfacial modes and modal causality in a dispersed bubbly turbulent

flow. Physics of Fluids, 35(8):083309, 2023.

A Mohsen Shehata and Donald M McEligot. Mean structure in the viscous
layer of strongly-heated internal gas flows. measurements. International

Journal of Heat and Mass Transfer, 41(24):4297-4313, 1998.

Donald M McEligot, Xu Chu, Joong Hun Bae, Eckart Laurien, and
Jung Yul Yoo. Some observations concerning” laminarization” in heated
vertical tubes. International Journal of Heat and Mass Transfer, 163:

120101, 2020.

Donald M McEligot, Xu Chu, Richard S Skifton, and Eckart Laurien. In-
ternal convective heat transfer to gases in the low-reynolds-number “tur-
bulent” range. International Journal of Heat and Mass Transfer, 121:

1118-1124, 2018.

Xu Chu. Direct numerical simulation of heat transfer to supercritical
carbon dioxide in pipe flows. Technical report, Stuttgart Univ.(Germany).

Inst. fuer Kernenergetik und Energiesysteme, 2016.

Xu Chu and Eckart Laurien. Direct numerical simulation of heated tur-
bulent pipe flow at supercritical pressure. Journal of Nuclear Engineering

and Radiation Science, 2(3):031019, 2016.

Tri Nguyen, Elia Merzari, and Haomin Yuan. Direct numerical simulation
of high prandtl number fluids and supercritical carbon dioxide canonical
flows using the spectral element method. arXiv preprint arXiv:2203.06670,
2022.

Paul Fischer, Stefan Kerkemeier, Misun Min, Yu-Hsiang Lan, Malachi
Phillips, Thilina Rathnayake, Elia Merzari, Ananias Tomboulides, Ali

118



[199]

200]

[201]

[202]

203]

[204]

[205]

[206]

Karakus, Noel Chalmers, et al. Nekrs, a gpu-accelerated spectral element

navier-stokes solver. arXiv preprint arXiv:2104.05829, 2021.

Hrvoje Jasak, Aleksandar Jemcov, Zeljko Tukovic, et al. Openfoam: A
c++ library for complex physics simulations. In International workshop
on coupled methods in numerical dynamics, volume 1000, pages 1-20. IUC

Dubrovnik Croatia, 2007.

Zhen-Chuan Wang, Pei-Xue Jiang, and Rui-Na Xu. Turbulent convection
heat transfer analysis of supercritical pressure CO2 flow in a vertical tube
based on the field synergy principle. Heat Transfer Engineering, 40(5-6):
476-486, 2019.

S. Pandey, X. Chu, E. Laurien, and B. Weigand. Buoyancy induced tur-
bulence modulation in pipe flow at supercritical pressure under cooling

conditions. Physics of Fluids, 30(6):065105, 2018.

S Pandey, E Laurien, and X Chu. Development of direct numerical sim-
ulation database for supercritical carbon dioxide. In 6th International

Supercritical CO2 Power Cycles Symposium, Pittsburgh, PA, 2018.

S He, K He, and M Seddighi. Laminarisation of flow at low reynolds
number due to streamwise body force. Journal of Fluid Mechanics, 809:

31-71, 2016.

Jakob Kiihnen, Baofang Song, Davide Scarselli, Nazmi Burak Budanur,
Michael Riedl, Ashley P Willis, Marc Avila, and Bjorn Hof. Destabilizing
turbulence in pipe flow. Nature Physics, 14(4):386-390, 2018.

Sandeep Pandey, Xu Chu, Bernhard Weigand, Eckart Laurien, and Jorg
Schumacher. Relaminarized and recovered turbulence under nonuniform

body forces. Physical Review Fluids, 5(10):104604, 2020.

Jundi He, Ran Tian, Peixue Jiang, and Shuisheng He. Turbulence in a
heated pipe at supercritical pressure. Journal of Fluid Mechanics, 920:

A45, 2021.

119



[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

Pinghui Zhao, Teng Wan, Yixuan Jin, Zhansheng Chen, Yuanjie Li, and
Changhong Peng. Direct numerical simulation analysis of heat transfer
deterioration of supercritical fluids in a vertical tube at a high ratio of

heat flux to mass flowrate. Physics of Fluids, 33(5):055114, 2021.

Jundi He, Junjie Yan, Wei Wang, Peixue Jiang, and Shuisheng He. Effects
of buoyancy and thermophysical property variations on the flow of super-
critical carbon dioxide. International Journal of Heat and Fluid Flow, 86:

108697, 2020.

B Shiralkar and P Griffith. The effect of swirl, inlet conditions, flow
direction, and tube diameter on the heat transfer to fluids at supercritical

pressure. Journal of Heat Transfer, 92(3):465-471, 1970.

Donald M McEligot and J Derek Jackson. “deterioration” criteria for
convective heat transfer in gas flow through non-circular ducts. Nuclear

engineering and design, 232(3):327-333, 2004.

Clive WJ Granger. Investigating causal relations by econometric models
and cross-spectral methods. Fconometrica: journal of the Econometric

Society, pages 424-438, 1969.

T. Schreiber. Measuring information transfer. Phys. Rev. Lett., 85:461—
464, 2000.

A. Lozano-Duran, H. J. Bae, and M. P. Encinar. Causality of energy-
containing eddies in wall turbulence. Journal of Fluid Mechanics, 882,

2020.

A. Lozano-Duran, N. C. Constantinou, M.-A. Nikolaidis, and M. Karp.
Cause-and-effect of linear mechanisms sustaining wall turbulence. Journal

of Fluid Mechanics, 914:A8, 2021.

W. Wang, X. Chu, A. Lozano-Duran, R. Helmig, and B. Weigand. In-
formation transfer between turbulent boundary layers and porous media.

Journal of Fluid Mechanics, 920, 2021.

120



[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

W. Wang, A. Lozano-Duran, R. Helmig, and X. Chu. Spatial and spectral
characteristics of information flux between turbulent boundary layers and

porous media. Journal of Fluid Mechanics, 949:A16, 2022.

J. He, B. Xu, and S. He. Effect of conjugate heat transfer on the simula-
tion of flow at supercritical pressure. 17th UK Heat Transfer Conference

(UKHTC2021), 2022.

Andrea Pucciarelli and Walter Ambrosini. On the effect of conjugate heat
transfer on turbulence in supercritical fluids: Results from a les applica-

tion. Annals of Nuclear Energy, 111:340-346, 2018.

Xu Chu and Eckart Laurien. Flow stratification of supercritical CO2 in a
heated horizontal pipe. The Journal of Supercritical Fluids, 116:172—-189,
2016.

Wei Wang, Shuisheng He, Charles Moulinec, and David R Emerson. Direct
numerical simulation of thermal stratification of supercritical water in a

horizontal channel. Computers ¢ Fluids, 261:105911, 2023.

Han Wang, Shunqi Wang, Jinguang Zang, Junfeng Wang, and Yanping
Huang. Direct numerical simulation of the turbulent flow and heat transfer
of supercritical CO2 in a semicircular pipe. International Journal of Heat

and Mass Transfer, 168:120882, 2021.

Sandeep Pandey and Eckart Laurien. Effects of variable heat flux at
supercritical pressure in vertical pipe flow. International Journal of Heat

and Mass Transfer, 165:120703, 2021.

Luca Brandt. The lift-up effect: the linear mechanism behind transition
and turbulence in shear flows. Furopean Journal of Mechanics-B/Fluids,

47:80-96, 2014.

Rama Govindarajan and Kirti Chandra Sahu. Instabilities in viscosity-

stratified flow. Annual Review of Fluid Mechanics, 46:331-353, 2014.

121



[225]

[226]

[227]

[228]

[229]

230]

[231]

[232]

[233]

[234]

Mihailo R Jovanovié. From bypass transition to flow control and data-
driven turbulence modeling: an input—output viewpoint. Annual Review

of Fluid Mechanics, 53:311-345, 2021.

RR Kerswell. Nonlinear nonmodal stability theory. Annual Review of

Fluid Mechanics, 50:319-345, 2018.

Xuesong Wu. Nonlinear theories for shear flow instabilities: physical in-
sights and practical implications. Annual Review of Fluid Mechanics, 51:

451-485, 2019.

Anne De Wit. Chemo-hydrodynamic patterns and instabilities. Annual
Review of Fluid Mechanics, 52:531-555, 2020.

Cunbiao Lee and Shiyi Chen. Recent progress in the study of transition
in the hypersonic boundary layer. National Science Review, 6(1):155-170,
2019.

MYV Morkovin. Transition in open flow systems-a reassessment. Bulletin

of the American Physical Society, 39:1882, 1994.

Osborne Reynolds. An experimental investigation of the circumstances
which determine whether the motion of water shall be direct or sinuous,
and of the law of resistance in parallel channels. Philosophical Transactions

of the Royal society of London, (174):935-982, 1883.

William S Saric, Helen L. Reed, and Edward J Kerschen. Boundary-layer
receptivity to freestream disturbances. Annual Review of Fluid Mechanics,

34(1):291-319, 2002.

Peter J Schmid. Nonmodal stability theory. Annual Review of Fluid
Mechanics, 39:129-162, 2007.

Helen L Reed, William S Saric, and Daniel Arnal. Linear stability theory
applied to boundary layers. Annual Review of Fluid Mechanics, 28(1):
389-428, 1996.

122



[235]

[236]

[237]

23]

[239]

[240]

[241]

[242]

[243]

[244]

Daniel Arnal. Boundary layer transition: predictions based on linear the-

ory. AGARD, 1994.

Song Fu and Liang Wang. Rans modeling of high-speed aerodynamic flow
transition with consideration of stability theory. Progress in Aerospace

Sciences, 58:36-59, 2013.

LM Mack. Boundary layer stability theory. jpl rep. 900-277. Jet Propulsion
Laboratory, California Institute of Technology, Pasadena, CA, USA, 1969.

MR Malik and EC Anderson. Real gas effects on hypersonic boundary-
layer stability. Physics of Fluids A: Fluid Dynamics, 3(5):803-821, 1991.

Xiaolin Zhong and Xiaowen Wang. Direct numerical simulation on the
receptivity, instability, and transition of hypersonic boundary layers. An-

nual Review of Fluid Mechanics, 44:527-561, 2012.

Xianliang Chen, Youcheng Xi, Jie Ren, and Song Fu. Cross-flow vortices
and their secondary instabilities in hypersonic and high-enthalpy bound-

ary layers. Journal of Fluid Mechanics, 947:A25, 2022.

Jie Ren, Song Fu, and Rene Pecnik. Linear instability of poiseuille flows
with highly non-ideal fluids. Journal of Fluid Mechanics, 859:89-125,
2019.

Jie Ren, Olaf Marxen, and Rene Pecnik. Boundary-layer stability of super-
critical fluids in the vicinity of the widom line. Journal of Fluid Mechanics,

871:831-864, 2019.

J-C Robinet and Xavier Gloerfelt. Instabilities in non-ideal fluids. Journal

of Fluid Mechanics, 880:1-4, 2019.

Nguyen Ly and Matthias Thme. Destabilization of binary mixing layer in
supercritical conditions. Journal of Fluid Mechanics, 945, 2022.

123



[245]

[246]

[247)

[248]

[249]

250]

[251]

[252]

Enrico Rinaldi, Ashish Patel, Philipp Schlatter, and Rene Pecnik. Linear
stability of buffer layer streaks in turbulent channels with variable density

and viscosity. Physical Review Fluids, 2(11):113903, 2017.

Jie Ren and Markus Kloker. Instabilities in three-dimensional boundary-
layer flows with a highly non-ideal fluid. Journal of Fluid Mechanics, 951:
A9, 2022.

Jie Ren and Markus Kloker. Non-ideal gas behavior matters in hydrody-
namic instability. Scientific Reports, 12(1):22089, 2022.

Jie Ren and Markus Kloker. Instabilities in three-dimensional boundary-
layer flows with a highly non-ideal fluid. Journal of Fluid Mechanics, 951:
A9, 2022.

B. Bugeat, P.C. Boldini, A.M. Hasan, and R. Pecnik. Instability in
strongly stratified plane couette flow with application to supercritical flu-
ids. Journal of Fluid Mechanics, 984:A31, 2024. doi: 10.1017/jfm.2024.
193.

Pietro Carlo Boldini, Benjamin Bugeat, Jurriaan WR, Peeters, Markus
Kloker, and Rene Pecnik. Transient growth in diabatic boundary layers
with fluids at supercritical pressure. arXiv preprint arXiv:2403.06181,
2024.

Martin Rohde, JWR Peeters, A Pucciarelli, A Kiss, YF Rao, EN Onder,
P Miihlbauer, A Batta, M Hartig, V Chatoorgoon, et al. A blind, numer-
ical benchmark study on supercritical water heat transfer experiments in

a 7-rod bundle. Journal of Nuclear Engineering and Radiation Science, 2

(2):021012, 2016.

Rene Pecnik, Jie Ren, and Gustavo J Otero-Rodriguez. Characterizing and
modelling turbulence in supercritical fluids. Universitat Duisburg-Essen,

2021.

124



[253]

[254]

255

[256]

[257]

258]

259]

[260]

Yoon Y Bae. A new formulation of variable turbulent prandtl number
for heat transfer to supercritical fluids. International Journal of Heat and

Mass Transfer, 92:792-806, 2016.

Yoon-Yeong Bae, Eung-Seon Kim, and Minhwan Kim. Numerical simu-
lation of supercritical pressure fluids with property-dependent turbulent
prandtl number and variable damping function. International Journal of

Heat and Mass Transfer, 101:488-501, 2016.

Guoli Tang, Hang Shi, Yuxin Wu, Junfu Lu, Zhouhang Li, Qing Liu, and
Hai Zhang. A variable turbulent prandtl number model for simulating
supercritical pressure CO2 heat transfer. International Journal of Heat

and Mass Transfer, 102:1082-1092, 2016.

Brian Edward Launder. On the computation of convective heat transfer in
complex turbulent flows. ASME Journal of Heat Transfer, 110:1112-1128,
1988.

You-Sheng Zhang, Wei-Tao Bi, Fazle Hussain, Xin-Liang Li, and Zhen-Su
She. Mach-number-invariant mean-velocity profile of compressible turbu-

lent boundary layers. Physical Review Letters, 109(5):054502, 2012.

Jinbiao Xiong and Xu Cheng. Turbulence modelling for supercritical pres-
sure heat transfer in upward tube flow. Nuclear Engineering and Design,

270:249-258, 2014.

Andrea Pucciarelli, Medhat Sharabi, and Walter Ambrosini. Prediction
of heat transfer to supercritical fluids by the use of algebraic heat flux

models. Nuclear Engineering and Design, 297:257-266, 2016.

A Pucciarelli and W Ambrosini. Use of ahfm for simulating heat transfer
to supercritical fluids: application to carbon dioxide data. International

Journal of Heat and Mass Transfer, 127:1138-1146, 2018.

125



[261]

[262]

[263]

[264]

265

266]

267]

268]

[269]

Fangbo Li, Binbin Pei, and Bofeng Bai. A non-linear turbulence model
of supercritical fluid considering local non-equilibrium of reynolds stress

transport. Physics of Fluids, 32(9):095112, 2020.

Stephen B. Pope. Turbulent Flows. Cambridge University Press, 2000.
doi: 10.1017/CB0O9780511840531.

Yuli Cao, Ruina Xu, and Peixue Jiang. Physics-informed machine learning
based rans turbulence modeling convection heat transfer of supercritical
pressure fluid. International Journal of Heat and Mass Transfer, 201:

123622, 2023.

Karthik Duraisamy, Gianluca laccarino, and Heng Xiao. Turbulence mod-
eling in the age of data. Annual Review of Fluid Mechanics, 51(1):357-377,
2019.

Steven L Brunton, Bernd R Noack, and Petros Koumoutsakos. Machine
learning for fluid mechanics. Annual Review of Fluid Mechanics, 52:477—

508, 2020.

Wai Tong Chung, Aashwin Ananda Mishra, and Matthias Thme. Inter-
pretable data-driven methods for subgrid-scale closure in les for transcrit-

ical lox/gch4 combustion. Combustion and Flame, 239:111758, 2022.

Julia Ling, Andrew Kurzawski, and Jeremy Templeton. Reynolds av-
eraged turbulence modelling using deep neural networks with embedded

invariance. Journal of Fluid Mechanics, 807:155-166, 2016.

Rafael Diez Sanhueza, Stephan HHJ Smit, Jurriaan WR Peeters, and
Rene Pecnik. Machine learning for rans turbulence modeling of variable

property flows. Computers €& Fluids, 255:105835, 2023.

Eric J Parish and Karthik Duraisamy. A paradigm for data-driven pre-
dictive modeling using field inversion and machine learning. Journal of

Computational Physics, 305:758-774, 2016.

126



[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

Jeffrey P Slotnick, Abdollah Khodadoust, Juan Alonso, David Darmofal,
William Gropp, Elizabeth Lurie, and Dimitri J Mavriplis. Cfd vision 2030
study: a path to revolutionary computational aerosciences. Technical

report, 2014.

Konrad A Goc, Oriol Lehmkuhl, George Ilhwan Park, Sanjeeb T Bose,
and Parviz Moin. Large eddy simulation of aircraft at affordable cost: a

milestone in computational fluid dynamics. Flow, 1:E14, 2021.

B Niceno and M Sharabi. Large eddy simulation of turbulent heat transfer
at supercritical pressures. Nuclear Engineering and Design, 261:44-55,

2013.

Andrea Pucciarelli and Walter Ambrosini. On the effect of conjugate heat
transfer on turbulence in supercritical fluids: Results from a les applica-

tion. Annals of Nuclear Energy, 111:340-346, 2018.

USER CD-adapco. Guide star ccm+ version 7.06. CD-adapco, Melville,
NY, 2012.

Franck Nicoud and Frédéric Ducros. Subgrid-scale stress modelling based
on the square of the velocity gradient tensor. Flow, Turbulence and Com-

bustion, 62(3):183-200, 1999.

Mahdi Nabil and Alexander S Rattner. Large eddy simulations of high-
heat-flux supercritical CO2 convection in microchannels: Mixed convec-

tion and non-uniform heating. International Journal of Heat and Mass

Transfer, 145:118710, 2019.

Abdulaziz Alkandari and Alexander S Rattner. Characterization of lami-
nar and turbulent supercritical carbon dioxide slot jet impingement heat
transfer. International Journal of Heat and Mass Transfer, 193:122949,
2022.

127



[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

Jingzhe Xie and Gongnan Xie. Assessment on heat transfer deterioration
to supercritical carbon dioxide in upward flows via large eddy simulation.

International Journal of Heat and Fluid Flow, 95:108954, 2022.

Han Wang, Shunqi Wang, and Daogang Lu. Large eddy simulation on the
heat transfer of supercritical pressure water in a circular pipe. Nuclear

Engineering and Design, 377:111146, 2021.

Han Wang, Jinguang Zang, Junfeng Wang, and Yanping Huang. Large
eddy simulation of the heat transfer and unsteady pulsation of super-
critical carbon dioxide in a square subchannel. International Journal of

Thermal Sciences, 172:107377, 2022.

Giuseppe Indelicato, Arianna Remiddi, Pasquale E Lapenna, Francesco
Creta, Nelson P Longmire, and Daniel T Banuti. Dataset of wall-resolved
large-eddy simulations turbulent pseudoboiling in cryogenic hydrogen pipe

flows. Journal of Thermophysics and Heat Transfer, 37(1):133-146, 2023.

G Indelicato and F Creta. Assessment of an algebraic equilibrium wall-
function for supercritical flows. International Journal of Heat and Mass

Transfer, 197:123350, 2022.

J.D. Jackson. Models of heat transfer to fluids at supercritical pressure
with influences of buoyancy and acceleration. Applied Thermal Engineer-

ing, 124:1481-1491, 2017.

Sandeep Pandey, Eckart Laurien, and Xu Chu. A modified convective
heat transfer model for heated pipe flow of supercritical carbon dioxide.

International Journal of Thermal Sciences, 117:227-238, 2017.

Feng Sun, Gongnan Xie, Jian Song, Shulei Li, and Christos N Markides.
Thermal characteristics of in-tube upward supercritical CO2 flows and
a new heat transfer prediction model based on artificial neural networks

(ann). Applied Thermal Engineering, 194:117067, 2021.

128



[286]

[287]

288

[289)]

[290]

[291]

[292]

Wanli Chang, Xu Chu, Anes Fatima Binte Shaik Fareed, Sandeep Pandey,
Jiayu Luo, Bernhard Weigand, and Eckart Laurien. Heat transfer predic-
tion of supercritical water with artificial neural networks. Applied Thermal

Engineering, 131:815-824, 2018.

Giinther Waxenegger-Wilfing, Kai Dresia, Jan Christian Deeken, and
Michael Oschwald. Heat transfer prediction for methane in regenerative
cooling channels with neural networks. Journal of Thermophysics and

Heat Transfer, 34(2):347-357, 2020.

Kai Ye, Yaoli Zhang, Linlin Yang, Yingru Zhao, Ning Li, and Congkai
Xie. Modeling convective heat transfer of supercritical carbon dioxide
using an artificial neural network. Applied Thermal Engineering, 150:

686-695, 2019.

Ruizeng Zhang, Wentao Tong, Siyuan Xu, Qinggang Qiu, and Xiaojing
Zhu. ANN model with feature selection to predict turbulent heat transfer
characteristics of supercritical fluids: Take CO2 and H20 as examples.

International Journal of Thermal Sciences, 188:108247, 2023.

Xu Chu, Wanli Chang, Sandeep Pandey, Jiayu Luo, Bernhard Weigand,
and Eckart Laurien. A computationally light data-driven approach for
heat transfer and hydraulic characteristics modeling of supercritical fluids:
From dns to dnn. International Journal of Heat and Mass Transfer, 123:

629-636, 2018.

G Scalabrin and L Piazza. Analysis of forced convection heat transfer to
supercritical carbon dioxide inside tubes using neural networks. Interna-

tional Journal of Heat and Mass Transfer, 46(7):1139-1154, 2003.

Xiaojing Zhu, Ruizeng Zhang, Xiao Yu, Qinggang Qiu, and Liang Zhao.
Study on artificial neural network-based prediction of thermal character-
istics of supercritical CO2 in vertical channels. International Communi-

cations in Heat and Mass Transfer, 139:106502, 2022.

129



[293]

[294]

Xinhuan Shi, Yongji Liu, Longxian Xue, Wei Chen, and Minking K Chyu.
Prediction of supercritical CO2 heat transfer behaviors by combining
transfer learning and deep learning based on multi-fidelity data. Inter-

national Journal of Heat and Mass Transfer, 218:124802, 2024.

Xinhuan Shi, Zhongchun Li, Jinyu Wang, Xiaoming Chai, Wei Chen, and
Minking K Chyu. Rapid 2-dimensional prediction of supercritical CO2
heat transfer behaviors in inclined tubes based on deep learning. Applied

Thermal Engineering, 240:122244, 2024.

130



Prof. Zhouhang Li is currently a Professor in the School of Metallurgical and
Energy Engineering at Kunming University of Science and Technology (KUST,
China). Prof. Li previously held research positions at Tsinghua University and
University of Stuttgart. He received his B.S. degree (2010) and Ph.D. (2015)
from Tsinghua University, where he won the Excellent Doctoral Dissertation
Award. His research covers several topics in the field of multiphase flow and
heat transfer, particularly in fluid dynamics and heat transfer near the critical
point. He has published over 30 articles in internationally recognized journals,
edited two books, and has been involved in about ten research projects funded
by the Chinese government, the Alexander von Humboldt Foundation (Ger-

many), and industries.

131



Prof. Dr.-Ing. Daniel T. Banuti holds the professorship (full) for “Hydrogen-
based energy systems” at the Karlsruhe Institute of Technology (KIT) and is
the head of the Institute for Thermal Energy Technology and Safety (ITES).
Prof. Banuti previously held research positions at the German Aerospace Center
(DLR) in Gottingen, Stanford University, Caltech, NASA JPL, and the Univer-
sity of New Mexico. He holds a MSc in Mechanical Engineering from RWTH
Aachen University and a PhD in Aerospace Engineering from the University
of Stuttgart, both in Germany. With an original research background in su-
percritical fluids modeling for rocket engines, his research focus has shifted to
carbon-neutral thermal energy technologies, including propulsion and power, as
well as fundamental behavior of fluids at supercritical conditions. Prof. Banuti
is a a member of the directorate of the German Research Association Renewable

Energy (FVEE) and the editorial board of the Journal of Supercritical Fluids.

Prof. Jie Ren obtained his B.S. and Ph.D. from Tsinghua University. Be-
fore accepting a professorship at the Beijing Institute of Technology, he worked
as a postdoc researcher (TU Delft, University of Nottingham) and Alexander
von Humboldt Research Fellow (University of Stuttgart). His research is dedi-
cated to theoretical and numerical advancement toward understanding laminar-
turbulent transition in the supercritical and hypersonic regimes. He won the
Excellent Doctoral Dissertation of Tsinghua University and the Springer The-

sis Prize. His discovery of the dual-mode instability in boundary layer flows

132



of supercritical fluids is highlighted in Focus on Fluids of the Journal of Fluid

Mechanics.

Prof. Junfu Lyu received his B.S. (1991), M.S. (1996) degrees and Ph.D.
(2004) from Tsinghua University. In 1996 he joined the Department of Thermal
Engineering at Tsinghua University and was a Professor since 2005. Dr. Lyu
combines his expertise in research and technological innovation with a commit-
ment to creating clean and efficient energy utilization. He has made significant
contributions in the areas of gas-liquid two-phase flow, circulating fluidized bed
combustion, boiler hydrodynamics, and coal gasification. He has published over
300 papers in various refereed journals, in addition to 5 edited books, 70 patents,
and many keynote lectures at international conferences. Dr. Lyu served as
the Chairman of the Executive Committee of IEA-FBC (International Energy
Agency - Fluidized Bed Conversion) from 2020 to 2023, and is an editorial board
member of several journals. In recognition of his research achievements, Prof.
Lyu has received many awards in recent years, notable examples are the State
Science and Technology Progress Award (State Council of the People’s Republic
of China, 2017, first prize), and the Guanghua Engineering Science and Tech-
nology Award (Chinese Academy of Engineering, 2020). He is a member of the
Chinese Academy of Engineering (2023).

133



Prof. Hua Wang received his B.S. (1987) from the Northeastern University
and both M.S. (1990) and Ph.D. (1996) from Kunming University of Science and
Technology. Then he worked in Kyoto University as a postdoctoral researcher
from 1998 to 2000. Since then he has been a Professor in Kunming University
of Science and Technology. His research interest covers thermophysics in multi-
phase flow, chemical looping, and catalytic chemistry. He is author/co-author of
more than 300 publications, 7 technical books, 216 papers in refereed journals,
113 papers in refereed proceedings of international and national conferences and
symposiums, and 79 patents. Dr. Wang serves as a member of the international
advisory committee of ICOPE (International Conference on Power Engineering)
since 2009. He has received many awards including the State Science and Tech-
nology Progress Award (State Council of the People’s Republic of China, first
prize in 2012 and second prize in 2020), the Innovation Award (State Council
of the People’s Republic of China, 2019), and the Research Excellence Award
of China (2014).

Dr. Xu Chu received his B.S. from Tongji University in China and both

134



Dipl.-Ing. and Dr.-Ing. from University of Stuttgart in Germany. After his
Ph.D. from Institute of Nuclear Technology and Energy Systems, University of
Stuttgart, he led a research group in Institute of Aerospace Thermodynamics,
University of Stuttgart. His research focuses on numerical and experimental
multi-X thermofluids combined with data science. He has published more than
40 journal papers and book chapters on prestigious journals including Jour-
nal of Fluid Mechanics, Physical Review Fluids, Physics of Fluids and others.
Dr. Chu serves as a guest editor for Physics of Fluids and the International
Journal of Heat and Mass Transfer. Since 2024, he is the senior lecturer of
Data-Centric Engineering in University of Exeter after submitted his Habilita-
tion thesis jointly to the Faculty of Aerospace and Cluster of Excellence SimTech
in the University of Stuttgart.

135



	Introduction
	Supercritical fluids for power generation
	Supercritical fluids in aerospace engineering and transportation
	Objective and outline

	Physics and thermodynamics of supercritical fluids
	Introduction to supercritical fluids
	High pressure fluid properties
	Discovery and concept of supercritical fluids
	Supercritical liquids and gases

	Transitional states
	Pseudocritical line
	Widom line and 'the ridge': response functions
	Fisher-Widom and Frenkel lines
	Pseudo boiling line
	Similarity of transition lines

	Transitional processes and pseudo boiling
	Latent heat of supercritical fluids
	Pseudo boiling energy budget
	Microscale characterization of transitional fluid states

	A revised fluid state space
	Interfaces
	Equilibrium
	Multi-component local equilibrium 
	Multi-component non-equilibrium
	Single component non-equilibrium

	Characteristic parameters
	A supercritical boiling number
	Heat flux vs mass flow

	Conclusion

	Fluid Mechanics and convective heat transfer
	The scaling law of velocity and temperature in the vicinity of pseudo boiling point
	Insights into convective heat transfer via DNS
	Heat transfer deterioration in the vertical pipe flow
	Flow and heat transfer in complex geometries and boundary conditions
	Flow relaminarization and stablization brought by non-uniform body force


	Flow instability and laminar-turbulent transition
	Flow stability theory and its extension to non-ideal fluids
	Results for canonical flows

	Modeling of turbulence and heat transfer and the involvement of data-driven approaches
	Progress in RANS modeling
	LES approach
	Machine learning based heat transfer model

	Conclusion and perspectives

