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Abstract

The power cycle based on supercritical carbon dioxide technologies promises
a higher thermal efficiency and a compact plant layout. However, heat transfer
and hydraulic characteristics are peculiar in the near-critical region due to
the sharp variation of thermophysical properties in a narrow temperature and
pressure range. Therefore, this works presents the results of several direct
numerical simulations (DNS) of turbulent wall-bounded flow at supercritical
pressure. The spatially developing pipe flows are simulated with the low Mach
number approximation to characterize the cooling process of supercritical
carbon dioxide. The upward and downward flow of carbon dioxide in vertical
orientation has been considered. Heat transfer deterioration followed by
recovery is observed in the downward flow while enhancement occurs in
the upward flow as compared to forced convection. During the heat transfer
deterioration, sweep and ejection events are decreased greatly, triggering the
reduction in turbulence. The recovery in turbulence is brought by the Q1 and
Q3 (also known as outward and inward interaction) events, contrary to the
conventional belief about turbulence generation. The turbulence anisotropy of
the Reynolds stress tensor showed that the turbulence structure becomes rod-
like during the deteriorated heat transfer regime in the downward flow and disc-
like for the upward flow. In addition to low Mach number DNS, a framework
for using fully-compressible discontinuous Galerkin spectral element method
for DNS of supercritical carbon dioxide is presented. A turbulent channel flow
is considered to demonstrate the ability of this framework and to observe the
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effects of Mach number in the supercritical fluid regime. The increase in the
Mach number increases the turbulence in the flow for a given Reynolds number.
Finally, a computationally light data-driven approach for heat transfer and
hydraulic characteristics modeling of supercritical fluids is presented based
on the deep neural network. This innovative approach has shown remarkable
prediction capabilities.



Zusammenfassung

Der auf der Technologie überkritischen Kohlenstoffdioxids basierende Leis-
tungszyklus verspricht einen höheren thermischen Wirkungsgrad bei gle-
ichzeitig kompakterem Anlagenlayout. In einem engen Temperatur- und
Druckbereich nahe des kritischen Punktes unterliegen Wärmeübertragung
und hydraulischen Eigenschaften jedoch einer starker Variation aufgrund sich
verändernder thermophysikalischen Eigenschaften. Daher präsentiert diese
Arbeit die Ergebnisse mehrerer Direkter Numerischer Simulationen (DNS)
turbulenter wandgebundener Strömungen bei überkritischem Druck. Die sich
räumlich entwickelnden Rohrströmungen werden mit der „low Mach number“-
Approximation simuliert , um den Abkühlungsprozess von überkritischem
Kohlendioxid zu charakterisieren. Sowohl Aufwärts- als auch Abwärtsströ-
mung von Kohlendioxid in vertikaler Ausrichtung werden berücksichtigt.
Bei Abwärtsströmung tritt eine Verschlechterung der Wärmeübertragung,
gefolgt von einer Erholung derselben, auf, wohingegen bei Aufwärtsströmung
eine Verbesserung gegenüber erzwungener Konvektion beobachtet werden
kann. Während der Verschlechterung der Wärmeübertragung werden Sweep-
und Ausstoßereignisse stark reduziert, wodurch die Turbulenz verringert
wird. Die Erholung der Turbulenz wird durch die Ereignisse Q1 und Q3

(bekannt als Interaktion nach außen und innen) hervorgerufen. Die Turbulen-
zanisotropie des Reynolds-Spannungstensors zeigt, dass die Turbulenzstruktur
beim verschlechterten Wärmeübertragungsregime für die Abwärtsströmung
stabförmig und für die Aufwärtsströmung scheibenförmig wird. Neben der
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Low Mach-Zahl DNS wird ein Rahmen für die Verwendung einer vollständig
komprimierbaren diskontinuierlichen Galerkin-Spektralelementmethode für
DNS von überkritischem Kohlendioxid vorgestellt. Um die Fähigkeit dieses
Gerüsts zu demonstrieren und die Auswirkungen der Mach-Zahl im überkritis-
chen Flüssigkeitsbereich zu beobachten, wird eine turbulente Kanalströmung
betrachtet. Die Erhöhung der Mach-Zahl steigert die Turbulenz im Fluss
für eine gegebene Reynolds-Zahl. Schließlich wird ein rechnerisch gün-
stiger, datengestützter Ansatz zur Modellierung der Wärmeübertragung und
der hydraulischen Eigenschaften von überkritischen Fluiden basierend auf
einem tiefes neuronalen Netzwerk vorgestellt. Dieser innovative Ansatz zeigt
bemerkenswerte Vorhersagefähigkeiten.
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Chapter 1

Introduction

1.1 Motivation

Access to affordable and modern energy resources directly contributes to the
economic and social growth and simultaneously minimizes the poverty which
is the first Sustainable Development Goal set by the United Nations in 2015. A
report from the International Energy Agency [6] claims that approximately 1.1
billion population globally lacks electricity supply as of 2016. As the global
population is on the rise, this will certainly increase the global energy need.
As per the International Energy Outlook 2017 [5], world energy consumption
will grow by 28% between 2015 and 2040 due to the rapid urbanization, strong
economic growth, digitization, and increased mobility. The current energy
sector contributes roughly two-thirds of the total anthropogenic greenhouse
gas (GHG) emissions. To limit the global temperature rise due to GHG, 195
countries signed the historic Paris Agreement at the Conference of the Parties
of the United Nations Framework Convention on Climate Change (UNFCCC)
with the long-term goal to limit the increase in global average temperature
to well below 2◦C above pre-industrial levels; and to limit the increase to
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1.5◦C. To achieve these goals, every nation needs a massive transformation
in the energy sector combined with the environmentally-conscious decisions.
Renewable energy technologies (RET) are becoming cost-effective and com-
petitive to the fossil fuels. Nonetheless, RET suffers from the reliability of
the supply due to its dependence on the local weather conditions. There-
fore, an energy mix of renewable and fossil fuels will continue and help the
policy-makers to meet the goals of the Paris agreement. In addition, fossil
fuel power plants assist the integration of renewable energy into the grid by
providing a backup in non-favorable conditions. Another alternative is nuclear
power which has a similar life-cycle GHG emission as of RET. In addition,
technological advancements in terms of efficiency increment of existing power
cycles also have a huge potential to curb down the GHG emissions. It is highly
desirable to utilize the energy resources in a most efficient way.

In the quest for efficiency enhancement in energy conversion, supercritical
fluids are attractive options. A supercritical fluid is identified as a substance
at a temperature and pressure above its critical point. A critical point denotes
a point on the phase diagram at which phase equilibrium occurs. At the
liquid-vapor critical point, a liquid and its vapor can coexist and surface
tension of the liquid vanish. Below the critical point, a finite amount of heat
is needed to convert a liquid into its vapor which is known as ‘latent heat of
vaporization’. The latent heat becomes zero at the critical point. Above the
liquid-vapor critical point, a substance can be transformed without the phase
transition. Schuster et al. [118] have investigated the supercritical Organic
Rankine Cycle (ORC), which primarily use the low-temperature heat sources
(such as geothermal energy, solar desalination, and waste heat recovery) and
supercritical organic fluids. The thermal efficiency was improved by more
than 8%, compared with the subcritical state. Chen et al. [26] have proposed
a supercritical Rankine Cycle (SRC) based on zeotropic mixture working
fluids, which shows 10-30% enhancement in the thermal efficiency over the
conventional subcritical ORC. In addition, Zhang and Yamaguchi [133] have
shown that a solar thermal collector based on supercritical carbon dioxide
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(sCO2) achieves an annually-averaged collector efficiency of 60%, which is
much higher than that of a normal water-based solar collector. It has been
found by Zhang and Yamaguchi [132] that the power generation efficiency of
the solar Rankine cycle using sCO2 is in the range of 8.78-9.45%, higher than
the value 8.20% of the solar cell.

The applications of the supercritical fluids are not limited to the low-
temperature heat sources. The idea of using supercritical fluids in the power
plants has been intensively explored since the 1960s [72]. The supercritical
and ultra-supercritical coal-fired power plants have shown superiority over
their subcritical counterparts. Various advanced technologies can be coupled
to these supercritical power plants to increase the efficiency as well as to
reduce carbon emissions [114, 137, 23]. Moreover, the Supercritical Water-
Cooled Reactor (SCWR) is one of the nuclear reactor candidates suggested
by Generation-IV International Forum (GIF) with the aim of improving the
thermal efficiency of power cycles by increasing the reactor’s outlet temper-
ature (ranging from 500 to 1000◦C) [117]. It is estimated that the SCWR
is able to achieve a thermal efficiency of about 45%, compared to about
33% for the current Light Water Reactor (LWR) [111]. In addition to the
land-based power plants, the SCWR is expected to be used in marine vessels
(ships and submarines) as well. The water used as a coolant is compatible
with the operating environment of the vessels. The main advantages of using
supercritical water are the compact design of heat exchangers, elimination
of the dry-out problem, exclusion of steam separators, high power density, a
smaller core, and better fuel economy [21]. However, structural material may
degrade under high temperature and extremely corrosive environment, and
power plant is prone to accidents along with a shorter lifespan. To circumvent
this problem, supercritical carbon dioxide (sCO2) is one of the alternatives.
It can operate in the mid-temperature range (450 to 700◦C) and improve the
plant reliability [3].

Apart from power generation application, supercritical fluids are exten-
sively used in various other applications for e.g. supercritical hydrogen and
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methane are used as fuel for supersonic transport, supercritical carbon dioxide
is used as refrigerant for air-conditioners and refrigerators, supercritical water
is used as working fluid in ultra-supercritical fossil fuel power plants and
oxidizer for waste treatment, other supercritical fluids are widely used for the
processing of macromolecules and bioactive compounds, transformation of
geothermal energy, pharmaceutical industries, high-pressure sterilization, jet
cutting, and thin-film deposition for microelectronics [106, 38]. The trend
of using carbon dioxide as working fluid is increasing because it is natural,
harmless, and non-ignitable fluid, and it has 0 Ozone depletion potential
(ODP) and 1 Global warming potential (GWP).

From the power generation perspective, lower critical pressure and temper-
ature of carbon dioxide (pc=7.38 MPa, Tc= 304.25 K) as compared to water
(pc=22.06 MPa, Tc= 674.09 K) provide an opportunity to generate electricity
in a reduced operating range. The supercritical carbon dioxide Brayton cycle
takes advantage of a lower fluid compressibility in the near-critical region and
higher turbine inlet temperate resulting in higher cycle efficiency. In this way,
sCO2 Brayton cycle combines the advantages of both the steam Rankine cycle
and gas turbine cycle. There exist several plant layouts with carbon dioxide
as the working fluid, including single and split flow layouts with the options
of precompression, recuperation, intercooling, and reheating [36]. Among all
these layouts, the recompression layouts have shown great potential in terms
of superior thermal efficiency, compactness, and simplicity [3].

In a typical recompression Brayton cycle, isobaric heat addition takes
place at high pressure as shown by process 2-3-4-5 in Figure 1.1, which is
far away from the critical point (in the range of 20 to 25 MPa) and heat
rejection takes place in the near-critical pressure (7.5 to 10 MPa) as depicted
by process 6-7-8-1. The flow is split at point 8, and the major part of the fluid
is cooled down in the reject heat exchanger (i.e. pre-cooler) in process 8-1.
The fluid is compressed isentropically in the compressor (process 1-2) and
recompressor (process 8-3). During process 2-3, the major part of the split
fluid is heated in the low-temperature recuperator and at point-3; it is mixed
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up with the fluid coming from the recompressor. Then the fluid is sent to the
high-temperature recuperator (process 3-4), where it extracts the heat from
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the fluid at the low-pressure side (process 6-7). The remaining part of the
heat is supplied via an external source (such as nuclear fission, solar thermal,
geothermal, waste heat) during the process 4-5. The isentropic expansion
from high-pressure to low-pressure takes place in the turbine in process 5-6
and fluid is passed through the high and low-temperature recuperator for the
regeneration purpose. The heat exchanger and other equipment in the power
cycle are subjected to wall-bounded turbulent flow, where at least one wall is
present with the no-slip boundary conditions. The completely confined flow
in the channel and pipe will result in the turbulent boundary layers [15]. This
turbulent boundary layer influences the flow significantly in the supercritical
fluids with the heat transfer.

1.2 Literature Review

The idea of using supercritical fluid in thermal power plants is in existence
since 1950s [138]. The claim of higher efficiency enticed the plant’s owner
which led to research and development efforts for designing nuclear reactors
using helium [106]. But, the problem of heat transfer deterioration and
its prediction baffled the scientific community. In the power cycle shown
in Figure 1.1, the variation of thermophysical properties is smooth at high
pressure of 20-25 MPa, thus commonly used correlations for linearly-varying
properties can be applied to predict the heat transfer. The problem of an
accurate and reliable prediction of heat transfer arises at the lower pressure
of 7.5-10 MPa, where almost all thermophysical properties change abruptly
with temperature as shown in Figure 1.2. The fluid can neither be identified
as a liquid nor a gas in the vicinity of the critical point. This narrow region
is often known as the near-critical region. When a fluid is heated in the
near-critical region then it can undergo a transition from liquid-like state to
gas-like state (vice versa for cooling), and these states are separated by a
coexistence line, commonly known as the Widom line [16]. When crossing
the Widom line, a sharp cross-over of different thermophysical properties
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takes place. In the near-critical region, thermophysical properties change
significantly in a narrow temperature range. The specific heat capacity shows
its maximum at the pseudocritical temperature and its location (with respect
to p and T ) is represented as a point on the Widom line. This strong variation
in thermophysical properties causes unusual heat transfer behavior compared
to subcritical conditions and it can include heat transfer enhancement and/or
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deterioration depending upon the type of the heat transfer (i.e. cooling or
heating) and flow direction [13, 64]. The heat transfer deterioration will
not only reduce the efficiency but can also lead to a catastrophic accident.
Therefore, it is essential to predict heat transfer behavior, so that engineers can
circumvent this problem of heat transfer deterioration in advance. Numerous
efforts have been made to address this issue by means of experiments and
numerical methods.

1.2.1 Experimental studies

Simple geometries such as circular pipes or annular channels have been
used to investigate the heat transfer experimentally in the vicinity of the
pseudo-critical temperature. Schmidt et al. [52] made the first experimental
investigation in 1946 for the heat transfer at natural convection in a liquid
near its critical state. They discovered that the heat transfer is enhanced
at the near-critical point and focused on single-phase thermosyphons [107].
Shitsman [124, 125] conducted experiments with upward flowing supercritical
water and noticed impairment of the heat transfer at high heat flux. Several
other authors have carried out the experimental analysis of heat transfer to
supercritical water [2, 50, 54, 71, 78, 135]. Due to the scaled down properties
of sCO2, it is relatively easy to handle the fluid in a laboratory. Therefore,
recent studies are made the CO2.

Shiralkar and Griffith [123] performed experiments with carbon dioxide
in the near-critical region. They first reported that deteriorated heat transfer
can occur with high heat fluxes at supercritical pressure as long as the bulk
temperature is below the pseudocritical temperature. Almost after 35 years,
Kim and Bae extensively investigated the heat transfer to sCO2 by means
of experiments [68, 13, 14]. They have conducted a series of experiments
in the pressure range of 7.75 MPa to 8.85 MPa with different mass and
heat flux combinations. They observed the heat transfer deterioration as a
wall-temperature peak at high heat flux and low mass flux when the fluid
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properties changed drastically. In the experiments of Kim and Kim [67],
similar observations of heat transfer deterioration were observed in the upward
flow of sCO2 while in the downward flow, the wall temperature increased
monotonically without any peak. The authors concluded that different nature
of wall temperature distribution is due to the relationship between the flow
direction and buoyancy force in the near-wall region. Xu et al. [134] used
an infrared thermometer to obtain the continuous wall temperature for a
vertically-oriented mini tube. The authors have observed the abnormal heat
transfer in their experiments and verified the previously reported effects of
heat flux and flow direction. There are comparatively few investigations which
have been conducted for cooling of the fluid.

Tanaka et al. [128] investigated the cooling phenomenon for the first
time. They compared the heating and cooling of the sCO2. An experimental
analysis of the heat transfer and pressure drop associated with in-tube cooling
of supercritical carbon dioxide was conducted by Pitla et al. [108] at various
flow rates with the aim of gas cooler design. Dang and Hihara [33] also
conducted experiments in which sCO2 was cooled in circular tubes. They
summarized from their parametric study that the heat transfer coefficient and
pressure drop increase with increasing mass flux. Jiang et al. [64] investigated
the heat transfer in a vertical cooled tube by means of experiments. An
important observation from their study was heat transfer enhancement for
upward flow and deterioration followed by recovery for downward flow. Liu
et al. [84] developed a test loop to analyze the flow and heat transfer behavior
in the horizontal orientation and presented a parametric study by varying
different variables in the experiment such as mass flow, pipe diameter, inlet
pressure, and temperature. Zhang et al. [139] characterized the in-tube
cooling for four horizontal tubes with variations in tube diameter, mass flux,
and pressure. Wang et al. [131] found that the heat transfer coefficient in
the horizontal helically coiled tube is higher than that of the vertical helically
coiled tube. Due to the revival of supercritical power cycles, many recent
studies are focused towards the supercritical carbon dioxide [83, 79, 44].
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Typically, experiments with sCO2 require high financial resources along
with longer time to build them. Moreover, a limited amount of qualitative
data is available for e.g. wall temperature and pressure drop. These data serve
for preliminary identification of heat transfer peculiarity. However, most of
the time, they failed to deliver insight information regarding the flow. In this
scenario, numerical studies are useful.

1.2.2 Numerical studies

Besides experiments, numerical methods are also useful. Figure 1.3 depicts
the available options for the heat transfer prediction for supercritical carbon
dioxide. Correlations and analytical models are the simplest and fastest way
to compute the heat transfer coefficient. Most of these correlations are derived
from a particular experimental dataset. There are a number of correlations
available in the literature for both constant and linearly varying properties.
A commonly used correlation given by Gnielinski is given by Equation 1.1,
which couples the friction and heat transfer, and provides excellent predictions
for constant properties flow.

Requirement of computational power

Accuracy and reliabilityLow

Low

High

High

Correlations and
(semi) Empirical

Model

Reynolds
Averaged Navier
Stokes Simulation

Large Eddy
Simulation

Direct
Numerical
Simulation

Mesh resolutionLow High

Fig. 1.3 A spectrum of numerical prediction methods for sCO2 for a given
Reynolds number and geometry
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Nub =
f
8 (Reb −1000)Pr

1+12.7( f
8 )

1/2(Pr2/3 −1)
(1.1)

where
f = [0.79ln(Reb)−1.64]−2

Several specific correlations have been proposed to treat the steep variation
in the thermophysical properties of supercritical fluids [89, 20, 125, 74, 19,
60, 59]. Cheng et al. [27] reviewed the experimental data of heat transfer
and pressure drop while focusing on the use of sCO2 as a refrigerant. They
compared various correlations with experimental data but no correlation was
found to cover a wide operation range. A detailed comparative analysis is
performed by Pioro et al. [106], showing that most of the correlations are
only able to predict the qualitative rough trend, yet not the actual magnitude.
Based upon this study, three correlations targeting the supercritical fluids, as
given by Equations 1.2, 1.3 and 1.4 are selected for comparison. Equation 1.2
shows one of the earliest correlations proposed by Miropol’skii and Shitsman
[92] in late 1950s.

Nub = 0.023Re0.8
b Pr0.8

min (1.2)

The correlation given by Equation 1.3 is derived by Krasnoshchekov and
Protopopov [74] and the correlation in Equation 1.4 is from Jackson [59].

Nub = Nu0

(
µb

µw

)0.11( κb

κw

)−0.33( cp

cpb

)0.35
, (1.3)
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where

Nu0 =
ξ

8 RebPr

12.7 ξ

8 (Pr2/3 −1)+1.07
,

cp = 0.5(cpb + cpw),

Pr = 0.5(Prb +Prw),

ξ = [1.82log10(Reb)−1.64]−2.

Nub = 0.0183Re0.82
b Pr0.5

b

(
ρw

ρb

)0.3( cp

cpb

)n
, (1.4)

where

n=


0.4, Tb < Tw < Tpc ∪1.2Tpc < Tb < Tw

0.4+0.2( Tw
Tpc

−1) Tb < Tpc < Tw

0.4+0.2( Tw
Tpc

−1)(1−5( Tb
Tpc

−1)) Tpc < Tb < 1.2Tpc ∪Tb < Tw

A relatively new correlation from Kim and Kim [67] is proposed by
Equation 1.5, which was derived for vertical upward and downward flow of
supercritical pressurized fluid.

Nub = 2.0514Re0.928
b Pr0.742

b

(
ρw

ρb

)1.305(µw

µb

)−0.669(cp,w

cp,b

)0.888
(q+)0.792,

(1.5)
where

q+ =
qwβb

Gcp,b

To asses their capability, a comparison between the experiments of Kim
et al. [68] and selected four correlations is illustrated in Figure 1.4. The pre-
diction capability at normal heat transfer is acceptable. However, a mismatch
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Fig. 1.4 A comparison of selected correlations with the experimental data of
Kim et al. [68] for vertical heated flow of CO2 at a pressure of 7.7 MPa and
a mass flux of 400 kg/(m2·s). (a): Normal heat transfer (qw=10 kW/m2) and
(b): Deteriorated heat transfer (qw=50 kW/m2)

can be seen at deterioration. This is the main constraint with the correlations
that they are experimental-data specific and lose their generality in peculiar
heat transfer. An alternative to correlation is the analytical model. Laurien
[75] derived an implicit model to predict the heat transfer at supercritical
pressure by utilizing the two-layer theory. The author introduced correction
factors to improve the agreement. However, the model was not universal,
because correction factors were not based on the physical understanding of
the flow. Jackson [61] proposed a semi-empirical model for heat transfer to
the supercritical fluid which includes the effect of buoyancy and acceleration.
The semi-analytical models are ‘tuned’ with the experiments, hence generality
is far beyond the reach at the moment.

The Reynolds-averaged Navier–Stokes (RANS) simulation, in which tur-
bulence is ‘modeled’, is at the next level of the spectrum shown in Figure 1.3.
Numerous attempts have been made in the past to model the heat transfer to
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sCO2 by means of turbulence modeling [120, 136, 56, 110]. He et al. [56] as-
sessed low-Reynolds number turbulence models and found that models either
over-predict or under-predict the heat transfer depending upon their damp-
ing function characteristics with respect to buoyancy and flow acceleration.
Analogous observations were reported by Sharabi et al. [120]. In addition
to this, authors reported that the Renormalization Group (RNG) k—ε model
with a two-layer treatment of the near-wall region was not able to reproduce
experimental results. Pucciarelli and Ambrosini [109] made an attempt to
improve Reynolds-averaged Navier-Stokes (RANS) turbulence models. In
this work, they incorporated an algebraic heat flux model as an auxiliary
tool to calculate the turbulent Prandtl number distribution. This distribution
was further used in the energy equation. Through this, buoyancy induced
phenomena were captured up to an extent but it was not general for further
application with certainty. Therefore, it can be concluded that CFD studies
with turbulence models are not reliable at supercritical pressure. Du et al. [37]
investigated the heat transfer in a horizontal tube numerically and showed
that many turbulence models were able to reproduce heat transfer variation
qualitatively but not quantitatively. Cao et al. [22] focused on laminar mixed
convection in a horizontal miniature tube of a hydraulic diameter less than
1 mm. As a result of buoyancy, a secondary flow was developed contribut-
ing to better heat transfer. Liao and Zhao [82] numerically investigated the
heat transfer to sCO2 in mini and microtubes. In their analysis, both cooling
and heating was investigated while considering only laminar flow. All the
flow and heat transfer characteristics were affected by large variations of the
thermophysical properties even in the laminar region.

However, direct numerical simulation (DNS) is an attractive alternative to
overcome this difficulty at low Reynolds numbers. DNS not only provides
a high-fidelity approach but also it has the ability to deliver insight into the
turbulent flow. Due to the high accuracy, DNS is often termed as ‘numerical
experiments’. Bae et al. [9] performed the first DNS of heated pipe flow for
supercritical carbon dioxide. In their exemplary work, authors presented a
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framework for DNS using the low Mach number Navier-Stokes equations.
They developed an in-house, second-order accurate code based on the finite
difference method. Various flow conditions were simulated and they corre-
spond to variations in the heat flux, tube diameter, gravity, and flow direction.
The authors observed heat transfer deterioration in upward flow and enhance-
ment during downward flow conforming the trends discussed in Section 1.2.1.
Nemati et al. [94] also accomplished DNS while focusing on three cases
from Reference [9]. They illustrated that reduction of the turbulent kinetic
energy (TKE) leads to heat transfer deterioration. They further explained
that averaged thermophysical properties differ from that evaluated at mean
temperature or enthalpy due to the Jensen inequality. It was an important
remark which explains the inability of turbulence modeling to capture the
heat transfer at supercritical pressure. Nemati et al. [95] further studied
the effect of thermal boundary conditions on heat transfer. They illustrated
that heat transfer to supercritical fluids strongly depends of the thermal wall
boundary condition when the momentum diffusivity is equal or greater than
the thermal diffusivity (i.e. Prandtl number, Pr ≥ 1). Chu and Laurien [31]
performed a DNS for a horizontally-oriented pipe, in which the gravity force
affected the heat transfer in the transverse direction. They analyzed the heat
transfer and documented a secondary flow causing flow stratification. This
flow stratification induced a higher wall temperature at the top compared to
the bottom of the pipe. Bae et al. [10] and Peeters et al. [102] investigated
the heat transfer in an annulus with different thermal boundary conditions
imposed at the wall. When the inner wall was heated and the outer wall is
cooled such that pseudocritical temperature lies close the inner wall then
the streak coherency decreased near to the hot wall along with the reduction
in streamwise vortices [102]. Due to variable properties in the near-critical
region turbulence becomes anisotropic [10]. He et al. [55] investigated the
effect of a streamwise body force and provided a new perception for the flow
relaminarization. They have categorized the body-force aided flow into three
regimes: (1) partially laminarized, (2) fully laminarized and (3) recovering
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flows based upon velocity profile and turbulent kinetic energy distribution.
The body force influenced the near-wall turbulence structure in terms of sweep
and ejection events. Thus, there can be a plethora of interlinked reasons for
incapabilities of turbulence modeling and they all are directly or indirectly
connected to the role of turbulence. Therefore, it is very important to analyze
the turbulence in such flows.

All the above mentioned investigations were based on the low Mach
number approximation which decouples the acoustic interaction from the
compressibility effects. In order to study the effect of compressibility in the
trans- and supercritical region, fully-compressible simulations are necessary.
Kawai [65] conducted a direct numerical simulation of heated transcritical
boundary layers with zero pressure gradients under supercritical conditions.
The effects of compressibility were significant in transcritical flow even at low
Mach numbers. Recently, Sengupta et al. [119] performed a fully compress-
ible DNS at low Mach numbers for channel flow with a hot and cold wall.
For the same, they deployed a finite-volume code using the Peng-Robinson
(PR) equation of state (EoS). They showed that compressibility effects can
exist in the near-wall region at low Mach numbers when the pseudo-critical
temperature transition occurs near the cold wall. Ma et al. [87] used their
entropy-stable hybrid scheme for DNS of turbulent channel flow under tran-
scritical conditions with a hot and a cold isothermal wall and assessed the
attached eddy model in the context of turbulence of variable thermodynamic
properties. Kim et al. [70] also performed DNS for channel flow under tran-
scritical temperature conditions with a hot and cold wall at a Mach number
of 0.26. In their simulations, a fully compressible and fully conservative
approach was used and they tackle the numerical instability problem via
systematic grid refinement. These fully compressible DNS studies were
conducted at low Mach numbers with PR as EoS by using a finite volume
method. The PR-EoS is computationally less expensive but it deviates from
the standard database such as REFPROP by NIST [81].
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The DNS proved to be a reliable and accurate numerical tool, however,
the main downside of the DNS is the heavy computational burden. While
less computer intensive techniques (RANS and simple correlations) failed
in the predictions, a relatively new methods based on the machine learning
algorithm has shown a great potential. Machine learning is a broad term for
statistical techniques which provide a computer to learn from the data. Deep
neural networks (DNNs), a machine learning algorithm, have received over-
whelming attention and demonstrated its capability in capturing the intrinsic
relationships hidden in the data in numerous domains [115, 34], including
fluid dynamics. A multi-layer feed-forward neural network has been devel-
oped and trained by Scalabrin and Piazza [113] for forced convection heat
transfer to sCO2. Experimental data for training and validation were ex-
tracted from 8 publications in the literature, including both horizontal and
upward pipe orientation. The performance achieved by the neural network was
comparable to well-known empirical correlations. Another neural network
is proposed by Pesteei and Mehrabi [104] for calculating the heat transfer
coefficient of sCO2 in a vertical tube with the diameter of 2 mm. Unlike
the significant turbulent regime [113], experimental results at low Reynolds
numbers (Re<2500) from a single publication of Jiang et al. [63] are used
for training and validation. The available data amount is considerably less
than that of Pesteei and Mehrabi [113]. In a more recent paper [35], a neural
network is trained with in-house experimental data for a supercritical boiler
design. The authors report 100% prediction accuracy for the training data at
a deviation level of ±7◦C, which drops to about 80% in the validation. The
ability of DNN coupled with DNS is not fully exploited until now, which has
a high potential in terms reducing computational efforts and better accuracy.
Recently, Chang et al. [24] trained an artificial neural network (ANN) based
on 5280 data points collected from published experimental data for super-
critical water. The validation study (strictly separated from training) shows
that the mean error percentage and its standard deviation were both below
0.5%. Furthermore, a series of tests, including operational conditions out
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of the training and validation data, were performed in comparison with four
well-established correlations. The results demonstrated that the performance
of the ANN is considerably better than the correlations.

1.3 Thesis goals and outline

 

Turbulence modulation
Thermo-hydraulics analysis
Development of DNS database

Purely data-driven 
Less computer intensive
Based on machine learning

Present
work

Low-Mach
number DNS

Fully-
compressible DNS

High-order method
Fully compressible CFD code
Highly-accurate EoS

Model
development

Fig. 1.5 Scope of the present thesis

From the above discussion, it becomes clear that heating of sCO2 has
gained much attention in the past compared with the cooling. As already
pointed out, the heat-rejection process will take place in the near-critical
region in the power loop. Therefore, it is equally important to analyze the
cooling of sCO2 in the near-critical region. Until now the possibility of heat
transfer deterioration is known but the mechanism of it, is still unknown and
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how it triggers during the cooling. There is not any high-fidelity simulation
study available in the literature which is devoted to cooling of sCO2 as per the
best of author’s knowledge. In addition, most of the DNS investigations are
based on the low Mach number assumption and employ low-order methods.
Therefore, a fully compressible, high-order, massively parallel framework is a
necessity for DNS at relatively high Reynolds numbers. A computationally-
cheap method is a foremost requirement for the power plant engineer which
can capture the heat transfer abnormality at supercritical pressure. Based on
these motivations, the objectives of the present work can be divided into the
following broad categories (also shown in Figure 1.5):

• To characterize the heat transfer to supercritical carbon dioxide under
cooling condition by means of DNS at low Mach numbers.

• To understand the role of turbulence in unusual heat transfer during
cooling at supercritical pressure.

• To develop a high-order, fully compressible numerical framework for
turbulent supercritical flow.

• To develop a less computer-intensive model for thermo-hydraulic pre-
dictions.

This thesis is divided into 6 chapters including the present one which
introduced the problem and showing the research gap. Chapter 2 discusses
the theoretical background along with the governing equations, numerical
methods, and computational details. Two different solvers were used in this
work, therefore, a brief description along with the verification of the solvers is
discussed in Chapter 2. Chapter 3 thoroughly explains the results from the
heat transfer characterization of the cooling process of sCO2 which covers the
first two objectives of this work. Different turbulent statistics were used for the
discussion of heat transfer deterioration and enhancement. Chapter 4 covers
the third objective by showing the capability of high-order CFD code for the
DNS at supercritical pressure which also includes the effects of Mach number.



20 Introduction

Chapter 5 presents a novel method to predict the heat transfer based on the
machine learning approach by employing a big dataset generated from the
DNS. In addition, Chapter 5 also includes details regarding the comprehensive
DNS database developed in this work for the heating along with a parametric
study. Finally, Chapter 6 provides a brief summary of the work followed
by recommendations for future work. Additionally, two appendices are also
provided which give an overview of the supplementary results from the DNS
and details about the analytical model developed within the course of this
work.



Chapter 2

Numerical and
computational details for
DNS

This chapter describes the numerical methods along with the mathematical
model. The previous chapter gave a clear picture regarding the incapability
of turbulence modeling applied to supercritical CO2. Therefore, Direct Nu-
merical Simulation (DNS), which is on the highest level of hierarchy in terms
of accuracy, is adopted for this work. In DNS, the flow describing equations
i.e. Navier-Stokes equations, are solved numerically without any turbulence
model. Unlike RANS and LES, DNS resolves the spatial and temporal scales
of the flow.

For DNS, several open source CFD codes are available. For this work,
OpenFOAM [96], which is a C++ library, is selected. OpenFOAM is a well-
established CFD code for DNS, used by several researchers for a variety of
applications [28, 43, 53]. This CFD code is extended for the DNS of spatially
developing pipe flow with the low Mach number assumptions. The Mach
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number is defined as the ratio of bulk flow velocity to the local speed of sound.
In addition, a new CFD code, named Flexi [57], is also extended for sCO2.
This code was specifically developed for fully-compressible LES/DNS, which
overcome the low Mach number assumption. Chapter 2.1 includes the details
about OpenFOAM (low Mach number DNS) and Chapter 2.2 describes the
details about Flexi (fully compressible DNS). A brief description of the flow
governing equations, their numerical implementation followed by boundary
conditions and initialization is presented individually for both the codes along
with the parallel performance on the high-performance computer (HPC).

2.1 Description of low Mach number simulation

For the spatially developing pipe flow simulations, OpenFOAM is selected as
a solver. Several libraries were developed within the code for the investigation
of turbulence modulation. This section describes the information for flow
domain, low Mach number Navier-Stokes equations, numerical schemes, and
the parallel performance.

2.1.1 Integration domain and boundary conditions

Figure 2.1a depicts the geometry of the pipe and the boundary conditions for
the DNS with OpenFOAM. The computational domain consists of a straight
pipe of the diameter D with a total length of 35D length. The pipe is divided
into two parts for the numerical simulation. The initial length of L1 = 5D
serves as an inflow generator with an isothermal wall. The objective of the
inflow generator is to provide a fully developed turbulent flow to the main
domain at every time step. Instead of the periodic boundary condition for this
section, a recycling/rescaling procedure [86] has been adopted for the inflow
generator, in which fields from a L = 4D are internally mapped at the inlet
at every time step. The velocity field was initialized with the perturbation
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(a)

(b)

Fig. 2.1 Details for low Mach number DNS using OpenFOAM (a): geometry
of the simulation domain and (b): cross-sectional view of the computational
mesh on x− y plane

method introduced by Schoppa and Hussain [116]. This method proved to be
a computationally efficient way to get a fully developed turbulent flow [28].

The second section of the pipe, identified by L2 in Figure 2.1a, is known
as the main domain, it is distinguished from the inflow generator by a heat flux
applied to the wall. The wall heat flux (qw), was set negative to represents a
cooling or heat rejection while for heating or heat addition, it was set positive.
In the main domain, the no-slip boundary condition is imposed at the wall
while a convective outflow boundary condition

(
∂φ∂ t +Uc∂φ∂x = 0, where

φ can be any dependent variable, e.g. the velocity U
)

is employed for the
velocity and other variables at the outlet. The distinction between upward and
downward flow is made by changing the direction of gravity in the momentum
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equation while the distinction between forced and mixed convection is made
by omitting or including the gravity term in the momentum equation.

The mesh consists of a structured O-grid with five blocks filled with the
hexahedral elements, as shown in Figure 2.1b. The cross-sectional mesh
consists of one center block and four surrounding blocks. This arrangement
circumvents the problem of coordinate singularity and cells concentration at
the center of the pipe. The center block is uniformly divided into 90 cells
and neighboring blocks are divided into 76 cells with an expansion ratio of
10. It results in approximately 120 cells in the radial direction and 360 cells
in the circumferential direction. The inflow generator has a resolution of
120×360×300 (radial r, circumferential θ and axial z direction). The main
domain has an equivalent resolution of 120×360×1800 for 30D length pipe.
A uniform grid spacing is used in the axial direction, while the radial grid
is refined close to the wall. It result in non-dimensional grid resolution 0.18
(wall) ≤ ∆r+ ≤ 1.8 (center), (R∆θ)+= 3.1 (centre) and ∆z+=6.0. The non-
dimensional grid resolution is given in wall units defined by ∆y+=∆yuτ,0/ν0.
Here, R is the radius of the pipe, ∆y is the size of the discretized cell in the
respective coordinate direction, ν is the kinematic viscosity and uτ is the
friction velocity calculated as: uτ,0 =

√
|τw,0|/ρ0. The wall shear stress (τw)

is based on inlet Reynolds number
(
Re0= GD

µ0

)
of 5400 and is calculated

as: τw = 1
8 f ρU2, with the Darcy friction factor, f = 0.316

Re0.25 . The subscript
‘0’ stands for the parameters defined at the inlet/reference conditions of p0=
8 MPa and T0= 342.05 K. A comparison of mesh resolution of current DNS
with similar DNS studies in the literature is shown in table 2.1 (where N is
the number of cells/number of grid points). The present mesh resolution is
comparable with previous DNS performed with supercritical fluids [31, 95, 94]
and higher than Bae et al. [9] in all three directions. In addition, the study
presented, treats cooling, in which the bulk Reynolds number decreases along
the streamwise direction. This also lowers the requirement of fine mesh as
compared to heating.
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Table 2.1 Comparison of mesh resolution of current DNS with previous DNS
in the literature

Case Nr Nθ Nz ∆r+ (R∆θ)+ ∆z+

Bae et al. [9] 69 129 769 0.18-5.34 9.14 14.55
Nemati et al. [95, 94] 128 288 1728 0.55-4.31 3.93 6.25
Chu et al. [31] 168 172 2400 0.11-1.1 6.5 4.6
Present 120 360 1800 0.18-1.8 3.1 6.0

2.1.2 Governing equations

A fluid flow problem is governed by the fully-compressible Navier-Stokes (N-
S) equations. In this DNS, the low Mach number Navier-Stokes equations are
used instead of the fully compressible N-S equations. It is assumed that during
the heat transfer at supercritical pressure, the Mach number is very low so that
acoustic interaction can be decoupled from compressibility effects. Whilst
the effects of variable fluid inertia due to the heat transfer is accounted by
this anelastic approximation [80]. Nemati et al. [94] have shown that during
heating of sCO2, the Mach number varies between 0.0011 to 0.0026 for the
entire considered range of enthalpy, which warrants the low Mach number
assumption. The aforementioned assumption was also employed in previous
DNS as well, e.g. by Bae et al. [9, 10], Nemati et al. [94, 95] and Chu et al.
[31, 30]. The following Equations (2.1), (2.2) and (2.3) represent the mass,
momentum and energy conservation in which a vector and a tensor is denoted
by a bold symbol. Readers are advised to see the work of Nemati et al. [94]
for a detailed derivation of low Mach number Navier-Stokes equations.

∂ρ

∂ t
+∇ · (ρu) = 0 (2.1)

∂ρu
∂ t

+∇ · (ρuu) =−∇p+∇ · (2µS)±bf (2.2)
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∂ρh
∂ t

+∇ · (ρuh) = ∇ · (κ∇T ) (2.3)

In Equations (2.1)-(2.3), ρ denotes the fluid density, u is the velocity
vector, p is the pressure, µ represents the dynamic viscosity, h is the specific
enthalpy, κ is the thermal conductivity and T denotes the temperature. The
bf is the body force due to gravity and its value is [0,0,ρg]T, S represents
the strain tensor given by 1

2 [(∇u+(∇u)T)− 2
3 (∇ ·u)I] with I as the identity

matrix.
In the limits of low Mach number flows, the thermodynamic pressure is

considered to be constant while the fluctuations of the hydrodynamic pressure
are assumed to be very small compared to the thermodynamic pressure so
that all thermophysical property variations due to hydrodynamic pressure
fluctuations can be neglected. Therefore, all thermophysical properties can be
evaluated as a function of the enthalpy only [102]. Thermophysical proper-
ties can be evaluated by directly calling the standard database such as NIST
REFPROP [81] or by creating a look-up table. However, both methods are
computationally expensive and they slow down the computation due to the
communication overhead. Therefore, here, thermophysical properties are
implemented by 3rd order piecewise spline functions. These properties were
derived from NIST REFPROP [81]. Figure 2.2 depicts a comparison between
the implemented spline function with the standard database by NIST for a
pressure of 8 MPa. The error bound of the derived spline function and the
NIST database was within ±1% for all thermophysical properties. This ap-
proach gives a significant speedup (up to a factor of 2.5) compared to directly
using the database. Equation (2.4) shows the functional relationship between
enthalpy and different thermophysical properties at a reference pressure (p0).

h= h(p0,T ),T =T (p0,h),ρ = ρ(p0,h),µ = µ(p0,h),cp = cp(p0,h),κ = κ(p0,h)
(2.4)
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Fig. 2.2 Comparison of implemented spline function with the NIST REFPROP
[81] at a reference pressure (p0) of 8 MPa. (a): Isobaric specific heat capacity
and (b): density

2.1.3 Numerical schemes

A brief description of spatial and temporal discretization along with the
numerical solution procedure is presented in this section. For solving the
governing equations described in Section 2.1.2, the finite volume method
is chosen. As the numerical solver, the open source finite volume code
OpenFOAM (v2.4 and v5.0) [96] was extended accordingly. The temporal
discretization is performed with a backward scheme, which is an implicit,
second order and conditionally stable scheme. For the spatial discretization,
a second order scheme is selected. The gradient, divergence, and Laplacian
schemes were handled by the standard finite volume discretization of Gaussian
integration with linear interpolation from cell centers to face centers. Thus,
the code is overall second order accurate in both space and time. The Pressure-
Implicit with Splitting of Operators (PISO) algorithm [58], which is a non-
iterative method, was applied to couple the pressure and velocity terms in the
momentum equation. The code solves the equations in Cartesian coordinates;
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transformation to the cylindrical coordinate system was performed for post-
processing.

2.1.4 Verification of the code

The numerical method is verified with recently available DNS data of Khoury
et al. [40] for a fully developed constant property pipe flow. They used a
high-order spectral element code based upon Galerkin approximation with
18.6×106 grid points. The inlet Reynolds number was 5300, which slightly
differs from the presented DNS which is 5400. A comparison is made with
the root mean square (rms) velocity and budget of the transport equation of the
TKE budget. Equation 2.5 shows the transport equation of the TKE budget, in
which k is the TKE, Pk is the turbulence production, ε is the dissipation, Πk

is the pressure diffusion, Vk is the viscous diffusion and Tk is the turbulence
diffusion. In the equation, any quantity (say φ ) was Reynolds averaged by
averaging in time and it was decomposed in its mean part (φ ) and fluctuating
part (φ ′). While, a Favre averaged quantity, decomposed in a mean part
as, φ̃=ρφ/ρ , and its fluctuating part, was denoted by φ ′′. After getting the
mean quantity by either of the methods, further averaging was performed in
the circumferential direction, as it was considered a homogeneous direction.
Turbulent statistics were obtained after averaging in time for at least 10 flow
through times, corresponding to 300 times of the characteristic turbulent time
scale (t = R/U0).

Dk
Dt

= Pk + ε +Πk +Vk +Tk (2.5)

Where,

k =
1
2

ρu′′i u′′i , Pk =−ρu′′i u′′j
∂ ũ j

∂xi
, ε = τ ′i j

∂ui′′

∂x j

Πk =−
∂ p′u′′j
∂x j

, Vk =
∂τ ′i ju

′′
i

∂x j
, Tk =−1

2

∂ρu′′i u′′i u′′j
∂x j
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normalized with ρu4

τ/ν . Solid lines: present study, and overlapping symbols:
Khoury et. al [40]

Figure 2.3 shows an excellent agreement of the current DNS with the
chosen reference. The core of this numerical method was developed by Chu
[28]. He validated this method with experiments of Shehata and McEligot
[121] for heat transfer to strongly heated air [121]. In addition, Chu and
Laurien [30] have verified this code with other low Mach number DNS of
supercritical CO2. They have shown a satisfactory agreement with the DNS of
Bae et al. [9] and Nemati et al. [94]. However, the mean wall temperature from
all three DNS has shown a slight mismatch even with the same assumptions
and validation with the same experimental data of Shehata and McEligot
[121]. The obvious reason for this disagreement includes the selection of
different thermophysical properties database, mesh resolution, and numerical
schemes. This aspect needs further investigations and it is beyond the scope
of the present work.
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2.1.5 Computational performance

The simulations in this study were performed at the Hazel Hen facility of
HLRS Stuttgart. It is a Cray XC40 system and consists of 7712 compute
nodes. Each node has two Intel Haswell processors (E5-2680 v3, 12 cores)
and 128GB memory, and the nodes are interconnected by a Cray Aries each
network with a Dragonfly topology. This amounts to a total of 185,088 cores
and a theoretical peak performance of 7.4 PFlops.
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Fig. 2.4 Scaling behavior of OpenFOAM v4.0 on Hazel Hen at HLRS. This
data was obtained with a problem size of 80 Mio. and 20 Mio. cells. (a):
Speedup and (b): Parallel efficiency

The parallel computing in OpenFOAM uses OpenMPI, which is an open
source Message Passing Interface (MPI) implementation of the standard MPI.
For the parallel computing, OpenFOAM is based on the domain decomposi-
tion method, in which the computational domain is divided into smaller pieces
and allocated to processors. There are four different algorithms available
within OpenFOAM for the domain decomposition. The ‘hierarchical’method
was used in this work because it has shown better computational performance
for the simulated geometry. During this study, only two latest time-step data
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were stored to avoid the limitation of number of files and the memory. Thus,
averaging in time was done on the run and as a post-processing step, other
calculations such as coordinate transformation and Favre-averaging was per-
formed. This also saves computational-time during reconstructing data and
averaging afterwards. Different post-processing utilities were developed in
C++ and MATLAB to handle the large size data.

For the scalability test, the first 100 time-steps were ignored to avoid any
influence of start-up time of simulation and the next 100 time-steps were used
to characterize the code. Figure 2.4a illustrates the strong scaling behavior
for the current problem. The speedup was defined as the ratio of computation
time on the reference core (120 in this case) to the computation time on the
tested core while the parallel efficiency was defined as the ratio of actual speed
to the ideal speedup (in %). The scalability test conducted with reference
performance at 120 cores. A superlinear scalability can be seen at lower
cores but the performance degrades for larger numbers of cores. A typical
simulation with 80 Mio. cells take approximately 150,000 CPU-hours for 10
flow through times in the pipe flow [98].

2.2 Description of fully compressible simulation

A framework is presented in this thesis for the fully-compressible, high-fidelity
CFD simulations at supercritical pressure. A relatively new CFD code, Flexi
[57], is selected. The code Flexi is a high-order CFD code and it is made
open-source under GPL V3.0. This section describes the governing equations,
numerical method, equation of states, computational details along with the
supporting theory for the analysis for the computational code Flexi.

2.2.1 Integration domain and boundary conditions

In addition to pipe flow, channel flow is the most examined wall-bounded
turbulent flow, which is ubiquitous in the power cycle. The simple geometry
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Fig. 2.5 Geometry for fully compressible turbulent channel flow (not to scale)

of the channel provides an opportunity to investigate the complex nature of tur-
bulence in the flow. Therefore, a plane channel flow configuration as depicted
in Figure 2.5 is chosen for this work. The streamwise and spanwise directions
were considered as homogeneous with the periodic boundary condition and
wall-normal direction has the no-slip boundary condition at the two extreme
edges. These two walls have isothermal boundary conditions with a different
temperature to achieve the effects of variable properties of supercritical CO2.
The channel has dimension Lx ×Ly ×Lz = 4πH ×2H ×2πH, with H as the
half channel height. The half width of the channel is adjusted to match the
desired Reynolds and Mach number. The periodic boundary conditions are
employed in the homogeneous streamwise and spanwise directions. The flow
in each case including the validation study was initialized with a laminar ve-
locity profile superimposed with random fluctuations as illustrated in Equation
(2.6).

ux = ux,max(1− y2)(1+ϒ),uy = 0,uz = 0 (2.6)

Where ux,max is the maximum velocity in a laminar channel flow and it
is fixed to 1.5 of the mean velocity, y is the wall-normal coordinate and ϒ

is the perturbation function. This perturbation function is defined as; ϒ =

A×random−number. The constant A can be increased or decreased to speed
up the development of turbulent flow in the channel. It is set to 0.5 in the
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present study. For other variables (e.g. temperature, density), a uniform
value was imposed in the flow field. The computational domain consists of
Nx ×Ny ×Nz = 128×56×128 with a polynomial degree of 3-5. It results in
approximately 58-200 Millions degree of freedom for the domain. This mesh
resolution is comparable to Sengupta et al. [119] (used 186 Mio.) and Ma
et al. [87] (used 37 Mio.). The mesh resolution was chosen to resolve the
Kolmogorov and Batchelor scales.

2.2.2 Governing equations

Fully compressible Navier-Stokes equations were used to describe the flow in
this CFD code unlike the low Mach number assumption used in OpenFOAM.
Equations 2.7-2.9 are the mass, momentum and energy conservation for the
DNS with Flexi, respectively;

∂ρ

∂ t
+∇ · (ρu) = 0 (2.7)

∂ρu
∂ t

+∇ · [ρuu+ pI− τ] = ζ (2.8)

∂e
∂ t

+∇ · [(e+ p)u] = ∇ · [τ ·u−q]+uζ (2.9)

e = ei +
1
2

ρu ·u; ei = f (ρ, p); p = f (ρ,ei) (2.10)

In Equations (2.7)-(2.10), ρ is the density, u is the velocity vector (u =

[u,v,w]), p is the pressure, e is the total energy per unit volume, ei represents
the internal energy per unit volume. The viscous stress is denoted by τ and
heat flux by q, defined by equations (2.11) and (2.12), respectively. A source
term (ζ ) was added to the streamwise momentum and correspondingly to
the energy equation to drive the flow. This forcing term is analogous to the
pressure gradient in pressure driven flows. The forcing term is applied only in
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the streamwise direction and remains constant throughout the domain. But, it
varies in time in such a way to keep the mass flux constant. In Eq (2.12), κ is
the thermal conductivity.

τ = µ

[
[∇u+(∇u)T ]− 2

3
(∇ ·u)I

]
(2.11)

q =−κ∇T (2.12)

2.2.3 Numerical method

The CFD solver is based on the discontinuous-Galerkin spectral element
method [57]. Due to fully-compressible DNS, a density-based approach for
the solution of the Navier-Stokes equations is applied instead of the pressure
based approach used earlier with OpenFOAM. A brief description of the solver
follows. A typical conservation equation (e.g. Equation 2.7-2.9) is shown in
Equation 2.13. Here, U is the solution vector, U = [ρ,ρu,ρv,ρw,ρe]T , the
subscript t represents the time derivative and F is the flux for viscous and heat
conduction.

Ut +F(U,∇U) = 0 (2.13)

During the computation, the whole domain is subdivided into non-overlapping
hexahedral elements, followed by a mapping of each element onto the ref-
erence cube element, E = [−1,1]3 by a mapping x(ξ ), where ξ = (ξ ,η ,ζ )

is the master element coordinate vector. Due to this mapping, equation 2.13
turns to:

JUt +ϕ(U,∇ξ U) = 0 (2.14)

Where J is the Jacobian and ∇ξ is the Nabla operator for the mapped space.
As a next step, the solution and fluxes are approximated by a tensor-product
basis of 1-D Lagrange interpolating polynomials; volume and surface integrals
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are replaced by Gauss-Legendre or Gauss-Legendre-Lobatto quadrature. The
evaluation of the numerical fluxes at the element faces is done by formulating
a Riemann problem. The time discretization was performed using an explicit
fourth-stage Runge-Kutta scheme. The split form DG method [49] was also
employed for the robustness of the DNS. Further details about the solver and
its implementation can be found in the literature [17, 8, 126].

2.2.4 Equation of state
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Fig. 2.6 A comparison of density as a function of temperature at a pressure of
8 MPa derived from different equation of states

An equation of state (EoS) described in Equation 2.10 is required for
the DNS. In fully-compressible simulations, EoS depends both on pressure
and temperature, unlike the low-Mach number simulations described earlier,
where properties are a function of temperature only. There are a few fully
compressible DNS investigations available in the literature for supercritical
fluids but all of them are conducted with the Peng-Robinson EoS, which is a
cubic equation of state. This analytical cubic EoS is computationally efficient
but it deviates from the standard database. A comparison of two commonly
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used cubic EoS (Peng-Robinson [103] and Soave-Redlich-Kwong [112]) with
the two different standard databases (REFPROP [81] and CoolProp [18])
is shown for the temperature dependent density. While both the database
overlaps as they use the same EoS exclusive to CO2 [127]. On the other
hand, the cubic EoS shows a significant deviation, especially in the subcritical
region. The deviation can be as high as approximately 55% for isobaric
specific heat [119].

Fig. 2.7 Implementation of EoS library to CO2 derived from CoolProp [18]

Therefore, the standard database was chosen for this work to provide a
high-fidelity framework, which is a foremost requirement and an objective
of this work. A Fortran-90 language based library is used for the EoS and
it is based on the adaptive tabulation using a quad-tree approach. In this
method, the tables for EoS were built prior to the simulations. It relies on
interpolation instead of iteration and uses L2 projection method to calculate
the polynomial coefficients [39]. The tool has the capability to derive these
tables from typical EoS (e.g. Peng-Robinson, Redlich-Kwong, and ideal
gas) and standard database (e.g. CoolProp [18] and REFPROP [81]). Figure
2.7 shows a result of this implementation for carbon dioxide derived from
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CoolProp database for the isobaric specific heat as a function of density and
pressure. The grids are also shown in the zoomed-in figure to illustrate the
adaptive mesh refinement capabilities of the library. The mesh is refined
close to the saturation curve where thermophysical properties show drastic
variations. But as one moves away from the critical region, cells become larger
in size. The mesh refinement is governed by the error level and maximum
steps for refinement. As a next step, these EoS tables are supplied to the
solver before starting the simulation. During the simulation, an iteration of a
specific quantity is replaced by an interpolation of the polynomial basis. The
valid cell for the EoS interpolation is found by a grid traversal through the
quad-tree until the lowest level is reached [45]. Compared with the analytical
EoS (e.g. Peng-Robinson) and the full IAPWS-IF97, this EoS table achieves
a high-accuracy combined with acceptable computational costs at the same
time. A speedup of three orders of magnitude was reported by Dumbser et al.
[39] as compared with the IAPWS-IF97 EoS.

2.2.5 Verification of the code

A verification study which is relevant for the simulated cases (i.e. turbulent
channel flow), is provided in this section for constant property flow. Two
different DNS databases were selected to verify both low and high Mach
number flow. Identical conditions have been used as of the original cases.
The low Mach number channel flow corresponding to case M02 in Table
2.2, is validated with the well known incompressible channel flow DNS data
of Kim et al. [69] (acronym as KMM). Originally, Kim et al. [69] used
incompressible flow (i.e. Ma=0) while here Ma = 0.2 was used to avoid
compressibility effects. Figure 2.8 shows the wall-normal profiles for the
mean velocity and root mean square velocity fluctuations normalized with
the bulk velocity (Ub). In the figures, y represents the distance from the wall
of the channel. A fairly good agreement can be observed from Figure 2.8
for the incompressible flow case. For high Mach number case, DNS data of
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Table 2.2 Physical and numerical parameter for verification study

Case Ma Re Reτ Lx ×Ly ×Lz Nx ×Ny ×Nz

KMM 0 2800 178 4πH ×2H × 4π

3 H 192×129×160
M02 0.2 2700 181 4πH ×2H × 4π

3 H 256×112×112
CKM15 1.5 3000 222 4πH ×2H × 4π

3 H 144×119×80
M15 1.5 3000 222 4πH ×2H × 4π

3 H 256×112×112

Coleman et al. [32] (acronym as CKM15) were chosen. The authors have
performed DNS with power-law dynamic viscosity with an exponent of 0.7.
The agreement for high Mach numbers (case M15) is also good with the data
of Coleman et al. [32] corresponding to case CKM15. Further validation
with variable property flow at supercritical pressure is not presented here
due to unavailability of experimental data. A much higher resolution was
used for DNS at supercritical pressures as compared to those for a constant
property DNSs to have a certainty about the resolving small-scale turbulence
motion. Moreover, the code is extensively validated for compressible and
incompressible cases including the periodic-hill, NACA 0012 airfoil, spatially-
developing supersonic turbulent boundary layer [8]. Additionally, this high-
order code has been used to study liquid-vapor flow with phase transition and
surface tension [42], two-phase flow [41] and shock-capturing [126].

2.2.6 Computational performance

The computer program for this method is written in Fortran-90. It uses a
computationally efficient equation of state based on the adaptive quad-tree
data structure. The code is parallelized using OpenMPI and uses the Hierar-
chical Data Format - 5 (HDF5) library for input and output (I/O) operations.
Similar to OpenFOAM, the parallelization is achieved by decomposing the
computational domain and allocating each domain to a processor. The domain
decomposition is automatically based on space-filling curves. During the
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Fig. 2.8 Verification of code Flexi for turbulent channel flow at low Mach
number. (a): mean velocity profile, (b): root mean square fluctuations. Lines:
present study, and overlapping symbols: Kim et al. [69]

simulations, the data from all time steps were saved and post-processing was
performed at the end. The post-processing utilities were developed within
Fortran-90 and Python to handle the big data. In the past, this code has shown
massively parallel scalability for ideal gas. But, scaling behavior and calcula-
tion time may get adversely affected due to the inclusion of more sophisticated
EoS and real gas effects in the supercritical region. Therefore, strong scaling
characteristics of the code without multi-threading are tested.

Table 2.3 Computational parameter for parallel-scalability investigation

Case Nx Ny Nz #Elements N #DoF

1 32 14 32 14,336 4 1,792,000
2 128 56 128 917,504 2 24,772,608
3 128 56 128 917,504 5 198,180,864

The simulations were performed on Hazel Hen for a range of 96–12,288
physical cores. A representative case is used to characterize the scaling
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Fig. 2.9 Verification of code Flexi for turbulent channel flow at high Mach
number. (a): mean profile, (b): root mean square fluctuations. Lines: present
study, and overlapping symbols: Coleman et al. [32]

behavior of the code at supercritical pressure. For the same, two different
domain viz. Low with 32× 14× 32 elements and High with 128× 56×
128 elements were selected with varying degrees of freedom as mentioned
in Table 2.3. All cases use the same numerical setup except the number of
elements and degree of the polynomial (N) in the mesh. These cases are
executed for 200 timesteps and speedup is calculated only for the simulation
time without considering the initialization and other I/O. The performance
index

(
PID = wall−clock−time·#cores

#DOF ·#time−steps·#Runge Kutta−stages

)
is also calculated, which is

a measure of the performance of different setup, and it decouples the #DoF,
#cores and #time-steps. The computational time per time step is increased by
a factor of ≈3.8 compared to calculation for an ideal gas due to the inclusion
of the sophisticated EoS.

Figure 2.10 shows the speedup and parallel efficiency for the solver with
the representative testcase. A very good scalability of the code at 200 Mio.
degrees of freedom can be seen until 1024 nodes with a parallel efficiency
of 90-100 %. Interestingly, there is also a slightly super-linear speedup at
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192-384 nodes. The efficiency and speedup degrade as the degrees of freedom
decrease. But for a realizable DNS of supercritical CO2 which resolve the
small turbulence scale, typical DoF is in the same order of case-1. The
performance index (PID) has the least value for 200 Mio DoF case and it
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remains nearly constant over the range of employed nodes (refer to Figure
2.11).



Chapter 3

Characterization of the
cooling process at
supercritical pressure

The present literature shows only few DNS studies pertaining to the heating of
supercritical CO2. But, none of the numerical experiments deal with cooling.
Therefore, this chapter includes the results from DNS of cooling of sCO2

by using OpenFOAM as CFD code. The simulations were conducted with a
uniform heat flux imposed at the wall at inlet bulk Reynolds number of 5,400
and 5,238. The aim of this DNS is to understand the role of buoyancy in
modulating the turbulence in a flow where properties are spatially varying.
Heat transfer deterioration followed by recovery is observed in downward
flow while enhancement occurs in upward flow as compared to forced convec-
tion. The decomposition of skin friction factor and the Nusselt number was
performed by means of FIK identity to understand the role of individual term.
The major effects on skin friction factor were brought by the non-uniform
body force due to gravity. The turbulent parts equally influence the Nusselt
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number as well skin friction factor in supercritical flows. Quadrant analysis
and its weighted joint probability density function were analyzed to under-
stand the role of sweep (Q4) and ejection (Q2) events. During the heat transfer
deterioration, sweep and ejection events are decreased greatly, triggering the
reduction in turbulence. The recovery in turbulence is brought by the Q1 and
Q3 (also known as outward and inward interaction) events, contrary to the
conventional belief about turbulence generation. The turbulence anisotropy of
the Reynolds stress tensor is investigated showing that the turbulence structure
becomes rod-like during the deteriorated heat transfer regime in the downward
flow and disc-like for the upward flow.

3.1 Description of the cases

The flow domain, boundary conditions, and mesh resolution were discussed
earlier in Section 2.1. The tube diameter is set to 2 mm, which is in the
range of the hydraulic diameter of a compact heat exchanger. In the present
investigation, 14 distinct cases have been simulated for two different pressures
(1.08 and 1.18 time of critical pressure). Through these simulations, all
three possibilities in a vertical flow are considered viz. upward, downward
flow and forced convection in which gravity is set to zero. The inlet bulk
Reynolds number (Re0) is taken to be 5,400 and 5,238. The Reynolds number
in heat exchangers used in the power cycle can be as high as 70,000. But
this study is limited to low Reynolds number because of the drastic increase
in the computational time contributed by fine mesh requirement and larger
axial length. Table 3.1 and 3.2 gives a summary of the conditions simulated
here. Here, Gr0 represents the Grashof number based on heat flux defined as:
Gr0 =

gβqwD4

κν2 ; where β is the coefficient of thermal expansion and qw is wall
heat flux. The buoyancy number defined as: Bo0 =

Gr0
Re3.425

0 Pr0.8
0

.
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The inlet temperature in the cases given in Table 3.1 is 342.05 K, which
is the inlet temperature of pre-cooler in the power cycle described in Section
1.1, while the inlet temperature in the remaining 3 cases, corresponding to
Table 3.2, is set to 322.18 K so that bulk output temperature is similar as the
outlet temperature of pre-cooler.

3.2 Kolmogorov and Batchelor length scale

(a)

(b)

Fig. 3.1 Variation of spatial resolution normalized by Kolmogorov length
scale over the length. (a): Case UC80q2, and (b):Case DC80q2

Earlier in Table 2.1, a comparison of the mesh resolution was presented
from the past studies in the literature. Pandey et al. [99] quantified the mesh
resolution from the viewpoint of small turbulence length scales. The mesh



3.3 Flow and heat transfer features 47

resolution for pipe in this work intends to resolve the Kolmogorov length
scales 1, η =

[
ν

3

ε

]0.25, here ε is the dissipation rate of turbulent kinetic energy
per unit mass. Figure 3.1 shows the spatial resolution normalized with the
Kolmogorov length scale (say, Lη ,L = ∆v/η) for cases UC80q2 and DC80q2.
The spatial resolution is defined by taking the cube root of the cell volume,
∆v = 3

√
∆r∆rθ∆z. It can be seen that the normalized spatial resolution varies

in between 0.5-2.5, which should be sufficient to capture the small-scale
motions (also refer to Figure 3.1a). The minimal thermal scale, defined as
ηθ = η/

√
Pr, depends on the ratio of thermal to momentum diffusivity and it

is used to normalize the spatial length scale (say, Lη ,T ). Figure 3.2b shows
Lη ,T for three locations along the pipe. At the inlet, the Prandtl number (Pr)
is 1.1, therefore, both length and thermal scale have a comparable magnitude.
After that, the increase in Prandtl number imposes the restriction to use the
fine mesh and the maximum value of Lη ,T is kept below 6.5 in this study. This
value denotes that thermal scales are slightly under-resolved. Nevertheless, a
grid independence study indicates insignificant variation in first order statistics
when the mesh was four times coarse than the mesh used in this study.

3.3 Flow and heat transfer features

Direct numerical simulations were accomplished for cases as mentioned in
Table 3.1 and 3.2. The mean statistics were obtained by averaging with respect
to time and homogeneous circumferential direction. The averaged statistical
analysis was performed using Reynolds and Favre averaging. For a variable,
φ , Reynolds decomposition is defined as, φ = φ +φ ′, with φ ′ = 0. The Favre
averaged quantity can be denoted as φ = φ̃ +φ ′′, with ρφ ′′ = 0. These results
were obtained by averaging in time for at least 10 flow through times. From
a qualitative discussion point of view, only results from Table 3.1 with wall

1Kolmogorov scale are indicative of the smallest eddies present in the flow. At these length
scales, viscosity dominates and the turbulent kinetic energy is dissipated into heat.
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Fig. 3.2 Radial profiles of (a): velocity scale, and (b): minimal thermal scale;
solid lines: case UC80q2 and dashed lines: case DC80q2. Note: Difference
in ordinate scales.

heat flux of -61.74 kW/m2 are discussed here. The rest of the results can be
found in Appendix A.1.

Figure 3.3a shows the axial variation of wall shear stress, τw = µ
∂uz
∂ r

∣∣∣
wall

.
At the inlet, all cases show a good agreement with the constant property
flow case but as fluid proceeds downstream, hydraulic resistance changes
significantly in every case except for the forced convection case because
buoyancy is absent here. For the upward flow case, there is a sudden decrease
in wall shear stress contributed by a sharp reduction in the streamwise-velocity
gradient in the radial direction at the wall shown in Figure 3.3c. Although
mean viscosity increases as illustrated in Figure 3.3b but its order of magnitude
is very small compared to mean velocity gradient. The downward flow case
shows a relatively higher skin friction coefficient which is a result of the
favorable velocity gradient. A peculiar behavior can be observed in the
upward flow case where the wall shear stress shows negative values at certain
axial positions along the pipe.
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Fig. 3.3 Streamwise hydraulic characteristics for qw=-61.74 kW/m2. (a): Wall
shear stress, (b): Mean dynamic viscosity, and (c): Mean gradient of velocity
at the wall

The streamwise mean velocity profile is shown in Figure 3.4 for case
DC80q2, FC80q2, and UC80q2 at different streamwise locations. The velocity
profile is same at the inlet (z = 0D) for all three cases as they share same inlet
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Fig. 3.4 Radial profiles of Favre averaged streamwise velocity for (a): Case
DC80q2, (b): Case FC80q2, and (c): Case UC80q2

conditions. In case DC80q2, mean velocity profile flattens out at z = 15D
but it deformed into M-shape near to the outlet. A continuous deceleration
can also be observed from the inlet to outlet. The velocity profile is distorted
significantly in the near-wall region for case UC80q2 (refer to Figure 3.4c).
Due to the distorted mean velocity profile in the near-wall region, the radial
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velocity gradient (shown in Figure 3.3c) fluctuates around zero along the
streamwise direction which leads to a negative wall shear stress at multiple
axial locations. In case FC80q2, the mean velocity profile uniformly changes
due to deceleration and it is not affected by the buoyancy.
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Fig. 3.5 Streamwise heat transfer characteristics for qw=-61.74 kW/m2. (a):
Wall temperature, and (b): Bulk Nusselt number

Figure 3.5a shows the variation of wall temperature for all five cases. It is
known now that the heat transfer deterioration occurs during the downward
flow of supercritical fluids under the cooling conditions. The wall tempera-
ture shows a comparatively lower magnitude in downward flow cases and it
indicates an increase in temperature difference between wall and bulk fluid
resulting in smaller Nusselt numbers

(
Nub =

qwD
κb(Tw−Tb)

, where Tb is the bulk
temperature and κb is the thermal conductivity at Tb

)
as shown in Figure

3.5b. This is a characteristic of deteriorated heat transfer. The main reason
for deteriorated heat transfer is the reduction in turbulence until z ≈ 20D in
downward flow due to the adverse effects of the body force as a result of
buoyancy as it is evident from Figure 3.6a, which shows the variation of
Reynolds shear stress (RSS=ρu′′r u′′z ) in the radial direction for different axial
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Fig. 3.6 Radial profiles of Reynolds shear stresses at different axial locations
for (a): Case DC80q2, (b): Case FC80q2, and (c): Case UC80q2. Note:
Difference in ordinate scales

locations. On the other hand, Reynolds shear stress shows an increasing trend
for the forced and the upward flow cases. The forced convection case is not
affected by buoyancy and it only has the effect of thermal deceleration, which
is common to all five cases. The buoyancy force acts as a source term during
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Fig. 3.7 Radial profiles of mean temperature for (a): Case DC80q2, (b): Case
FC80q2, and (c): Case UC80q2.

the upward-cooling due to unstable stratification and it also favors turbulence,
while in downward flow, buoyancy can act as a source or sink term depending
on the streamwise gradient of ρg. The effect of inlet pressure can also be seen
in Figure 3.5. During the heat transfer recovery, the mean velocity profile be-
came M-shaped and it leads to a recovery of kinetic production of turbulence
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[9]. An early and more intense heat transfer recovery (increase in Nusselt
number) can be observed for a higher pressure for downward flow from Figure
3.5b. The peak in the Nusselt number distribution for upward flow decreases
with the increase in the pressure shown in Figure 3.5b. This especially stems
from the reduction of isobaric specific heat at the pseudocritical point as one
moves away from the critical point. Figure 3.7 illustrates mean temperature
profiles in the radial direction for different streamwise locations. The mean
temperature distributions differ significantly in each case for the same stream-
wise locations except at the inlet. In downward flow, the higher temperature
difference between wall and center leads to higher variations in density which
makes buoyancy effects more severe. In case FC80q2 and UC80q2, the wall
and centerline temperature difference are less as compared to case DC80q2.
Further examinations of impaired and enhanced heat transfer are performed in
the next section. While analyzing further, only three cases namely; DC80q2,
FC80q2, and UC80q2 are considered as they are more prone to be affected by
property variations.

3.4 Turbulence modulation

The deteriorated and enhanced heat transfer to sCO2 is influenced by the
role of turbulence. Figure 3.8 illustrates the radial profile of turbulent kinetic
energy (k=0.5ρu′′i u′′i ). In case of downward cooling of sCO2, buoyancy
has a negative influence on the turbulence, as can be observed from Figure
3.8a. Buoyancy dampens the turbulence which is evident from the reduced
value of TKE from z = 0D to 15D. At z = 27.5D, its magnitude shows an
increment at the near-wall region, which is certainly due to positive buoyancy
production. In the downward cooling, both stable and unstable stratification
can occur, therefore, buoyancy can act as source or sink. In the case of upward-
cooling, TKE increased in the streamwise direction depicted in Figure 3.8c.
The increase from z=0D to 15D is significant but after that changes are not
pronounced. This is due to the radial density difference between the core and
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Fig. 3.8 Radial profile of turbulent kinetic energy at different axial locations
for (a): Case DC80q2, (b): Case FC80q2, and (c): Case UC80q2. Note:
Difference in ordinate scales

the wall. The wall temperature drops very rapidly to the liquid-like region
while the core fluid is still in the gas-like region. This sharp density gradient
between the wall and core enhances the mixing of fluid radially, and as a
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result, all turbulent quantities show rising characteristics up to 15D. Further
to this cross-section, the bulk fluid temperature also approaches the region
of liquid-like, which reduces the mixing; thereby the turbulence is decreased
relatively. Furthermore, unstable stratification will also act as a source in this
case and due to unstable stratification, buoyancy production is also positive.
The buoyancy has a drastic effect on heat transfer at supercritical pressure.
Therefore, a detailed examination of buoyancy-induced turbulence modulation
is performed by means of several statistical tools.

3.4.1 Fukagata, Iwamoto, and Kasagi (FIK) identity

Variable thermophysical properties are proved to be responsible for the dissim-
ilar trend in flow and heat transfer characteristics as seen earlier in the previous
section. In this section, an attempt is made to understand the role of individual
components, namely laminar, turbulent and inhomogeneous components, by
means of the FIK identity. Fukagata et al. [46] derived an expression for the
local skin friction coefficient for incompressible turbulent canonical flows,
known as FIK identity for the local skin friction factor. The sole aim of this de-
composition is to understand the fractional contributions to local skin friction
factor and apply different control techniques to reduce the drag [47]. A similar
expression was derived for compressible turbulent channel flows by Gomez
et al. [51]; for supercritical fluids by Nemati et al. [95] in non-dimensional
form which provided a new perception for the inhomogeneous contribution
to local skin friction coefficients during flows without the buoyancy force.
In addition to this, Nemati et al. [95] decomposed the Nusselt number for
supercritical fluids and Lee et al. [77] derived an identity for Stanton number
for variable-viscosity flows. These equations were re-derived in dimensional
form in this work. Equation 3.1 shows the FIK identity for local skin friction
coefficient (C f ) including buoyancy contribution. This equation was derived
by double integration of the Favre-averaged streamwise momentum equation
followed by the substitutions for the C f .
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C f ,FIK =− 64
ρbU2

b D3

∫ R

0
rµSrzrdr

C1︸ ︷︷ ︸
+
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ρbU2
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0
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〈
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(3.1)

In Equation 3.1, the operator <> denotes fluctuations relative to the cross-
sectional area and is defined as: < φ >= φ − 2

R2

∫ R
0 φrdr. The bulk velocity is
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represented by Ub and calculated as Ub =
∫ A

0 ρudA∫ A
0 ρdA

with A as the cross sectional
area, C1 is the laminar contribution, C2 is the turbulent contribution, C3 to C9

are inhomogeneous contributions and C10 is the buoyancy contribution to the
skin friction coefficient. In a fully-developed constant property flow, all terms
vanish except C1 and C2.
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Fig. 3.9 Decomposition of skin friction coefficient for (a): case DC80q2 (b):
case FC80q2, and (c): case UC80q2. Note: Difference in ordinate scales
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The decomposition of the skin friction coefficient is depicted in Figure
3.9. The variation of the laminar part (C1), the turbulent part (C2), the inhomo-
geneous contributions (C4, C5) and the buoyancy part (C10), and their summa-
tions (C f ,FIK) for all three cases can be seen in Figure 3.9; the remaining parts
(C3, C6−9) which are not shown here, have negligible magnitudes. Along with
the contributions, the locally computed skin friction factor, C f ,DNS =

2τw
ρbU2

b
,

from the DNS, is also shown and a good agreement between C f ,FIK (brown
solid lines) and C f ,DNS (overlapping symbols) can be observed for all three
cases, which verifies the reliability of the derivation and its implementation.
The maximum and minimum error was in between ±3% for all cases. The
streamwise variation of C f closely follows the trend of the wall shear stress. In
case DC80q2, the total skin friction factor and its buoyancy contribution have
the same trend with the same order of magnitude. A negative shear stress was
observed earlier in case UC80q2 in Figure 3.9c and correspondingly negative
value can be seen in the skin friction coefficient. This negative value comes
out as a result of negative buoyancy contribution (see Figure 3.9c).

In all three cases, the laminar contribution, C1, shows an increase along the
axial direction when compared to the inlet. This is due to the decreasing bulk
Reynolds number in the axial direction with cooling, thus flow is approaching
the laminar state which gives rise to C1. Additionally, the mean dynamic
viscosity increases due to decreasing temperature in the streamwise direction
which further contributes to the increasing C1. However, the variation of C2

is different for all cases. For downward flow, the turbulent contribution (C2)
decreases due to the reduction in Reynolds shear stress, as can be seen from
Figure 3.6a. However, cases FC80q2 and UC80q2 show increasing trends
which originate from the streamwise increase in the turbulent shear stress
(refer to Figures 3.6b and 3.6c). The evolution of the streamwise momentum
flux directly affects C5. For larger axial distances, the mean velocity profile
becomes steeper in the near-wall region and flatter in the core region for the
downward flow. Therefore, the gradient is negative and the gradient turns
to be positive again at the outlet with comparatively higher amplitude due
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Fig. 3.10 Cumulative contribution of C1 for (a): case DC80q2 (b): case
FC80q2, and (c): case UC80q2. Note: Difference in ordinate scales

to a M-shaped velocity profile. Thus, an increment can be seen at the outlet
for C5 in Figure 3.9a. The term C4 depends on the mean velocity profiles in
radial and axial directions as well as on the mean density. There is a little
change in the profile of ρ ũrũz in the axial direction in case DC80q2; therefore,
an almost constant value in Figure 3.9a can be observe. A similar trend
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Fig. 3.11 Cumulative contribution of C2 for (a): case DC80q2 (b): case
FC80q2, and (c): case UC80q2. Note: Difference in ordinate scales

was observed for the upward flow except for a peak in the inlet region, in
Figure 3.9c. In addition, the buoyancy contribution (C10), has a significant
effect on the overall skin friction factor in upward and downward flow. For
downward flow, C10 has a positive magnitude and is responsible for a major
part of the skin friction coefficient. In upward flow, C10 shows a similar
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Fig. 3.12 Cumulative contribution of C10 for (a): case DC80q2, and (b): case
UC80q2. Note: Difference in ordinate scales

trend, but with a negative sign. Forced convection has no gravity, therefore
it posses zero contribution from C10 and as stated earlier it is responsible for
a near-constant magnitude of C f compared with the buoyancy-affected flow.
In a typical turbulent flow without buoyancy effects, C2 has the maximum
contribution as observed for constant property channel flow [46] and heated
turbulent boundary layers [76]. However, C10 has the major contribution for
supercritical fluids affected by the buoyancy (i.e. case DC80q2 and UC80q2).
As soon as the effects of buoyancy are neglected (i.e. case FC80q2), C2 again
becomes prominent. This observation is consistent with Lee et al. [76], who
reported for heated turbulent boundary layers with temperature dependent
viscosity in which density was held constant.

To gain further understanding of the different terms in the FIK identity, an
investigation is made for the cumulative variation of the individual terms in
the radial direction i.e. their integral from y to R. This cumulative contribution
for C1 is determined as; Ccum

1 = − 64
ρbU2

b D3

∫ R
1−y rµSrzrdr, with y as distance

from the wall. For a better illustration, the data is depicted in terms of non-
dimensional distance from the wall based on inlet properties

(
y+ =

yuτ,0
ν0

)
.
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The cumulative laminar contribution is shown in Figure 3.10, and it can
be seen that within 30 wall-units more than 90% of its contribution to the
drag is generated, most in the buffer layer (defined as 5 ≤ y+ ≤ 30). In the
downward flow, turbulence is attenuated and it gives relatively higher values
of C1 compared with the forced and upward flow. In upward flow, the laminar
contribution extends beyond the buffer layer in the downstream, but it is much
lower than the downward flow case. The cumulative contribution of Reynolds
shear stress (Ccum

2 ) is shown in Figure 3.11 and it is extended into the bulk
region, unlike the laminar contribution. The Ccum

2 becomes almost negligible
at z = 15D in case DC80q2, where impaired turbulence was observed and
then this contribution increases in the negative direction due to the turbulence
recovery. The turbulent shear stress (in Figure 3.6a) showed a negative value
near to the outlet and one can observe from Figure 3.11a that the negative
contribution comes out away from the wall i.e. after y+ ≈ 17. Figure 3.12
demonstrates the variation for Ccum

10 (buoyancy) and it has a similar trend for
downward and upward flow with different signs. Another observation is that a
point of inflection exist in both cases at y+ < 70 and it moves toward the core.
The moving of inflection point is contributed by the density profile expanding
more in the wall-normal direction.

Similar to the skin friction coefficient, an expression for the FIK identity
for the Nusselt number was obtained by double integrating the Favre-averaged
energy equation. Equation 3.2 shows the FIK identity for the Nusselt number
(Nu). In Equation 3.2, the subscript ‘b’ and ‘w’ denote the bulk and wall,
respectively and α represents the thermal diffusivity

(
α = κ

ρcp
, cp is the

isobaric specific heat
)

.The nomenclature are similar to the C f ; N1 represents
the laminar contribution, N2 represents the turbulent contribution and N3 to
N8 are the inhomogeneous contributions. Here, the buoyancy contribution is
not present due to the assumption of low Mach number flow.

This identity was applied to present DNS cases and results are illustrated in
Figure 3.13. Firstly, a fairly good qualitative agreement can be seen for NuFIK

(orange solid lines) and the locally computed Nusselt number from the DNS
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data (overlapping symbols) in Figure 3.13. The error was approximately ±5%
between the locally computed values and FIK identity. All inhomogeneous
parts are shown by term N3−8 and it is showing a maximum fraction at the
inlet in every case.
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N4︸ ︷︷ ︸
− 16

αb(hb −hw)D2

∫ R

0
(R2 − r2)

〈
∂ρu′′z h′′

∂ z

〉
rdr

N5︸ ︷︷ ︸
+

16
αb(hb −hw)D2

∫ R

0
(R2 − r2)

1
r

〈
∂ rα ′ ∂h′

∂ r
∂ r

〉
rdr

N6︸ ︷︷ ︸
+

16
αb(hb −hw)D2

∫ R

0
(R2 − r2)

〈
∂α

∂h
∂ z

∂ z

〉
rdr

N7︸ ︷︷ ︸
+

16
αb(hb −hw)D2

∫ R

0
(R2 − r2)

〈
∂α ′ ∂h′

∂ z

∂ z

〉
rdr

N8︸ ︷︷ ︸

(3.2)

Once again, one can observe that a decrease in the turbulent parts (N2)
seeds the impaired heat transfer characteristics in the downward flow. In
downward flow (case DC80q2), the contribution of turbulent heat flux is small
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as compared to the other two cases evidently from the variation of the turbulent
heat flux in Figure 3.14. The turbulent heat flux increases at z = 27.5D as
shown in Figure 3.14a. As a result of it, the turbulent contribution to the
Nusselt number (N2) also increases for downward flow near to outlet (see
Figure 3.13a) and it indicates heat transfer recovery as a result of turbulence
recovery. In upward flow (case UC80q2), N2 increases in the downstream,
shows a peak at z ≈ 15D and after that, it starts decreasing. The N2 depends
on 1

αb(hb−hw)
and radial turbulent heat flux. The radial turbulent heat flux does

not change significantly in case UC80q2 as demonstrated in Figure 3.14b,
therefore, N2 mainly depends on 1

αb(hb−hw)
. This term decreases initially and

then starts increasing, therefore, the N2 varies inversely to it. A similar trend
can be seen in Figure 3.13b for forced convection for turbulent contribution
(i.e. N2). The laminar contribution to the Nusselt number (N1) shows a similar
trend for all three cases with the same order of magnitude.

From the cumulative contribution of the laminar part shown in Figure 3.15,
one can notice that solely the near-wall region is responsible for the generation
of N1. The buoyancy-opposed-flow (i.e. upward flow) has comparatively
smaller magnitude than the buoyancy-favored flow (i.e. downward flow).
Also, over 90% of the laminar contribution stems from y+ ≤ 15 in upward
flow and this region extended to y+ ≤ 30 in the downward flow. Figure
3.16 illustrates the cumulative contribution of the turbulent part (Ncum

2 ). As
expected, the downward flow has the smallest magnitude as compared to the
other two cases and it decreases in the streamwise direction. The direction of
body force due to gravity and flow direction are opposed in the upward flow
and this creates an unstable flow analogous to downward flow with heating.
Hence, this results in values of N2 for case UC80q2 that is higher as compared
to case DC80q2. Through this analysis, one can observe that buoyancy has a
significant contribution to skin friction coefficient at supercritical pressure. It
is positive for downward flow and negative for upward flow. The turbulent
contribution to skin friction changes its trend in all three cases. This variation
is quite different than the constant property flow with heat transfer at the



66 Characterization of the cooling process at supercritical pressure

z/D
0 5 10 15 20 25 30

N
u
F
I
K

-40

0

40

80

120

160

N1

N2

N3−8

NuFIK

NuDNS

(a)

z/D
0 5 10 15 20 25 30

N
u
F
I
K

-40

0

40

80

120

160

(b)

z/D
0 5 10 15 20 25 30

N
u
F
I
K

-40

0

40

80

120

160

(c)

Fig. 3.13 Decomposition of Nusselt number for (a): case DC80q2 (b): case
FC80q2, and (c): case UC80q2

same friction Reynolds number reported by Nemati et al. [95] in which
laminar and turbulent contribution remains almost constant. The turbulent
contribution to the Nusselt number (N2) plays a major role in determining the
enhanced or deteriorated heat transfer. This turbulent contribution is affected
by the turbulent shear stress (for C f ) and turbulent heat flux (for Nu), which
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Fig. 3.14 Radial turbulent heat flux for (a): case DC80q2, and (b): case
UC80q2

itself is modulated as a result of buoyancy. Therefore, in next subsection, an
examination for the change of both turbulent shear stress and turbulent heat
flux is conducted.

3.4.2 Quadrant analysis

Earlier, the Reynolds shear stress and turbulent heat flux was shown in Figures
3.6 and 3.14, respectively. Both showed a different behavior for each case as
a result of buoyancy and/or flow deceleration. Quadrant analysis [130, 129]
can provide insightful details regarding the constitutional quadrant contribu-
tion of Reynolds shear stress and turbulent heat flux which will enable to
understand the possible reason for the dissimilar trend. Pandey et al. [97]
used this method to illustrate the effect of hot and cold turbulence motion at
supercritical pressure. Firstly, this technique is applied to the Reynolds shear
stress for all three cases at different axial locations by filtering out the data
of

√
ρu′′r and

√
ρu′′z . Figure 3.17 shows the contributions of each quadrant to

turbulent shear stress for all three cases. At the inlet, the quadrants Q2 and
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Fig. 3.15 Cumulative contribution of N1 for (a): case DC80q2 (b): case
FC80q2, and (c): case UC80q2

Q4, commonly known as updraft motion or ejection (+
√

ρu′′r and −√
ρu′′z )

and downdraft motion or sweep (−√
ρu′′r and +

√
ρu′′z ) respectively, have

the primary contribution whilst the other two, "outward" (Q1) and "inward"
(Q3) interaction (relative to the wall) have the smallest contribution. The
ejection and sweep events take place near the wall, typically 10 < y+ < 30.
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Fig. 3.16 Cumulative contribution of N2 for (a): case DC80q2 (b): case
FC80q2, and (c): case UC80q2. Note: Difference in ordinate scales

During ejection, fluid with low streamwise momentum moves away from
the wall with high cross-streamwise momentum as a result of the turbulent
bursts, while during the sweep, fluid with high streamwise momentum moves
towards the wall with a smaller cross-streamwise momentum. Both events are
complementary to each other, ejection is expected after the sweep to replace
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Fig. 3.17 Quadrant analysis for Reynolds shear stress for (a): case DC80q2
(b): case FC80q2, and (c): case UC80q2. Note: Difference in ordinate scales

the fluid which left or vice versa. Turbulence shear stress keeps growing in the
streamwise direction in forced and upward flow (see Figures 3.6b and 3.6c).
The foremost reason behind this is that the sweep and ejection also show the
enhanced magnitude and visible from Figures 3.17b and 3.17c. These events
not only play a critical role in Reynolds stress generation but also positively
affect the momentum transfer.

The most interesting case is the downward flow (refer to Figure 3.17a), in
which turbulence shear stress diminishes in the initial section until z = 15D,
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but near to the outlet turbulence recovers as can be seen from Figure 3.6a.
Contrary to sweep and ejection events, the interaction events (Q1 and Q3)
are responsible for this recovery. At z = 27.5D, the Q2 and Q4 are still
significant in the near-wall region but away from the wall Q1 and Q3 have a
much higher contribution. This explains the change of turbulence shear stress
from a negative (at core region) to a positive (at near-wall region) value in
the downward flow case at the outlet as shown in Figure 3.6a. A possible
reason for this quadrants change is the deformation of mean velocity profile
into M-shaped shown in figure at z = 27.5D. The M-shaped deformation of
velocity profile causes the directional change of shear but this reasoning needs
to be investigated closely. Typically, a reduction in Q2 and Q4 also triggers a
reduction in the skin friction in normal flows by virtue of decreasing C1 and
C2 contributions to C f (refer to Figures 3.10 and 3.11). But with supercritical
fluids, the buoyancy contribution (C10) affects the distribution of C f (refer to
Figures 3.12) and causes a completely opposite trend.

The quadrant analysis provides an absolute averaged magnitude, therefore,
to examine the frequency of these events over time, joint probability density
functions (JPDF) of

√
ρu′′r and

√
ρu′′z is examined. The Reynolds shear stress

and JPDF are related as: ρu′′r u′′z =
∫ −∞

+∞
ρu′′r u′′z P(

√
ρu′′r ,

√
ρu′′z )d(

√
ρu′′r )d(

√
ρu′′z ).

The iso-contour plot of the covariance integrand, better known as weighted
JPDF

(
ρu′′r u′′z P(

√
ρu′′r ,

√
ρu′′z )

)
is shown in Figure 3.18-3.20 for all three

cases at r/R = 0.8 (correspondingly, y+ = 36) and they are normalized with
τw,0. The data for this analysis were gathered at every 100th time step for
at least 10 flow through times. A very first observation from these figures
(Figure 3.18-3.20) is that the frequency of occurrence in each quadrant dimin-
ished drastically in the downward flow case and increased in the forced and
the upward flow case as compared to the inlet (refer to Figure 3.18a, same
for all three cases). In the deteriorated heat transfer regime in case DC80q2
(z ≈ 15D, shown in Figure 3.18b), each event has negligible magnitude along
with the reduced occurrence during the entire sampling time. Each quadrant
comparatively has higher magnitude of

√
ρu′′z than

√
ρu′′r at z = 15D. But in
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Fig. 3.18 Contours of weighted joint probability density functions of Reynolds
shear stress for case DC80q2 at r/R = 0.8 along the pipe length. (a): z = 0D,
(b): z = 15D with inset figure showing the zoomed view, and (c): z = 27.5D

the recovery regime (z ≈ 27.5D, shown in Figure 3.18c), inward and outward
quadrants (Q1 and Q3) become more energetic and they contribute to the
generation of turbulent shear stress and, consequently, in the recovery of heat
transfer. Although the frequency is approximately the same in Q4 but the mag-
nitude is incomparable to Q1 and Q3 as shown in Figure 3.18c. The other two
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Fig. 3.19 Contours of weighted joint probability density functions of Reynolds
shear stress for case FC80q2 at r/R = 0.8 along the pipe length. (a): z = 15D,
and (b): z = 27.5D
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Fig. 3.20 Contours of weighted joint probability density functions of Reynolds
shear stress for case UC80q2 at r/R = 0.8 along the pipe length. (a): z = 15D,
and (b): z = 27.5D

cases (case FC80q2 and UC80q2) are shown in Figures 3.19 and 3.20, exhibit
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Fig. 3.21 Contours of weighted joint probability density functions of Reynolds
shear stress for case DC80q2 at z = 27.5D along the radial direction. (a):
r/R = 0.975 with inset figure showing the zoomed view, (b): r/R = 0.935,
(c): r/R = 0.91, and (d): r/R = 0.77

similar qualitative characteristics to each other with an amplitude difference.
Figure 3.19 shows the weighted JPDF for forced convection and both Q2 and
Q4 shrink particularly with respect to the

√
ρu′′z -axis. This shrink suggests

that the strength of low and high-speed streaks decreased at z = 27.5D as
compared to z = 15D and this reduces the Reynolds shear stress at the outlet
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(see Figure 3.6b). Figure 3.20 shows the contour plot for upward flow. Both
ejection and sweep events become stronger as one proceeds downstream and
also the contours of every event elongate especially in the

√
ρu′′r -axis. This

elongation implies intense wall-normal motions to both high and low-speed
streaks.

In Figure 3.6a, for the downward flow (case DC80q2), an inflection point
can be seen near to the outlet (at z = 27.5D) at a radial location of r/R = 0.91
in the distribution of turbulent shear stress, along with minima and maxima at
r/R = 0.77 and r/R = 0.935, respectively. To investigate this unusual trend,
JPDFs for the turbulent shear stress at these locations are shown in Figure
3.21. In the vicinity of the wall (refer to Figure 3.21a), the Reynolds shear
stress has negligible magnitude. The frequency of interaction events (Q1 and
Q3) is of the same order of magnitude of the ejection and sweep events (Q2

and Q4). The Q1 and Q3 expand more in the radial direction as compared to
the streamwise direction as one moves away from the wall (from r/R = 0.975
to r/R = 0.91). The expansion indicates that the near-wall interactions have
more fluctuations towards wall and lower streamwise fluctuations and, as a
result, low-speed streaks sink-down quickly. Similarly, high-speed streaks
lift-up rapidly in Q1 in the near wall region. However, during the transition of
turbulent shear stress from 0 at r/R = 0.91 (corresponding Figure 3.21c) to
the negative peak at r/R = 0.77 (corresponding Figure 3.21d), these contours
widen relatively more in the streamwise direction and it indicates that the
streaks increase in strength.

Earlier, it was highlighted that how the motions in each quadrant affect the
turbulent shear stress in each case and it provided a new understanding of the
role of interaction events in the recovery regime. Therefore, it is also important
to look into the nature of turbulent heat flux. Figures 3.22 and 3.23 depict the
iso-contours of the weighted JPDF for cases DC80q2 and UC80q2 for both
streamwise and radial turbulent heat flux. The specific enthalpy is normalized
with

√
ρ0hτ,0 where hτ,0 = qw/(ρ0uτ,0). Figures 3.22a and 3.22c show the

wall-normal turbulent heat flux at z = 5D and 27.5D for case DC80q2. At



76 Characterization of the cooling process at supercritical pressure

√
ρh′′/(

√
ρ0hτ,0)

-10 -5 0 5 10

√
ρ
u
′′ r
/(
√
ρ
0
u
τ
,0
)

-5

-2.5

0

2.5

5

-0.2

-0.1

0

(a)

√
ρh′′/

√
ρ0hτ,0

-25 -12.5 0 12.5 25

√
ρ
u
′′ z
/√

ρ
0
u
τ
,0

-6

-3

0

3

6

0.1

0.2

0.3

(b)

√
ρh′′/(

√
ρ0hτ,0)

-10 -5 0 5 10

√
ρ
u
′′ r
/(
√
ρ
0
u
τ
,0
)

-5

-2.5

0

2.5

5

-0.2

-0.1

0

(c)

√
ρh′′/

√
ρ0hτ,0

-25 -12.5 0 12.5 25

√
ρ
u
′′ z
/√

ρ
0
u
τ
,0

-6

-3

0

3

6

-1

-0.7

-0.4

-0.1

(d)

Fig. 3.22 Contours of (a): ρu′′r h′′P(
√

ρu′′r ,
√

ρh′′) at z = 5D, (b):
ρu′′z h′′P(

√
ρu′′z ,

√
ρh′′) at z = 5D, (c): ρu′′r h′′P(

√
ρu′′r ,

√
ρh′′) at z = 27.5D,

and (d): Contours of ρu′′z h′′P(
√

ρu′′z ,
√

ρh′′) at z = 27.5D for case DC80q2 at
r/R = 0.8

z = 5D hot and cold wall-normal motions are responsible for the generation of
turbulent heat flux in the wall normal direction. Interestingly, the transition of
quadrants from Q2, Q4 to Q1, Q3 is not observed during the turbulent recovery
at z = 27.5D as observed earlier in Figure 3.21c for Reynolds shear stress.
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Fig. 3.23 Contours of (a): ρu′′r h′′P(
√

ρu′′r ,
√

ρh′′) at z = 5D, (b):
ρu′′z h′′P(

√
ρu′′z ,

√
ρh′′) at z = 5D, (c): ρu′′r h′′P(

√
ρu′′r ,
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ρh′′) at z = 27.5D,

and (d): Contours of ρu′′z h′′P(
√

ρu′′z ,
√

ρh′′) at z = 27.5D for case UC80q2 at
r/R = 0.8

Instead, the contributions of existing quadrants become stronger downstream
with increasing radial velocity. The streamwise turbulent heat flux suffers
from attenuated turbulence and the amplitude of it is suppressed significantly
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as can be seen from Figure 3.22b. But during the recovery region at z= 27.5D,
the second and the fourth quadrant appear instead of the first and the third
quadrants as illustrated in Figure 3.22d. Thus, it is clear that the radial heat
flux remains in the same quadrant but a transition occurs in the streamwise
flux.

Figures 3.23a and 3.23c illustrate the turbulent heat flux in the radial
direction for upward flow (i.e. case UC80q2). A typical behavior can be
observed, where the highest probabilities stem from Q2 and Q4. It implies that
cold fluid lifts up from the cooled wall with higher radial momentum while
hot fluid comes down with a lower radial momentum. Further downstream,
both hot and cold fractions expand in

√
ρu′′r - axis, which suggests that Q2 and

Q4 lift-up and fall-down strongly. The characteristics of streamwise heat flux
remain the same in terms of quadrant contributions with the main difference
of increased magnitude in the downstream direction. Moreover, one can
observe from Figures 3.23b and 3.23d that contours of streamwise momentum
fluctuations become broader and contours of enthalpy fluctuations slightly
narrower in the downstream flow.

3.4.3 Anisotropy

Until now, turbulence modulation was shown by means of the FIK identity and
quadrant analysis. However, no attention was given to the anisotropic nature
of turbulence. Therefore, in this section, turbulence anisotropy is investigated

using the Reynolds stress anisotropy tensor (bi j) defined as: bi j =
ρu′′i u′′j
ρu′′k u′′k

− 1
3 δi j;

with δi j is the Kronecker delta. A similar approach as that of Antonia et al.
[7] is followed by employing the invariants of anisotropy tensor to quantify
the anisotropy in a flow. Characteristically, the first invariant (Ib) is zero
while the second invariant (IIb) is calculated as −(bi jb ji)/2, and the third
invariant (IIIb) is defined as: (bi jb jkbki)/3. The second invariant indicates the
degree of anisotropy and the third invariants has the information regarding
the nature of the anisotropy. The third invariant has a negative value for the
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disk-like structure (oblate structure) of turbulence and a positive value when
the turbulence has the rod-like structure (prolate structure). Figure 3.24 shows
the evolution of −IIb and IIIb at three axial locations for case UC80q2 (solid-
lines) and DC80q2 (dashed-lines). Both invariants show peaks close to the
wall, 7 ≤ y+ ≤ 11, which reaffirm that most of the anisotropy always exists in
the near-wall region for wall-bounded flows. Moreover, invariants have a two-
layer feature with different characteristics close to the wall (0 ≤ y+ ≤ 60) and
in the core region 60 ≤ y+ ≤ 180. For the case UC80q2, the second invariant
decreases at close to the wall (see figure 3.24a), it suggests that anisotropy
also decreases in the streamwise direction and is similar to the common trend
of decreasing anisotropy with an increase in Reynolds number (or turbulence)
[7]. On the other hand, anisotropy has a maximum value at z = 15D for
DC80q2 close to the wall. This was the location where deteriorated heat
transfer and turbulence was observed. The increase in the anisotropy indicates
the increase in the overlap between the energy-containing large eddies and
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Fig. 3.24 Radial distribution of invariants (a): −IIb, and (b): IIIb. Solid lines:
case UC80q2, and dashed line: case DC80q2. Note: Difference in ordinate
scales
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the dissipative small scales [7]. As soon as this peak decreased at z = 27.5D,
turbulence recovery was noticed. The variation of the third invariant shown
in figure 3.24b and its trend changes downstream for both cases. In case
UC80q2, this parameter becomes negative close to the wall and it indicates
that turbulence structure is becoming disk-like in which two principal stresses
have significant magnitudes. Due to this disk-like feature, turbulence structure
is stretched in two directions and squeezed in the other direction. As expected,
the downward flow (case DC80q2) has a completely different turbulence close
to the wall compared to the upward flow (case UC80q2). At z = 15D, the
third invariant has a positive value which indicates that turbulence became
rod-like, i.e., elongated in one direction only. A transition back to the normal
state can be seen at z = 27.5D where the turbulence recovery was observed.
The turbulent state remains anisotropic in the near-wall region for both the
cases, while at the center of the pipe, turbulence becomes isotropic.

For the deteriorated case DC80q2, Lumley triangle [85] is also drawn
which graphically visualize the degree of anisotropy and the characteristic
shape of the anisotropy, thus, combines the second and third invariants. Lum-
ley triangle uses η and ξ to illustrates the anisotropy, and they are define as:
η2 = (λ 2

1 +λ1λ2 +λ 2
2 )/3, and ξ 3 = (−λ1λ2(λ1 +λ2))/2; where λ represent

the eigenvalue of the bi j. Figure 3.25a shows the mapping of η and ξ , the
area bounded by the black line is known as the Lumley triangle. The vertex
of this triangle at the origin is corresponding to the isotropic turbulence, the
top right vertex is corresponding to the 1-dimensional turbulence and the left
top vertex indicates the 2-dimensional axisymmetric turbulence. At the inlet,
turbulence structure is 2-dimensional in near-wall region, while in the core
region turbulence has prolate structure. Figure 3.25b shows the Lumely trian-
gle for the deteriorated heat transfer at z = 15D. One can see that turbulent
structure become 1-component (or rod-like) in the near-wall while in the core
region turbulence structure remains the same. As soon as the heat transfer
recovers at z = 27.5D, a transition back to the 2-component can be observed
in the Figure 3.25c.
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(a) (b)

(c)

Fig. 3.25 Lumely triangle to visualize the anisotropy of Reynolds stress tensor
in the flow for Case DC80q2 at (a): z = 0D, (b): z = 15D, and (c): z = 27.5D

3.4.4 Flow visualization

The enhanced and deteriorated heat transfer has a clear effect of near-wall
streaks. In this subsection, turbulent streaks were visualized by

√
ρu′′z . Figure

3.26 shows the streaks for case DC80q2 at three different wall-normal loca-
tions in the circumferential plane. The formation and breakdown of streaks
can be observed in the inlet section (z ≈ 0−5D) at all three positions with a
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reduction in the strength. In the first 5D section, streaks start stretching close
to the wall (refer to Figure 3.26a) and this elongation later spreads to the bulk
region (refer to Figure 3.26c). Moreover, the intensity of the streaks decreases
significantly. The low-speed streaks disappear from the flow in the deterio-
rated heat transfer regime (z ≈ 10−22.5D) especially in the viscous sub-layer
as depicted in Figure 3.26a. Additionally, the high-speed streaks elongate,
particularly in the streamwise direction indicating ‘rod-like’turbulence struc-
tures in the near-wall area for deteriorated heat transfer. The turbulent shear
stress decreases significantly in this region (as noticed earlier in Figure 3.6a).
The high-speed streaks become intense in their magnitude and ultimately
start breaking down into small scales in the buffer layer (see Figures 3.26b
and 3.26c at z ≈ 20D). The low-speed streaks reappear after z ≈ 20D and
hinder the further growth of the high-speed streaks. Both high- and low-speed
streaks are present in the recovery zone in the near wall region. In the buffer-
layer, streaks grow in the circumferential direction and their magnitude also
increases. The recovery phase is extended into the bulk region and it shifts
the peak in Reynolds shear stress from the near-wall region.

Figure 3.27 shows iso-surfaces of low- and high-speed streaks along with
the iso-surface of λ2 to visualize coherent turbulent structures [62]. Here,
λ2 is the second eigenvalue of the symmetric tensor s2 +ω2 with, s and ω

as the symmetric and antisymmetric part of instantaneous velocity gradient
tensor. The observations regarding the high-speed streaks elongation and
low-speed streaks disappearance are consistent with the Figure 3.26. The
λ2 vortex (shown in red in Figure 3.27) starts reducing in the downstream
direction and coherent structures start shifting away from the wall. The low-
speed streaks (iso-surface in blue color in Figure 3.27) are suppressed and
strength of the coherent structure also reduced significantly. Moreover, high-
speed streaks (shown by green color in Figure 3.27) survive in the flow in the
deteriorated heat transfer regime and they are stretched out in the streamwise
direction in the near-wall region as observed earlier Figure in 3.26. After the
reappearance of low-speed streaks at z ≈ 15D, λ2 vortex also starts increasing
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and interestingly the coherent structures are superimposed mainly on the
high-speed streak as highlighted with black circles.

Contrary to case DC80q2, upward flow does not have the elongated streaks
in the streamwise direction. Figure 3.28 illustrates the streaks with the same
scale as of figure 3.26. Both low- and high-speed streaks remain in the flow
throughout the pipe at all three depicted locations. Due to the buoyancy
and deceleration effects, the intensity of these streaks also increases in the
streamwise direction. These streaks also widen in the circumferential direction
as compared to the case DC80q2. Furthermore, both low- and high-streaks
are more intense in upward flow. Figure 3.29 demonstrates streaks for case
FC80q2 which only has the effect of deceleration. These streaks have more
intensity as compared to the case DC80q2 and their characteristic follows the
case UC80q2.
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Fig. 3.27 Iso-surfaces of streaks and vortex structure along the pipe for case
DC80q2; blue: low-speed streaks; green: high-speed streaks; red: λ2. For
low- and high-speed streak iso-surfaces are correspond to

√
ρu′′z =∓0.5 and

for λ2 a threshold value of −20,000 is chosen. The black lines highlight the
high-speed streak surrounded by the coherent structures.
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Chapter 4

A framework for using
high-order methods

Earlier DNS investigations of heat transfer at supercritical pressure were
conducted by employing the low Mach number approximation, which is a
valid assumption, especially in heat exchangers. With the advancement of
computational power and improvement of numerical methods applied to CFD,
several fully-compressible DNS studies have emerged out. An important
remark from the fully-compressible DNS that the effects of compressibility
are significant, predominantly in transcritical flow even at low Mach numbers
[119]. All fully-compressible DNS studies in the literature were conducted
at low Mach numbers with Peng-Robinson as the equation of state by using
finite volume method. The Peng-Robinson equation is computationally less
expensive but it deviates from the standard database such as REFPROP by
NIST [81]. Therefore, in this study, a framework to simulate supercritical flow
is presented using discontinuous-Galerkin spectral element method (DGSEM),
which inherently has high-order accuracy. This framework will also be benefi-
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cial for the DNS investigations aimed toward the high Mach number flow for
other application.

4.1 Description of the cases

To demonstrate the capability of this CFD code (discussed in Section 2.2),
three distinct cases are simulated, which correspond to different bulk Mach
numbers as shown in Table 4.1. The friction Reynolds number (Reτ ) is based
on half channel height. The simulated cases are for CO2 with variation in
Mach number. These cases have a bulk Reynolds number of 2800 based on
half channel height, bulk velocity and viscosity at reference condition at 8 MPa
pressure and 340 K temperature. The wall temperature is fixed to 335 K for
the bottom wall and 345 K for the top wall. With the increase in Mach number,
the wall-normal temperature profile will differ from the incompressible flow
and it shows the effect of non-linear fluid property change. The simulations
were performed with 128×56×128 elements in streamwise, wall-normal and
spanwise direction. The polynomial order was varied between 2-5, which
resulted in a degree of freedom of 24-198 Millions. All three cases used the
EoS derived from the CoolProp database as described in Section 2.2.4. The
target error level was set to 10−6 and maximum refinement level was set to
the 15 for all EoS tables. In the simulated region, all EoS tables achieves
convergence to targeted error level. The combination of highly accurate EoS,
high-order characteristics of the solver, and fully-compressible DNS warrants
the high-fidelity simulation.

4.2 Mean flow parameters

The simulations were initialized with the random perturbation and after the
development of fully developed turbulent flow data were gathered. Time
averaging (also knows as Reynolds averaging) was done using the data for
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Table 4.1 A summary of simulation conditions; reference conditions are at
p = 8 MPa, T = 340 K

Case Ma Re Reτ Tup (K) Tbottom (K) pb (MPa)
CM02R28 0.2 2800 190 8.020
CM05R28 0.5 2800 190 345 335 8.189
CM07R28 0.7 2800 190 8.394

10 flow through times. Figure 4.1 illustrates the mean velocity, temperature,
and density profiles for all three cases shown in Table 4.1. The mean velocity,
mean density and mean pressure were normalized with the respective bulk
values while the temperature is normalized by a reference temperature. The
peak in mean velocity shifted upward with the increase in Mach number while
there is no change in the profile close to the wall. The wall-normal mean
temperature profiles vary significantly as depicted in Figure 4.1b. At the low
Mach number, the profile is S-shaped which is typically observed in hot-cold
channel flows (for instance in Sengupta et al. [119]). With the increase in
Mach number, the temperature profiles changes. The maximum value in
temperature occurs near to the hot wall, but not exactly at the hot-wall.

The effects of Mach number can also be seen on mean density profiles in
Figure 4.1c. In these DNS, same Reynolds number and the same bulk density
(corresponding to the reference conditions of 8 MPa and 340 K) is maintained
for the isothermal wall. With increasing Mach number, the pressure increases
to enforce the constant bulk density calculated at the reference condition.
Therefore, the values of density differ at y =−H and y = H (i.e. at the no-slip
walls). This procedure differs from that of Kim et al. [70] in which the
authors have kept the same bulk pressure while varied the bulk density for
different cases. Figure 4.1d illustrates the variation of mean pressure along
the y/H. The mean pressure is symmetric, unlike the other variables. As
expected, pressure fluctuations increase with increasing Mach numbers. But,
the fluctuations in mean pressure are insignificant quantitatively and it also
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Fig. 4.1 Normalized Reynolds averaged quantities as a function of the vertical
coordinate. (a): Mean velocity profile, (b): mean temperature profile, (c):
mean density profile, and (d): mean pressure profile

supports the applicability of the low Mach assumption in earlier investigations
employed earlier for the cooling characterization in a spatially developing
pipe flow.
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4.3 Instantaneous flow

Fig. 4.2 Instantaneous contours; top: density and, bottom: temperature for
case Ma02Re28

In this section, instantaneous flow fields are visualized in the y−z plane for
two extreme cases. Figure 4.2 demonstrates the contours of the instantaneous
field. At the low Mach number, density varies by almost ±5 % from the
reference value while the temperature variations are within ±1.5 %. A sharp
change in both variables is observed in the near-wall region while the core
region has almost the same magnitude. As soon as Mach number increases,
this trend changes as can be observed in Figure 4.3 for case Ma07Re28. The
fluctuations around the reference value also increase as compared to the low
Mach number case. The change in temperature in the near-wall region is more
pronounced. This leads, of course, to change in the density.

To further analyze the turbulence in the near-wall region, the instantaneous
fluctuations of velocity for the high Mach number case (i.e. case Ma07Re28)
are examined. Figure 4.4 shows the velocity streaks in x− z plane in the
near-wall region (corresponding to y+ = 25, based on the reference values). It
is worth to mention here that semi-local scaling is not employed here because
the variation in properties is not drastic in this range. Low and high speed
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Fig. 4.3 Instantaneous contours; top: density, and bottom: temperature for
case Ma07Re28

Fig. 4.4 Instantaneous contours of the streamwise velocity fluctuations at
y+ = 25; top: hot wall, and bottom: cold wall for case Ma07Re28

streaks are present near both walls. Both the streaks are comparatively longer
near to the cold wall while streaks are shorter and thicker in near the hot wall.
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4.4 Turbulence statistics

The wall normal variation of turbulent shear stress (ρ ũ′′v′′) is depicted in Fig-
ure 4.5a for all three cases considered. It represents the strength of turbulence
in a flow. As expected, the increase in Mach number increases the turbulent
shear stress in the flow. In addition, the hot and cold wall also affect the
turbulent shear stress as can be seen by the asymmetric profiles. The profile
of turbulent kinetic energy

( 1
2 ρ ũ′′i u′′i

)
is also shown in Figure 4.5b. The peak

in the turbulent kinetic energy at close to the wall increases with the increase
in the Mach number due to the increase in fluctuations.
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Fig. 4.5 Wall normal profile for (a): turbulent shear stress, and (b): turbulent
kinetic energy
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In this chapter, results from channel flow simulation are presented, which
were conducted at different Mach number in the supercritical range. This suc-
cessful implementation opens the avenue for further research and provides an
opportunity to exploit the high-order accuracy for conducting under-resolved
DNS (also know as implicit large eddy simulation). Gassner and Beck [48]
highlighted that the superior discretization properties of high-order approxi-
mations (such as DG method used here) are retained even for under-resolved
simulations, which is not true for the low-order approximation because of the
unacceptable numerical discretization errors.



Chapter 5

Computationally light heat
transfer and hydraulic
model

Heat transfer deterioration not only reduces the thermal efficiency but also
presents a threat to the safety of the power plant. Prior identification of
deteriorated heat transfer will help the engineers to mitigate it. DNS proved to
be a reliable and accurate numerical tool, however, the main downside of the
DNS is the heavy computational burden. It is noted that DNS is limited to the
cases with relatively low Reynolds number, due to the spatial and temporal
resolution requirement. This situation can be slightly improved with the
development of high-performance computing and highly parallel scalable code.
Nevertheless, a less-computational intensive model is a foremost requirement.
The DNS has the ability to provide useful information regarding the flow
physics. In addition, DNS data also serve as a reliable source for different
statistics such as the radial profile of several parameters, which can be readily
used for benchmarking of newly developed turbulence models. In the past,
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DNS data for heating were used for turbulence model benchmarking by He et
al. [56], Pucciarelli and Ambrosini [109] and Bae et al. [11, 12]. Pandey et al.
[100, 101] derived a semi-analytical model and made an attempt to empirically
fit with the three DNS cases of heating, which has provided a good agreement
with the experimental data (refer to Appendix B for details). To support the
modeling, a comprehensive DNS database is delivered in this chapter for
the heating of supercritical CO2. Earlier in Section 1.2.2, incapability of
correlations and RANS simulation were highlighted. Therefore, a different
and relatively new data-driven approach is adopted instead of conventional
turbulence modeling. This section is divided into two parts, the first section
discusses the DNS database along with a brief explanation and the second
section describes the DNN model followed by obtained results.

5.1 DNS database

To demonstrate the capability of machine learning based algorithms, a DNS
database for heating of supercritical carbon dioxide has been prepared by
performing DNS of pipe flow using OpenFOAM [29]. The integral domain
and boundary conditions in the implemented DNS are identical to Section
2.1.1, except a positive heat flux on a pipe length of 60D. Considering the
massive computational resource requirement to construct the database, the
grid resolution is reduced from the earlier work, yet still comparable to the
classical DNS work from Bae et al. [9]. It is noted that a grid independence
study shows that the resolution has a negligible effect on the mean statistics
considered here. That is, the low-resolution DNS makes no difference from
high-resolution DNS on the development of wall temperature Tw and wall
shear stress τw as shown in Figure 5.1.

The coarse grid resolution opted for this database, is equivalent to ap-
proximately 70× 120× 260 (radial r, circumferential θ near the wall and
axial z direction) for the inflow domain and 70×120×1500 for the heated
domain, when converted from the Cartesian to the cylindrical coordinates.
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Fig. 5.1 Mesh sensitivity study for case 1 and 3 from Table 5.1. (a): Wall
temperature and (b): Skin friction coefficient

The grid is uniformly spaced in the axial direction, and refined near the wall
in the radial direction with a stretching ratio of about 18. The dimension-
less resolution in wall units, i.e., y+ = yuτ/ν , where uτ =

√
|τw|/ρ at the

inlet reads as 0.17(wall) < ∆y+ < 3(center), (R∆θ)+ ≈ 9, ∆z+ = 14 based
on the inlet Reynolds number Re0 = 5400. The dimensionless time step
∆t+ = ∆t/t+ = 4× 10−4, where t+ = D/uτ . The flow bulk temperature Tb

rises in the downstream direction with the input of wall heat flux. Accord-
ingly, the bulk Reynolds number Reb = 4G/(µbπD) based on the bulk fluid
properties will increase. However, no significant difference can be found in
Tw and τw along the pipe.

The database generated with DNS includes 36 cases in total 1. Only
upward flow is considered for this database because it suffers from the heat
transfer deterioration. One case takes approximately 12,000 core-hours on
Hazel Hen supercomputer. It means that a total of about 500,000 core-hours

1This DNS database can be accessed by visiting: https://www.ike.uni-
stuttgart.de/forschung/sco2/dns/

 https://www.ike.uni-stuttgart.de/forschung/sco2/dns/
 https://www.ike.uni-stuttgart.de/forschung/sco2/dns/
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Table 5.1 Parameters for DNS for the database. In each cell, the upper
number indicates the case index. The lower bracket represents (D,qw,T0, p0).
The pipe diameter D is in mm, the wall heat flux qw is in kW/m2, the inlet
temperature T0 is in K and the inlet pressure p0 is in MPa.

1 2 3
(2,10,301.15,8) (2,20,301.15,8) (2,30,301.15,8)

4 5 6
(2,10,288.15,8) (2,20,288.15,8) (2,30,288.15,8)

7 8 9
(2,10,301.15,8.8) (2,20,301.15,8.8) (2,30,301.15,8.8)

10 11 12
(2,10,288.15,8.8) (2,20,288.15,8.8) (2,30,288.15,8.8)

13 14 15
(5,5,301.15,8) (5,10,301.15,8) (5,20,301.15,8)

16 17 18
(5,5,288.15,8) (5,10,288.15,8) (5,20,288.15,8)

19 20 21
(5,5,301.15,8.8) (5,10,301.15,8.8) (5,20,301.15,8.8)

22 23 24
(5,5,288.15,8.8) (5,10,288.15,8.8) (5,20,288.15,8.8)

25 26 27
(10,5,301.15,8) (10,10,301.15,8) (10,20,301.15,8)

28 29 30
(10,5,288.15,8) (10,10,288.15,8) (10,20,288.15,8)

31 32 33
(10,5,301.15,8.8) (10,10,301.15,8.8) (10,20,301.15,8.8)

34 35 36
(10,5,288.15,8.8) (10,10,288.15,8.8) (10,20,288.15,8.8)

is necessary to complete all the cases in the database. Each case represents
one particular set of condition. A complete description of the experimental
conditions used in the simulation is shown in Table 5.1. The database covers
3 values of pipe diameter (D = 2,5,10 mm), 4 values of the wall heat flux
(qw = 5,10,20,30 kW/m2), 2 values of inlet temperature (T0 = 288.15,301.15
K) and 2 values of inlet pressure (p0 = 8,8.8 MPa). The number of values
is constrained due to the limited computational resources. The mass flux
G

(
kg/(m2·s)

)
is adjusted accordingly to keep the inlet Reynolds number

fixed at Re0 = 5400. The inlet pressures p0 are set higher than the critical



5.1 DNS database 101

pressure pc = 7.38 MPa. Both the inlet temperatures T0 are set lower than the
pseudo-critical temperature to demonstrate the potential peculiar heat transfer
deterioration. Unlike the rest input parameters to the DNN, there is a large
number of values available for the bulk specific enthalpy hb due to a large
number of discretization points in the pipe streamwise direction. Among
them, 60 samples of hb values were taken in each case, with one from every
diameter length interval. Therefore, in total there are 35× 60 = 2100 data
points.
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Fig. 5.2 Variation of (a): wall temperature and (b): skin friction coefficient,
for cases 1-6. Dashed lines: T0=288 K, solid lines: T0=301 K

Figure 5.2 -5.7 depict the variation of wall temperature and skin-friction
coefficient for all 36 cases. Due to the heat addition, the mean wall temperature
rises along the length of the pipe. In high heat flux cases, a peak in the wall
temperature can be seen, denotes deteriorated heat transfer (e.g. green curve
in Figure 5.2a). This peak in wall temperature increases with an increase
in wall heat flux, indicating the intense heat transfer deterioration. With the
increase in the wall heat flux, the variations of properties increases and it
negatively affect the heat transfer to sCO2. This is attributed to the buoyancy
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Fig. 5.3 Variation of (a): wall temperature and (b): skin friction coefficient,
for cases 7-12. Dashed lines: T0=288 K, solid lines: T0=301 K
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Fig. 5.4 Variation of (a): wall temperature and (b): skin friction coefficient,
for cases 13-18. Dashed lines: T0=288 K, solid lines: T0=301 K

and acceleration [9, 94]. Also, one can compare from Figure 5.2a that heat
transfer deterioration is delayed with a decrease in the inlet temperature, which
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Fig. 5.5 Variation of (a): wall temperature and (b): skin friction coefficient,
for cases 19-24. Dashed lines: T0=288 K, solid lines: T0=301 K
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Fig. 5.6 Variation of (a): wall temperature and (b): skin friction coefficient,
for cases 25-30. Dashed lines: T0=288 K, solid lines: T0=301 K

is obvious due to the fact that it is far away from the pseudo-critical point. In
most of the cases, heat transfer recovery can be seen after the deterioration.
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Fig. 5.7 Variation of (a): wall temperature and (b): skin friction coefficient,
for cases 31-36. Dashed lines: T0=288 K, solid lines: T0=301 K

This recovery is brought by the inward and wall-normal motions instead of
sweep and ejection events of turbulent shear stress generation.
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Fig. 5.8 Decomposition of skin friction coefficient for case (a): case 2
(2,20,301.15,8) and (b): case 27 (10,20,301.15,8)
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With the increase in the pipe diameter, skin friction rises drastically (see
Figure 5.2b and 5.4b).The local peak of it reduces by a factor of 2.5 when
the inlet temperature is much lower than the pseudocritical temperature. With
the increase in pipe diameter and wall heat flux, friction loss increases due
to an increase of the buoyancy effects and it contributes positively to skin
friction. To quantify the effects of pipe diameter, FIK identity as given in
Equation 3.1, is applied to two cases. Figure 5.8 illustrates the decomposed
skin friction coefficient for two cases with the same boundary conditions
except for the diameter. The variation of C1, C2, C4, C5, and C10 can be seen;
the remaining parts which are not shown here have negligible magnitude.
Figure 5.8a corresponds to the D=2 mm and Figure 5.8b corresponds to D=10
mm. One can observe from both figures that C10 which is the buoyancy part
has the highest contribution to the skin friction factor. With a larger diameter,
the effects of buoyancy are more severe. The peak in the skin friction in
Figure 5.8b is solely due to the buoyancy effects.

5.2 Machine learning based model

In this work, a novel approach to link DNS to DNN in modeling the heat
transfer and hydraulic characteristics of supercritical fluids is proposed. This
work aimed to show that a combination of DNS and DNN can maintain
the modeling accuracy that DNS alone has, and significantly reduce the
computational load.

5.2.1 Deep neural network

A general DNN consists of one input layer, more than one hidden layers, and
one output layer. Each layer has a number of neurons. A fully-connected DNN
with two hidden layers is shown in Figure 5.9 as an example. In this work,
for a given pipe diameter, inlet pressure, heat flux, inlet temperature, and bulk
specific enthalpy (five input parameters), the wall temperature and wall shear
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stress (two output parameters) are expected to be known. Therefore, there
are five neurons in the input layer, corresponding to the five input parameters.
There are two neurons in the output layer, corresponding to the two output
parameters.

Fig. 5.9 A representative deep neural network

Every neuron has a weight vector w = (w1,w2, . . . ,wm), if the input is
r = (r1,r2, . . . ,rm), where m is the number of inputs to the neuron. For
example, the neuron in the first hidden layer in Figure 5.9 has m = 5. The
neuron operation has two steps. First,

z = w · r+b, (5.1)

where b is the bias of the neuron and · represents the dot product of two
vectors. Different neurons may have different weight vectors and biases. In
the second step, a non-linearity is introduced,

σ =
1

1+ e−z , (5.2)

where σ is the output of the neuron. Clearly, the range of Equation (5.2) is
[0,1]. This enables the DNN to capture the non-linear features in the data.
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In this work, each data point used for training has an input vector (five pa-
rameters) and an output vector (two parameters). The quadratic cost function
of the DNN is,

C(W,b) =
1

2n ∑
x
||y(x)−a(x,W,b)||2, (5.3)

where W and b represent the weight vectors and biases of all the neurons in
the DNN, respectively. The input vector and the output vector of a training
data point are denoted by x and y(x), respectively. The predicted output given
by the DNN is a(x,W,b). The number of data points for training is n. This
cost function in Equation (5.3) computes the mean squared error (MSE) of
the DNN for all the training data. The goal in the DNN training is to find the
weight vectors (W) and biases (b) that minimize the cost function.

In this work, the output vector y has two elements y1 and y2 with two
different physical meanings (i.e. wall temperature and the wall shear stress).
Therefore, normalization needs to be performed on one element. Without loss
of generalization, it is assumed that y2 is normalized to be y′2 as follows:

y′2 = (y2 − ymin
2 )×

ymax
1 − ymin

1

ymax
2 − ymin

2
+ ymin

1 (5.4)

It can be seen that when y2 takes the minimum value ymin
2 , y′2 = ymin

1 . When
y2 takes the maximum value ymax

2 , y′2 = ymax
1 The output vector is then,

y = [y1 y′2]. (5.5)

Clearly, the range of y2 is mapped to the range of y1, so that they are equally
valued in the cost function.

For the ease of understanding, v = (v1,v2, . . . ,vl) is employed to denote
all the variables of the cost function C in Equation (5.3), including all the
weights and biases of the DNN. The v can be iteratively updated towards
the minimum value of C. The change ∆C in C produced by a small change
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∆v = (∆v1,∆v2, . . . ,∆vl)
T is,

∆C ≈ ∇C ·∆v, (5.6)

where the gradient ∇C of the cost function is,

∇C = (
∂C
∂v1

,
∂C
∂v2

, . . . ,
∂C
∂vl

) (5.7)

Let assume that,
∆v =−η∇C, (5.8)

where η is a small rate to ensure that ∆v is small. Then, accounting for
Equation (5.6),

∆C ≈−η ||∇C||2 ≤ 0, (5.9)

which ensures that the cost function C iteratively decreases (non-increasing,
to be exact). The update on v is then,

v′ = v−η∇C (5.10)

Then, for any weight wi or bias b j in v,

w′
i = wi −η

∂C
∂wi

,

b′j = b j −η
∂C
∂b j

(5.11)

The gradient ∇C of the cost function is computed with the standard
backpropagation algorithm [25]. It should be noted that the gradient descent
method reaches the local minimum of the cost function. The cost function C in
Equation (5.3) is a sum of components from all the data points. The gradient
computation can be very time-consuming when the number of training data
points n is large. Therefore, in this work, the stochastic gradient descent is
utilized. That is, at each iteration, a small number of data points are used to
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approximate the gradient. For instance, if n is 1000, at the first iteration, 10
data points are randomly chosen for the gradient computation. Then, at the
second iteration, 10 data points again selected randomly from the remaining
990 data points. This process is continued until all the 1000 data points have
been used, which completes one epoch. In the second epoch, the same process
as of first epoch is repeated. The training is terminated when either the cost
function does not further decrease or the number of epochs reaches the set
limit.

Overfitting, which means that the DNN fits a portion of the data com-
paratively too closely, should be prevented. If only the idiosyncrasies of the
data used in the training process are captured, and the global features (the
general heat transfer and hydraulic characteristics of sCO2 in this work) are
lost, overfitting occurs and the trained DNN is practically not very useful.
Bayesian regularization [88] is implemented to counter overfitting. A term on
the weight vectors is added to the cost function so that the weights are also
minimized. Smaller weights tend to improve the generalization quality of the
DNN.

5.2.2 Modeling results

The proposed DNN has two hidden layers. There are 50 neurons in each of the
hidden layers. In general, a DNN with a larger number of hidden layers, on
one hand, has the potential to achieve better performance. On the other hand,
it has a more complicated structure and is thus more difficult to train. Among
36 cases, 35 cases (except case 8) were selected for the training and blind
testing. It results in the 2100 data points, and 80% (i.e., 1680 data points)
are randomly selected and used for training. For each data point, the error
percentage is defined as,

error percentage =
|ak(x)− yk(x)|

yk(x)
, (5.12)
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where ak represents the kth output generated by the DNN and yk represents
the kth output of the data point.

For the first output wall temperature, the mean error percentage for the
training data points is 0.08%, and the error percentage standard deviation is
0.17%. For the second output wall shear stress, the mean error percentage for
the training data points is 1.23%, and the error percentage standard deviation
is 4.20%. The performance of the DNN for the training data points, i.e., how
closely the output generated by the DNN matches the output of the data, is
shown in Figure 5.10. Training of this DNN takes 249 epochs and 1239 s on
a regular computer with an Intelr i7 processor running at 2.6 GHz and 8 GB
RAM.

The rest 20% of the 2100 data points (i.e. 420 data points) are used for
validation and strictly separated from the training data points. That is, the
validation data points are hidden in the training process, and only visible to
the DNN after the training is completed. Strictly separating the validation data
from the training data enables objective and fair evaluation of the performance
of the DNN.

For the first output wall temperature, the mean error percentage for the
validation data points is 0.07%, and the error percentage standard deviation
is 0.13%. For the second output wall shear stress, the mean error percentage
for the validation data points is 1.02%, and the error percentage standard
deviation is 1.98%. The performance of the DNN for the validation data
points, i.e., how closely the output generated by the DNN matches the output
of the data, is shown in Figure 5.11. According to the statistics reported
in Table 5.2 and Table 5.3, the performance of the DNN on the validation
data is even better than that on the training data. Evidently, the DNN is
successful in counter-overfitting and has achieved general applicability under
the experimental conditions covered by the database. Evaluating the wall
temperature and the wall shear stress with a given experimental condition and
bulk specific enthalpy takes 5.4 ms on average on a regular computer with an
Intelr i7 processor running at 2.6 GHz and 8 GB RAM.
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Table 5.2 Performance of the DNN for the wall temperature on the training
and validation data

Mean error percentage Error percentage standard deviation
Training 0.08% 0.17%

Validation 0.07% 0.13%

Table 5.3 Performance of the DNN for the wall shear stress on the training
and validation data

Mean error percentage Error percentage standard deviation
Training 1.23% 4.20%

Validation 1.02% 1.98%
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Fig. 5.10 Performance of the DNN on the training data. (a): wall temperature
and (b): wall shear stress. Note: straight line indicates perfect matching.

Furthermore, the trained DNN is tested on an experimental condition out
of the database (i.e. the case 8). The pipe diameter D is 2 mm. The wall heat
flux qw is 20 kW/m2. The inlet temperature T0 is 301.15 K. The inlet pressure
p0 is 8.8 MPa. Both the wall temperature Tw and the wall shear stress τw

are evaluated with the DNN and then compared with the results from DNS.
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Fig. 5.11 Performance of the DNN on the validation data. (a): wall tempera-
ture and (b): wall shear stress. Note: straight line indicates perfect matching.
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Fig. 5.12 Test performance of the DNN on case 8 which was not used in
training and validation. (a): wall temperature and (b): wall shear stress.

As presented in Figure 5.13, DNN still closely follows DNS. The training,
validation, and testing results reported in this section show that DNN is a
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computationally light approach for heat transfer and hydraulic characteristics
modeling of supercritical fluids. A combination of DNS and DNN is able to
maintain the modeling accuracy that DNS alone has, and significantly reduce
the computational load.

5.2.3 Comparison of different machine learning algorithms

Earlier, a model was presented for machine learning by using DNN only,
which has shown a superior prediction capability. However, in the field
of supervised learning, there are several machine learning algorithms are
available viz. decision tree (DT), gradient boosting (GB), random forest (RF)
along with deep neural network (DNN) [73].
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Fig. 5.13 Test performance of the different machine learning algorithm for
wall temperature on case 8. (a): With 5 features (b): With 10 features.

A comparison between different algorithms was made by employing
TensorFlow [1] within the Python programming language. For the sake of
simplicity, only the wall temperature was chosen as a label (output) and two
different configurations for features (input) were used. In the first configu-
ration, five features were used (inlet temperature, heat flux, inlet pressure,
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pipe diameter, and bulk fluid enthalpy). In the second configuration, ten
features (inlet temperature, heat flux, inlet pressure, pipe diameter, bulk fluid
enthalpy, bulk temperature, Reynolds number, bulk velocity, mass flux and
distance from the inlet) were employed to observe the effect of features on
the performance of machine learning. Similar to Section 5.2.1, 35 cases were
selected (except case 8) for training and testing, and case 8 was completely
hidden from the process. Figure 5.13 shows the performance of selected 4
machine learning algorithms on case 8 with two configurations. The DNN
outperform every other method in terms of higher prediction capability. With
the increase in features, the performance of each method improves slightly.
With more features, other algorithms can also be an alternative, which requires
much lesser time to train compared to the DNN.



Chapter 6

Conclusions and future
directions

6.1 Conclusions

Supercritical fluids have shown a great potential in terms of higher thermal
efficiency in power plants. The power cycle using supercritical carbon dioxide
(sCO2) are already under development. Nevertheless, the technology suffers
from a few disadvantages as well. Among them, heat transfer deterioration and
its prediction are chief concerns at the moment. Experiments, correlations,
analytical model and computational fluid dynamics analysis are the most
studied methods in the literature for supercritical fluids. Direct numerical
simulation (DNS) proved to be a high-fidelity approach for examining the
physics behind the peculiar heat transfer at supercritical pressure. With the
advancement of computational power, several DNS investigation has been
emerged out in the literature for turbulent pipe flow, all of them focused
towards the heating characterization of sCO2. Therefore, DNS of developing
pipe flows has been performed to investigate the buoyancy induced turbulence
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modulation in the pipe flow at supercritical pressure under cooling conditions.
The inlet pressure was close to the critical pressure, and inlet temperature was
applied in a way to capture the strong variation of the properties. The basic
attributes show that turbulence is impaired in the downward flow and it results
in poor heat transfer and vice versa for the upward flow. The flow without
buoyancy, i.e., forced convection, lies in between the spectra with extremes as
upward and downward flow cases. Further analysis was conducted using the
FIK identity which decomposes the skin friction factor and Nusselt number,
and it reveals that the turbulent contribution decreases in the downward flow.
It was also found out that the buoyancy has a crucial impact on the skin
friction coefficient and it results in negative shear stress at the certain section
in upward flow. The cumulative contribution of laminar contribution shows
that approximately 90% of the laminar drag is generated within 30 wall-units
in all cases. The Nusselt number budget indicated that declination in the
turbulent contribution seeds the impaired heat transfer characteristics in the
downward flow. The downward flow case has a low heat transfer rate and high
drag at the same time. The low- and high-speed streaks were visualized and we
observed that low-speed streaks disappeared and high-speed streaks elongated
in the deteriorated heat transfer region. While during the recovery low-
speed structures reappear and start growing in the circumferential direction.
The high-speed streaks were surrounded by coherent structures. Quadrant
analysis provided details regarding the fractional contribution of Reynolds
shear stress. It has shown that ejection and sweep events are responsible
for the majority of turbulence generation in any normal turbulence flow.
The reduction in sweep (Q4) and ejection (Q2) events resulted in turbulence
attenuation in the downward flow. At the onset of turbulence recovery, the
inward (Q3) and outward (Q1) interactions grow rapidly contrary to the usual
trend. Both ejection and sweep events became stronger in the streamwise
direction in the upward flow and each event elongated in the

√
ρu′′r -axis and

it implied more lift to both high and low-speed streaks. In the downward
flow, streamwise turbulent heat flux suffers from attenuated turbulence and
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the amplitude of it is suppressed during the deterioration regime but as soon
as flow recovers, second and fourth quadrant appear instead of first and third
quadrants. This analysis also conveys that the streamwise turbulent heat
flux is affected significantly as compared to the radial turbulent heat flux
and quadrant transition appears in streamwise turbulent heat flux only in
downward flow during the recovery. The anisotropy is quantified by using the
invariants of the Reynolds stress tensor. The upward flow attempt to acquire a
disk-like turbulence structure in the near-wall region in which two principal
stresses have significant magnitude, much larger than the third. In contrast,
turbulence became rod-like in the deteriorated region in which one principal
stress has an incomparable magnitude than the other two. This study affirms
the past findings and provided new knowledge regarding the flow.

In addition to DNS of low Mach number turbulent pipe flow, a new frame-
work for direct numerical simulations using a fully-compressible high-order
computational code based on the discontinuous Galerkin spectral element
method is also presented. The high-performance capability combined with the
high-order accuracy is illustrated by DNS of turbulent channel flow of sCO2.
The bulk Reynolds number was set to 2800 based on the channel half-width
and Mach number was varied in the range of 0.2 to 0.7 with a temperature
difference of 10 K. The degree of freedom was in between 58-200 Millions.
to resolve the small-scale turbulence motions. For the equation of state, a
computationally robust and highly accurate approach has been used based
on the quadtree tabulation method. Three distinct cases were examined with
supercritical channel flow while varying the Mach number. The mean velocity
profile is not affected much by the Mach number variations. On the other
hand, mean density and mean temperature profiles change significantly along
the wall-normal direction. The fluctuations of density and temperature also
increase around the mean with the increase in the Mach number. The low and
high-speed streaks are comparatively longer near to the cold wall.

In the end, a computationally light alternative, DNN, is proposed, and it
builds the link from DNS to DNN. The validation and test results show that
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the performance of the DNN is significantly better than the well-established
correlations, which are conventionally used for the heat transfer prediction.
The prediction with the DNN takes negligible time. The database generated
with DNS can be used not only with DNN, but also other methods like
Reynolds-averaged Navier-Stokes (RANS).

6.2 Recommendation for future work

This work aimed towards the characterization of the cooling process of su-
percritical CO2, extension of a framework for the high-fidelity methods and
development of simpler prediction method. The present work opens up av-
enues for future work and they can be categorized as follows:

• The DNS investigations were limited to the fluid domain in present
work. It will be interesting to see the effect of the solid domain by
conducting conjugate heat transfer analysis.

• A framework is delivered by this work for fully compressible, high
fidelity DNS. Further simulations should seek the answer to the effect
of moderately high Reynolds number and Mach number. How will the
compressibility affect the turbulence and thereby the heat transfer.

• The low-computer intensive model have shown exemplary results. How-
ever, they were limited to low Reynolds number. Future work should
combine the database from DNS and experiments.
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Appendix A

Supplementary results from
the DNS of turbulent pipe
flow

This section briefly discusses the results from few more cases for turbulent
pipe flow simulation conducted using OpenFOAM.

A.1 Effects of wall heat flux and inlet tempera-
ture

Earlier, only fives cases were discussed in details in Chapter 3 from the
qualitative discussion point of view. The results from the rest of the cases are
presented here. The results presented in this section follow a similar trend to
what was discussed in Section 3.3. Therefore, these results are only shown in
graphical form without any further discussion to avoid redundant information.
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Fig. A.1 Streamwise variation of (a): wall temperature, and (b): wall shear
stress for qw=-30.87 kW/m2, Ti= 342.05 K, corresponding to Table 3.1
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Fig. A.2 Streamwise variation of (a): wall temperature, and (b): wall shear
stress for qw=-30.87 kW/m2, Ti= 322.18 K, corresponding to Table 3.2
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A.2 Effects of non-uniform wall heat flux

Most of the DNS investigations including the present one is made with a
uniform wall heat flux imposed at the wall. However, in practical, the wall
heat flux may vary along circumferentially or axially or both, for e.g. in
concentrated solar thermal power plants. Few studies are present in the
literature with inhomogeneous wall heat flux but mostly employed turbulence
modeling which is not a reliable option for such complex flows. Therefore, an
investigation is also made within this thesis for non-uniform wall heat flux.

For the DNS, six distinct cases were selected which correspond to the
variation in imposed wall heat flux profile. Table A.1 shows the simulation
conditions. All cases have same inlet condition with an inlet temperature of
301.15 K and inlet pressure of 8 MPa. The inlet bulk Reynolds number is
5400 and it results in a friction Reynolds number of 180. The first case has a
uniform heat flux profile and it serves as a reference case and remaining case
has the variable heat flux in either axial or circumferential direction.

Table A.1 A summary of simulation conditions for DNS with non-uniform
heat flux

Case qw qw,min qw,max Re0
Uni 15 15 15 2800

AxSin 15+5Sinz 10 20 2800
AxCos 15+5Cosz 10 20 2800
AxLin 10+10z 10 20 2800
CirSin 15+5Sinθ 10 20 2800
CirCos 15+5Cosθ 10 20 2800

Figure A.3 depicts the variation of the wall heat flux and wall temperature
for all six cases. There exists a slight difference in case AxLin, AxSin,
AxCos and Uni due to the different magnitude of wall heat flux. The area
averaged wall heat flux follows the uniform heat flux in the streamwise
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Fig. A.3 Axial variations of (a) wall heat flux and (b) temperature

Fig. A.4 Development of mean temperature field for case 15CirCos1

direction for case CirCos because of qw =
∫ 2π

0 (15+ 5Cosθ)dθ = 15. The
bulk temperature monotonically increases from inlet to outlet in all cases.
The profile of bulk temperature completely overlaps for cases Uni, CirSin
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Fig. A.5 Development of mean temperature field for case 15CirCos2
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Fig. A.6 Favre averaged streamwise velocity profile

and CirCos because of the equal heat flux along the cross section. The wall
temperature increases intensely compared to the bulk temperature and it
significantly differs in every case. The variation of wall temperature closely
follows the heat flux variations, showing peak and valley corresponding to
the heat flux. Moreover, the maximum and minimum wall temperature for
cases CirSin and CirCos also overlap, however, their position in separated
by π/2 along the circumference. The difference between the maximum and
minimum heat flux is kept 10 kW/m2 for case CirCos. It induces temperature
variations along the circumferential direction. As a result of buoyancy, effects
of thermal stratification arises. These thermal stratification characteristics
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are quite different than the horizontal flow of supercritical CO2, which was
observed by Chu and Laurien [31]. On the other hand, in case CirCos, thermal
stratification is a result of non-uniform heat flux along the circumference and
it will exist even gravity is absent. The stratification can be visualized in
Figure A.4 and A.5. Figure A.6 depicts the deformed velocity profile along
the streamwise direction.



Appendix B

Semi-analytical model
employing DNS data

In Chapter 5, a purely data-driven model was discussed which was based
on the machine learning based algorithm. A different approach for using
DNS data has been shown in this chapter which is based on the physics based
model. This model is based on the famous two layer model pioneered by
Ludwig Prandtl [4] for constant-property turbulent flow. Prandtl assumed
that turbulent flow in a pipe consists of two layers, namely (i) a laminar
sub-layer and (ii) a turbulent core layer, as shown in Fig. B.1a. In laminar
sub-layer, only molecular transport is significant while in the turbulent core
layer, turbulent transport plays a significant role in momentum transfer. These
two layers are distinguished by velocity profiles and thickness of the viscous
sub-layer is determined by the intersection of the velocity profile of different
region as shown in Fig. B.1b. In viscous sub-layer, u+ = y+ is valid (blue
colored in Fig. B.1b) while in turbulent core layer u+ is directly proportional
to the logarithmic of the distance from the wall (red colored in Fig. B.1b).
Here superscript ‘+ ’represents the non-dimensional form as: u+ = u/uτ and
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y+ = yuτ

ν
. It is a well-established model for constant properties and already

been attempted by Petukhov [105] for variable properties.
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Fig. B.1 (a): A graphical representation of two layer model (not to scale), and
(b): Velocity profile in wall units for constant properties in two layer

For variable properties, the temperature difference across these layers can
be found out by the logarithmic law of the wall and/or thermal resistance
offered by different layers (refer McEligot and Laurien [75, 91] for a detailed
derivation). First, the temperature difference across the turbulent core layer
(∆Tturb) is estimated while approximating the centre line temperature (Tcl)
and the bulk temperature (Tb) and it is calculated by utilizing the bulk shear
velocity (uτb), wall heat flux (qw), bulk density (ρb), isobaric specific heat
calculated at bulk temperature (Cpb), turbulent Prandtl number (PrT ), von-
Kármán constant (κ), dimensionless radius (R+b), thickness of conducting
sub-layer (y+b

cs ), dynamic viscosity (µ) and Prandtl number (Pr).

∆Tturb = Tcs −Tcl =
PrT

κ
(lnR+w − lny+b

cs )
( qw

uτbρbCpb

)
(B.1)
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Where,

uτ =

√
|τw|
ρ

; R+ =
ρRuτ

µ
; y+b

cs =
y+vs

Pr
1
3
cs

; y+vs = 11.8

Temperature difference across conducting sub-layer (∆Tcs) is determined
by using the thermal resistance analogy. After integrating Fourier’s law of
conduction in the conducting sub-layer, the temperature difference across it is
given as:

∆Tcs =
qw

αcs
(B.2)

Where heat transfer coefficient across conducting sub-layer (αcs) is deter-
mined by using properties evaluated at conducting sub-layer (subscript ‘cs’)
and wall (subscript ‘w’).

αcs =
1

ycs

(ωw −ωcs)

(Tw −Tcs)

ω =
∫ T

Tre f

κ(T )dT ; ycs =
yvs,w

Pr
1
3
w

; y+vs =
yvs,wuτw

υw
; uτw =

√
τw

ρw

Here; κ represents the thermal conductivity, ycs is the thickness of con-
ducting sub-layer and uτw is shear velocity based upon wall temperature. The
expression for the wall temperature (Tw) is given by:

Tw = Tcl +∆Tturb +∆Tcs (B.3)

And the wall shear stress (τw) is calculated as:
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τw = µ
du
dy

|
y=0

≈ µ
uvs

yvs
(B.4)

For velocity at the edge of viscous sub-layer (uvs), the logarithmic law
of the wall is used. The well known power law velocity profile, u/umax =

(1− r/R)(1/n) was utilized. The exponent n is a function of Reynolds number,
however, n = 7 observed to be applicable to a wide range of pipe flows and is
a good approximation [66]. Relation between maximum velocity i.e. velocity
at the center (ucl) and mean velocity (um) is derived as follow:

um =
2

R2

∫ R

0
u(r)rdr (B.5)

um =
2

R2

∫ R

0
ucl

(
1− r

R

) 1
7
rdr (B.6)

ucl =
um

0.8167
(B.7)

(B.8)

Then uvs is given as:

uvs = ucl +∆uturb (B.9)

∆uturb =
1
κ

(
lnR+b − lny+b

cs

)
uτb (B.10)

The above mentioned model does not include the effects of buoyancy and
flow acceleration or deceleration. To account these effects, certain variables
are introduced by using the knowledge gained from the DNS and are calibrated
with the DNS data. Following section briefly explains the effects and how
they are accounted in this model.
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B.1 Relaminarization

During heating of sCO2, fluid density decreases and it results in an increase
in the fluid velocity. This will accelerate the fluid and creates a condition
similar to a boundary layer subjected to a large favorable pressure gradient
that will revert the turbulent flow to laminar [93]. This will influence the heat
transfer to sCO2 and it has to be accounted in the present model to enhance
the accuracy. It is well agreed that the thickness of laminar sub-layer will
increase due to relaminarization brought by acceleration and it will increase
the thermal resistance thereby restricts the heat transfer between the wall and
bulk fluid. Therefore, to account for this, the thickness of the viscous sub-
layer is increased; equation B.11 is modified form of non-dimensional wall
thickness. Here the acceleration parameter (Kv) is used, originally introduced
by McEligot [90] while cv is an empirically fitted parameter and its value
is empirically fitted using the DNS data. In the equation, β is the thermal
expansion coefficient and A is an arbitrary constant.

y+vs = 11.8+ cvKv (B.11)

Where

Kv =
4qwµbβb

GDumρbCpb
;cv = Au2

m

B.2 Buoyancy

Due to density variations in the radial direction of the flow, its effects cannot
be neglected especially at high heat flux. The flow will change from forced
convection flow to mixed type, where natural convection plays an important
role. To take buoyancy into account, a buoyant shear stress is inserted in
addition to wall shear stress. This approach to include buoyancy effect by an
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extra shear stress has already been used for drag reducing fluids by Shenoy
[122]. Equation B.12 shows the modified form of wall shear stress.

τw,m = τw +( f lowτb) (B.12)

The resultant magnitude of the wall shear stress depends on the ‘flow’ di-
rection and intensity of buoyancy in a flow. The value of flow is calibrated
with DNS data for upward and downward flow.

τb = ybg(ρb −ρm) (B.13)

Where,

ρm =
1

(Tw −Tb)

∫ Tw

Tb

ρdT ; yb =
yvs

Prcs
1
3

; uτw =

√
τw,m

ρw

An additional parameter cv was introduced earlier in equation B.11 to
model the acceleration effect and it consists of an arbitrary constant A and
u2

m. The value of u2
m depends upon the flow while the magnitude of A was

adjusted to have an optimized value of goodness of fit. The mean square
error (MSE) was chosen as the goodness of fit and value of cv is found to
be 7.3×106 while optimizing MSE for wall temperature and modified wall
shear stress. The second step in the process of calibration is to calibrate the
data for buoyancy for equation B.13. For that, parameter ‘flow’ was varied
and MSE was optimized similarly to relaminarization.

B.3 Verification and validation

The constant property case is an important measure to check the validity of any
model or correlation in the subcritical region and high-pressure region, where
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Table B.1 Summary of calibration parameter

Case A (in cv = Au2
m) f low µ in eq. B.4

Forced 7.3×106 0 µcs
Upward 7.3×106 1 µw

Downward 7.3×106 -10 µw

the properties variations are negligible. Figure B.2 shows the comparison of
presented model with the most commonly used correlations. An excellent
agreement can be observed at low Prandtl number. All the correlations deviate
at high Pr. In spite of that, the current model agrees with the Gnielinski’s
correlation very well at all value of Re and Pr.

Fig. B.2 Variation of bulk Nusselt number with bulk Reynolds number

Figure B.3 depicts the validation for presented model with experiments
of Kim et al. [68]. The mean relative error (MRE) is 13.1% for high heat
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flux case (i.e. qw= 50 kW/m2). Also, heat transfer deterioration is predicted
with higher accuracy than the previous as compared to the correlations (as
depicted in Figure 1.4) and RANS models. For medium heat flux (correspond
to qw= 30 kW/m2), there is not much improvement in term of MRE. Also,
presented model predicts a peak in wall temperature, which wasn‚t observed
in experiments.
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Fig. B.3 Variation of wall temperature with bulk fluid enthalpy (a) qw= 50
kW/m2 (b) qw= 30 kW/m2 (c) qw= 10 kW/m2
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Figure B.4 illustrates the comparison with the experiments of Dang and
Hihara [33]. Horizontal layout with comparatively larger mass flux to heat
flux ratio was considered during the experiments. Therefore, smaller property
variation and it resembles near-constant property case. An excellent agreement
can be observed, including in the prediction of heat transfer enhancement at
pseudocritical temperature.
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Fig. B.4 Comparison with experiments for cooling at P= 9 MPa, G×D= 2.4
kg/m s, qw= -12 kW/m2

A fairly well agreement with the experimental can be seen with this
method. However, only 3 cases of DNS were used to calibrate the model. To
have a more comprehensive, reliable and generalize model, there is need to
calibrate with more DNS cases.
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