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Abstract

A desire to transition away from fossil fuels to more sustainable alternatives has
driven the development of energy conversion systems at pressures beyond the vapor-
liquid critical point. Transcritical heat pumps, for instance, can decarbonize industrial
processes that require heat beyond 100°C, such as drying processes in the food and
chemical industry, when powered by renewable electricity. Additionally, supercritical
power cycles enable the conversion of heat from previously unsuitable sustainable heat
sources into electricity. Therewith, these power cycles can meet the rising demand
for non-fossil power, partly driven by the electrification of heat.

However, these systems operate in a highly non-ideal thermodynamic region, where
a fluid no longer undergoes a discrete phase transition from liquid to gas when it
is heated. Instead, at supercritical pressures, fluids undergo a boiling-like process
in which they remain in a continuous phase. During this pseudo-boiling process,
fluids exhibit considerable non-linear variations of thermodynamic properties. These
variations are most pronounced in the pseudo-critical region, where thermophysical
gradients strongly influence flow behavior and heat transfer. The consequences of
the variations are most pronounced in the heat exchangers of these energy conversion
systems, which operate in the near-pseudo-critical region. In these heat exchangers,
buoyancy effects are significantly more dominant than in similar heat exchangers
operating with subcritical pressure fluids, leading to highly configuration-dependent
heat transfer behavior. Currently, the understanding of these non-ideal effects remains
limited, especially in an experimental context, hindering the design of efficient and safe
equipment for supercritical energy conversion systems. To bridge this knowledge gap
and support the successful implementation of supercritical pressure energy conversion
systems, this dissertation investigates the influence of buoyancy on heat transfer
in supercritical carbon dioxide (sCO;) flows, with a specific emphasis on thermal
stratification in near-pseudo-critical heat exchangers.

To explore these phenomena, a novel experimental facility was developed, featuring a
naturally circulated flow loop operating at supercritical pressures. The four-meter-tall
structure exploits the substantial density gradients of sCO; to induce a buoyancy force
over its vertical legs, driving the flow. By integrating buoyancy-driven natural circu-
lation as the flow-driving mechanism, the facility eliminates the need for mechanical
pumps and ensures stable flow conditions for controlled experimentation. The cur-
rent Natural Circulation Loop (NCL) provides a steady and stable circulation across
a broad range of operating conditions. In this work, a steady-state flow rate equation
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for the natural circulation of supercritical pressure fluids is proposed and validated
against experimental data, demonstrating close agreement between predictions and
measured flow rates.

Under specific conditions, when the system’s mass flow rate is sufficiently reduced at
a constant heating rate, the natural circulation loop becomes unstable. This instability
manifests as system-wide oscillations in temperature and pressure, posing a thermal
fatigue risk for high-pressure loops. These oscillations are identified as dynamically
induced, driven by traveling density waves resulting from periodic deterioration in
heat transfer within the NCL heaters. However, these oscillations occur only under
a narrow set of conditions and can be mitigated by diffusing the density waves
through the system. When appropriate mitigation measures are implemented, natural
circulation loops can provide a reliable and stable passive circulation mechanism,
making them well-suited for critical applications such as nuclear reactor cooling or
for sensitive applications such as the current heat transfer experiments.

A test section integrated within the circulation loop enables optical investigations of
flow behavior in a horizontal plate heat exchanger channel, providing insight into
buoyancy-induced thermal stratification. The test section employs optical techniques
that visualize refractive index variations to capture CO, flow motion. These op-
tical methods, used alongside heat transfer measurements, reveal highly transient
flow phenomena within the heat exchanger channel for the first time in experiment.
Shadowgraphy, in particular, proves effective in visualizing fluid motion in turbulent
supercritical CO, flows with imhomogeneous temperatures.

In the test section, a hydrodynamically developed flow is examined, with heating
applied either from the top or bottom to impose a one-sided density gradient in the
CO;. The results reveal strong stratifications in both heating configurations, occurring
much earlier than expected compared to subcritical fluids.

In the two heat transfer configurations, buoyancy effects act in opposite ways. When
CO; is heated from the bottom, creating an unstable stratification, the channel flow
is characterized by secondary motion away from the heated wall. Here, buoyancy
enhances heat transfer, enhancing the effect of an increasing specific heat near the
wall. As buoyancy effects intensify at higher heating rates, heat transfer progressively
improves. Conversely, under stable stratification, when CO, is heated from the
top downward, the imposed density gradient suppresses turbulence-induced vertical
motion, hindering heat removal from the heated wall. As a result, buoyancy opposes
the heat transfer enhancement by variable specific heat. As buoyancy effects become
more significant, the heat transfer deteriorates beyond an optimum. The heat transfer
rates between the two configurations differ by up to an order of magnitude in the
current experiments.
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The current findings confirm that supercritical CO, flows are highly susceptible to
buoyancy effects and demonstrate how buoyancy can significantly alter heat transfer
relative to a neutrally buoyant setting, often overshadowing other property variation
effects. As such, this research contributes to the validation of numerical models and
the resolution of previously divergent experimental heat transfer results, thereby aid-
ing in the development of improved predictive models and optimized heat exchanger
designs. By enhancing the reliability of supercritical energy conversion system de-
signs, this work supports the broader goal of defossilizing industrial heating and power
generation.
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Samenvatting

De wens om van fossiele brandstoffen naar duurzamere alternatieven over te gaan
heeft heeft geleid tot de ontwikkeling van energieomzetsystemen die werken bij
drukken boven het kritieke punt. Transkritieke warmtepompen maken het bijvoor-
beeld mogelijk om bepaalde industriéle processen die temperaturen boven de 100°C
vereisen, zoals droogprocessen in de voedings- en chemische industrie, te verdu-
urzamen wanneer ze worden aangedreven door groene stroom. Daarnaast kunnen
superkritieke krachtcycli warmte uit voorheen ongeschikte duurzame warmtebronnen
efficient omzetten in elektriciteit, wat helpt om te voldoen aan de groeiende vraag
naar fossielvrije energie, deels veroorzaakt door de elektrificatie van warmte.

Echter, deze systemen opereren in een sterk niet-ideale thermodynamische regio,
waarin vloeistoffen bij verhitting niet langer een discrete faseovergang van vloeistof
naar gas ondergaan. In plaats daarvan doorlopen vloeistoffen bij superkritieke drukken
een kookachtig proces, waarbij ze in een continue fase blijven. Tijdens dit pseudo-
kookproces vertonen vloeistoffen aanzienlijke niet-lineaire variaties in thermody-
namische eigenschappen. De variaties zijn het sterkst in de pseudo-kritieke regio,
waar thermofysische gradi€nten een grote invloed hebben op het stromingsgedrag en
de warmteoverdracht van het medium. De gevolgen hiervan zijn het meest uitgespro-
ken in de warmtewisselaars van de energicomzetsystemen op superkriticke drukken,
die worden ontworpen om te opereren in de pseudo-kritieke regio. In deze warmtewis-
selaars spelen dichtheidsverschillen een veel grotere rol dan in warmtewisselaars met
vloeistoffen op lagere, subkritieke drukken, wat leidt tot een warmteoverdracht die
sterk afhangt van de configuratie van het systeem. Op dit moment is het experi-
menteel inzicht in deze effecten nog beperkt, wat het ontwerpen van efficiénte en
betrouwbare superkritische energieconversiesystemen bemoeilijkt. In dit proefschrift
wordt derhalve onderzocht hoe opwaartse krachten de warmteoverdracht en turbu-
lentie beinvloeden in superkriticke CO,-stromingen, met een specifieke focus op
thermische stratificatie in warmtewisselaars nabij de pseudo-kritische curve.

Om deze fenomenen te bestuderen is een experimentele installatie ontwikkeld: een
stromingslus waarin CO; op natuurlijke wijze circuleert bij superkritieke druk. Dit
vier meter hoge systeem maakt gebruik van de sterke dichtheidsverschillen van CO,
om zonder pomp een natuurlijke stroming op te wekken. De stroming van deze
passieve circulatie is uiterst stabiel, wat gevoelige stromingsexperimenten mogelijk
maakt. In het proefschrift wordt een formule voorgesteld om de massastroom van
de natuurlijke circulatie van het superkriticke medium in te lus te voorspellen. Bij
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het valideren van de formule met experimentele data blijkt de voorspelling van de
formule sterk overeen te komen met de gemeten massastromen van de opstelling.

Bij lage massastromen en hoge warmte-invoeren is het natuurlijke circulatiesysteem
vatbaar voor instabiliteiten. Deze instabiliteiten kunnen grote temperatuurschom-
melingen en drukvariaties veroorzaken die kunnen leiden tot thermische vermoeiing
van het gehele systeem. De oscillaties blijken veroorzaakt te worden door reizende
dichtheidsgolven die ontstaan door een periodieke verslechtering van de warmteover-
dracht in de verwarmingselementen van de lus. De oscillaties kunnen worden onder-
drukt door de dichtheidsgolven in het systeem te dempen. Met de juiste maatregelen
kan een natuurlijke circulatielus derhalve een betrouwbare en stabiele passieve circu-
latie genereren, bijvoorbeeld voor kernreactoren of gevoelige warmteoverdrachtsstud-
ies.

Om optische metingen van de stroming in een horizontale warmtewisselaar mogelijk
te maken wordt in dit proefschrift een testsectie in de circulatielus geplaatst. Door
gebruikt te maken van optische technieken die variaties in de brekingsindex van het
medium zichtbaar maken, kan de beweging van CO, worden opgenomen. Deze
methode, in combinatie met warmteoverdrachtsmetingen, toont in dit proefschrift
voor het eerst de sterk dynamische stromingspatronen binnen een warmtewisselaar
op superkritieke druk aan. Met name schaduwfotografie (shadowgraphy) blijkt ef-
fectief om turbulente bewegingen in CO, op superkriticke drukken met inhomogene
temperatuursverdelingen in beeld te brengen.

De experimenten laten zien dat thermische stratificatie veel sneller optreedt dan
verwacht op bij vloeistoffen op lagere drukken. Dit gevolgen van de thermische strat-
ificatie op de stroming blijken daarbij sterk afthankelijk van de verwarmingsrichting.
Bij verwarming van onderaf ontstaat een instabiele stratificatie, waarbij opwaartse
krachten secundaire stromingen veroorzaken die de warmteoverdracht verbeteren.
Deze warmteoverdrachtsverbetering werkt de verbetering van de warmteoverdracht
door een toename in soortelijke warmte bij de wand in de hand. Bij verwarming van
bovenaf leidt de stabiele stratificatie juist tot een afname van de warmteoverdracht,
omdat de verticale beweging wordt onderdrukt. Naarmate de drijvingskrachten sterker
worden wordt de verbetering van de warmteoverdracht door een toename in warmteca-
paciteit vermeerderd tegengewerkt, en neemt de gehele warmteoverdracht uiteindelijk
af. De experimenten in dit proefschrift tonen aan dat de warmteoverdracht tussen deze
twee configuraties een ordegrote van elkaar kunnen verschillen. In een warmtewisse-
laar met verwarming aan beide zijden zullen de effecten elkaar beinvloeden, waarbij
de mate van stratificatie aan de bovenzijde (stabiele stratificatie) significanter is dan
aan de onderzijde van het kanaal.

Deze studie bevestigt dat superkritische CO,-stromingen zeer gevoelig zijn voor
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opwaartse krachten, die vaak een veel grotere invloed hebben op de warmteover-
dracht dan andere variaties in materiaaleigenschappen. De huidige resultaten helpen
bij het verbeteren van numerieke modellen en verklaren eerdere tegenstrijdige ex-
perimentele bevindingen in de warmteoverdracht van vloeistoffen op superkritieke
drukken. Daarmee dragen de huidige resultaten bij aan het verbeteren van modellen
die de stroming en de warmteoverdracht van superkritieke vloeistoffen omschrijven,
nodig voor het ontwerp van efficiéntere warmtewisselaars en betrouwbaardere su-
perkritische energieconversiesystemen. Daarmee ondersteunt dit onderzoek de ver-
duurzaming van industri€le warmte en elektriciteitsproductie.
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Chapter 1

Introduction

At supercritical pressures, the distinction between liquid and gas disappears, and
fluids behave in ways we are not accustomed to. This unique thermodynamic behav-
ior creates new possibilities for cleaner and potentially sustainable heat and power
production. However, it also introduces numerous new challenges for engineers,
who must navigate the complex behavior of supercritical fluids to unlock their full
potential.



2 CHAPTER 1. INTRODUCTION

1.1 Motivation

Since the industrial revolution, fossil fuels have been the main facilitator of human
progress, shaping modern society with their high energy density, versatility, and ease
of use. Where they are abundant, they have acted as catalysts for economic growth and
human development (EEA, 2015). However, the consequences of their widespread use
have become increasingly evident in recent decades. The use of fossil fuels releases
greenhouse gases, driving more frequent and intense climate events and contributing
to a steady rise in global temperatures since the 1980s (NASA, 2024), with the latest
year, 2024, being the warmest year recorded in modern history (WMO, 2025). If
these trends persist, we face worsening droughts and wildfires, rising sea levels, the
loss of habitable land, and the extinction of numerous species (EC, 2025a).

The growing risks associated with climate change place increasing pressure on govern-
ments to enact mitigation policies. However, global climate action is often hindered
by shifting political priorities, economic constraints, and geopolitical tensions. This
instability can lead to inconsistent commitments, as demonstrated by the recent with-
drawal of the world’s second-largest emitter from the most significant international
climate agreement (BBC, 2025). Given that political will alone has proven insuf-
ficient to ensure long-term decarbonization efforts, a fundamental shift is needed:
sustainable energy alternatives must become not only viable but also economically
and technically superior to fossil-based systems. Without competitive alternatives that
offer clear advantages, transitions will remain vulnerable to policy reversals, delaying
urgent climate action.

Nearly half of all energy consumption globally is dedicated to heat (IEA, 2019), mak-
ing it a key area for emissions reduction. Electrification, particularly of heating, has
been identified as the primary strategy for decarbonizing thermal energy and meeting
the Paris agreement targets (UNCC, 2015). While the share of heat generated using
renewable electricity and heat pumps is steadily increasing (IEA, 2019), most of this
growth is concentrated in domestic and space heating applications (IEA, 2022), where
output temperatures remain well below 100°C. In contrast, the adoption of heat pumps
for industrial processes such as those in the paper, food, and chemical industries re-
mains significantly slower, particularly for applications requiring temperatures above
100°C (IRENA, 2023). At these higher temperature levels, where large temperature
lifts are necessary, the efficiency of conventional heat pumps declines sharply, posing
a major challenge for industrial heat decarbonization (IEA, 2022).

To efficiently upgrade heat for high-temperature industrial processes that are not yet
heated by heat pumps, the operating pressures of heat pump designs are partially being
raised to beyond the critical point of their working fluid. A practical implementation
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Figure 1.1: Two promising supercritical CO; energy conversion systems. (a) shows
a trans-critical heat pump (Wolscht et al., 2023, 2024), in which turbine (T) can be
bypassed with turbine bypass valve (TBV). Furthermore, the subfigure indicates the
compressor (C), the expansion valve (EV), the evaporator (E) and the heat rejector
(HR). The T-s diagram of the trans-critical heat pump is shown in (b). (c) shows
a supercritical pressure recompression Brayton cycle (Crespi et al., 2017), the T-s
diagram of which is shown in (d). Both subfigures indicate the compressor (C),
the turbine (T), the re-compressor (RC), the heater (H), the gas cooler (GC), the low-
temperature recuperator (LTR) and the high-temperature recuperator (HTR). Both T-s
diagrams show several isochors and the vapour-liquid critical point, CP. Moreover,
the T-s diagrams assume negligible internal losses.
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of one such transcritical heat pump, as shown in figures 1.1(a) and 1.1(b), has been
proposed by Wolscht et al. (2023, 2024). Given the high density and heat capacity
of the supercritical fluid at the thermodynamic conditions of the cycle, the heat
pump shown in figures 1.1(a) and 1.1(b) can upgrade large heat flow rates with
a relatively compact system (Austin and Sumathy, 2011). Moreover, transcritical
heat pumps can achieve larger temperature increases than systems with subcritical
working fluids (Austin and Sumathy, 2011; Ma et al., 2013; Adamson et al., 2022).
As aresult, they can efficiently upgrade heat from low-temperature renewable sources
for district heating systems (Wolscht et al., 2023, 2024). Additionally, when operating
at compressor outlet pressures above 100 bar (with carbon dioxide as the working
fluid), transcritical heat pumps can achieve heat rejection temperatures beyond 100°C.
Their supercritical pressure heat rejection temperature profiles align particularly well
with heating processes that require sensible heat, making them especially suitable
for air heating applications such as industrial drying in the paper and food industries
(Zhao et al., 2024). When powered by a sustainable electricity source, transcritical
heat pumps enable the defossilization of the heating of these processes.

Besides the potential defossilization of industrial heat, supercritical pressure energy
conversion systems offer opportunities to further decarbonize electricity production.
While the share of electricity from renewable sources is steadily increasing — reaching
39% in Europe in 2025 (EC, 2025b) — the global electricity demand continues to
rise (IEA, 2024), driven in part by the electrification of previously fossil-fueled
processes. As such, there is a growing need for reliable power sources that are
less volatile and intermittent than wind and solar energy, helping to replace natural
gas power systems. Many low and intermediate temperature heat sources have so
far been unsuitable for efficient conversion into electricity using subcritical pressure
energy cycles. To overcome this limitation, supercritical thermal energy conversion
systems have been proposed. These systems promise to convert thermal energy
across a broad temperature range with high thermal efficiencies (Liao et al., 2019),
while also enabling compact designs due to the high power densities of their working
fluids. A schematic of one such cycle is shown in the bottom half of figure 1.1.
Among these, the recompression cycle, illustrated in figures 1.1(c) and 1.1(d), is
one of the most extensively studied supercritical pressure cycle configurations for the
sustainable generation of power (Angelino, 1968; Dostal et al., 2006; Wang et al.,
2014a; Crespi et al., 2017). Adaptations of this cycle have been proposed for a range
of heat sources that were previously not considered for large-scale power generation,
including concentrated solar heat (Turchi et al., 2013; Garg et al., 2013; Dunham and
Iverson, 2014; Osorio et al., 2016), nuclear heat (Ahn et al., 2015; Guo et al., 2018),
and even waste heat (Wright et al., 2016; Marchionni et al., 2020). Since these heat
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sources are not derived from fossil fuels, supercritical power cycles have the potential
to meet the growing demand for electricity in a sustainable manner.

Supercritical pressure energy conversion systems have most commonly been de-
signed to employ carbon dioxide as their working fluid. As carbon dioxide is inert,
non-flammable and thermally stable, it is often favored over organic compounds and
refrigerants with critical points at more accessible pressures. Furthermore, the rela-
tively low critical temperature of CO; in comparison to most other inorganic fluids
makes it attractive for applications at intermediate temperatures, such as potentially
sustainable power cycles in particular. It is therefore that from here onwards the
discussion on fluids at supercritical pressures is limited to only CO, in the current
manuscript. While this thesis focuses exclusively on CO,, research on fluids at su-
percritical pressure extends beyond it. Various fluids are considered in the broader
literature, with applications extending past those mentioned in this work (Brunner,
2010).

1.2 Non-ideality at supercritical pressures

Whereas energy conversion systems at supercritical pressures are promising candi-
dates for the sustainable generation of heat and power, their practical implementation
is challenged by the complexity of the thermodynamic region in which they operate.
The non-ideality of the thermodynamic region can be highlighted by considering
a process in which the temperature of a fluid is increased for a constant pressure.
Figure 1.2 compares the heating of subcritical carbon dioxide to the heating of CO,
at a supercritical pressure. Beyond the vapour-liquid critical point, a fluid no longer
undergoes a discrete phase transition from liquid to gas at a given boiling temperature
Ts when it is heated. Instead, fluids undergo a boiling-like process during which
they remain in a continuous phase. Over the span of a finite temperature range, the
thermodynamic properties of the fluids transition from their liquid to their gas val-
ues. The non-linear variations in thermodynamic properties that fluids exhibit during
this pseudo-boiling process can be considerable. The thermophysical gradients are
most pronounced near the pseudo-critical temperature 7, defined at the temperature
where the specific isobaric heat capacity has its maximum along a supercritical isobar
(Banuti, 2015). The span of pseudo-critical temperatures shapes the pseudo-critical
curve (p-c curve), a quasi-extension of the vapour-liquid coexistence curve into the
supercritical domain. The location of the p-c curve in the phase-diagram and the
evolution of several thermodynamic quantities in its vicinity are shown in figure 1.3.
As apparent from the figure, the variation in properties is the largest for near-critical
pressures. As the pressure is increased further, the thermophysical gradients decrease
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Figure 1.2: The disappearance of a discrete phase transition at supercritical pressures.
(a) shows the phase diagram of carbon dioxide, in which the temperature of the CO,
is increased along a constant subcritical (blue, O0) and a supercritical (red, X) pressure.
(b) shows the evolution of the CO, density for both processes.

gradually.

Due to the large thermophysical variations that can be induced in systems with super-
critical working fluids, their flow behavior differs considerably from that of subcritical
single-phase fluid flow systems. In supercritical fluid flows with temperature varia-
tions, the assumptions underlying conventional single-phase flow models break down.
However, designing compressors, heat exchangers, and turbines that operate in this
thermodynamic regime requires a thorough understanding of fluid behavior under
these conditions, along with accurate models to reliably predict turbulent heat trans-
fer and pressure losses. As such, these models are essential for developing sustainable
energy conversion systems that operate safely and perform as expected. In recent
years, various aspects of supercritical pressure flows have been modeled, including
their hydrodynamic stability (Ren et al., 2019a,b; Bugeat et al., 2024; Boldini et al.,
2024a,b), the modulation of their turbulence by property variations (Patel et al., 2015,
2016; Pecnik and Patel, 2017; Hasan et al., 2023; Hasan and Pecnik, 2024), and their
viscous losses (Fang et al., 2012; Ehsan et al., 2018; Fang et al., 2020).

1.3 Challenges in heat transfer & buoyancy

Thermophysical property variations also strongly affect the heat transfer within heat
exchangers. Several of the heat exchangers of supercritical energy conversion cycles
operate in the near vicinity of the pseudo-critical curve, where large property variations
manifest. For the two energy systems shown in figure 1.1, the processes within these
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Figure 1.3: Thermodynamic properties of carbon dioxide at several supercritical
pressures, for which the critical temperature and pressure are at 7, = 31.0°C and
Pc = 73.8 bar, respectively. (b) shows the isobaric heat capacity c;, along the isobars
that are indicated in the phase diagram in (a). The pseudo-critical (p-c) curve is
defined at the local maxima of ¢}, along an isobar (Banuti, 2015). Distributions of
density p and viscosity u for the current isobars are shown in (c), respectively.

near-pseudo-critical heat exchangers are shown in red. Within the high-pressure
side of the low-temperature recuperator, the gas cooler and the heat rejector, a large
density span is traversed with an effectively single-phase fluid. To predict the heat
transfer within these particular heat exchangers, many new empirical models have
been proposed in recent years (Pitla et al., 1998; Pioro et al., 2004; Yoo, 2013;
Huang et al., 2016; Cabeza et al., 2017; Ehsan et al., 2018; Bodkha and Maheshwari,
2021; Lopes et al., 2022; Wang et al., 2023a). As highlighted in the review by
Wang et al. (2023a) on supercritical pressure heat transfer, the proposed heat transfer
coeflicients exhibit substantial variation, particularly near the pseudo-critical curve.
In this region, reported heat transfer coefficients can be up to an order of magnitude
higher or lower than the corresponding constant-property coefficients (Wang et al.,
2023a). As discussed in the paragraph hereafter, this variability is likely driven by
buoyant effects within the heat exchangers.

Flows of fluids at supercritical pressures are readily susceptible to substantial buoyant
forces. As shown earlier, when a fluid at supercritical pressure is heated in the vicinity
of the pseudo-boiling point, its density decreases sharply over a narrow temperature
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Figure 1.4: Fictional flow and heating configuration for figure 1.5. A single plate heat
exchanger channel is considered, in which a hydrodynamically developed horizontal
flow with a constant Reynolds number and channel height is differentially heated in
the vertical direction.

range. As a result, regions of fluid with significantly different densities—a heavier
and a lighter one—can coexist in close proximity, inducing strong buoyancy forces.
To illustrate the prevalence of buoyancy in supercritical flow systems, a fictional flow
configuration is considered in figure 1.4, representative of the flow within a plate
heat exchanger channel. In the considered channel, a hydrodynamically developed
flow is differentially heated. The height of the cavity, the temperature difference
between the top and bottom constant temperature surfaces, the direction of gravity,
and the Reynolds number are imposed. In figure 1.5, the Richardson number - a
dimensionless measure of natural convection with respect to forced convection - of
the configuration described in figure 1.4 is presented for several working fluids. More
specifically, the value of Ri is shown for water and air at atmospheric conditions, and
compared to the value of Ri for CO, at the conditions of the three most non-ideal heat
exchangers in figure 1.1: the low-temperature recuperator, the gas cooler or the heat
rejector. The value of Ri for CO, within the specified heat exchangers exceeds that
of the considered subcritical fluids by several (> 3) orders of magnitude. As such,
the magnitude of buoyancy-driven effects in heated flows at supercritical pressures
far exceed those in subcritical flows with the same heating rates and length scales.
As a result, even in heat exchangers where buoyancy is negligible under subcritical
single-phase conditions, buoyancy can significantly influence —or even dominate—
flows at supercritical pressures. These buoyancy-dominated flows are highly prone to
thermal stratification, making heat transfer dependent on both the flow direction and
the direction of the heat transfer. With respect to a neutrally buoyant flow, buoyancy
either strongly aids or opposes heat transfer. Consequently, heat transfer coefficients
lose their generality, and no single coefficient can predict heat transfer behavior across
all configurations, unlike in flows where buoyancy is negligible. This has driven the
development of numerous new correlations to better capture heat transfer behavior in
different settings.
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Figure 1.5: Relative buoyant contributions for the heat transfer configuration shown
in figure 1.4. In the current figure, the values of Ri for (subcritical) air and water at
atmospheric conditions are compared to the supercritical thermodynamic conditions
of the three heat exchange processes (LTR, HR and GC) that are indicated in red in
figure 1.1.

1.4 Scope of work

In this thesis, the modulation of heat transfer in flows of a fluid at supercritical pres-
sures by buoyancy is investigated. This work is motivated by the development of
near-pseudo-critical heat exchangers for energy conversion systems, which operate
under highly non-ideal thermodynamic conditions where conventional models for
subcritical single-phase heat transfer break down. Despite significant previous re-
search efforts to characterize heat transfer at supercritical pressures, the presented
models prove to be highly specific to particular flow directions and configurations.
The considerable variations between these models have often been attributed to the
influence of buoyancy, yet a comprehensive understanding of its manifestation in a
fluid with substantial non-ideal property variations is still lacking, especially in an
experimental context.

The objective of this thesis is to experimentally elucidate the mechanisms by which
buoyancy affects the flow and turbulence characteristics of supercritical pressure CO;.
In doing so, the aim is to determine the implications of these buoyancy effects on heat
transfer. In particular, the horizontal flow within a (plate) heat exchanger channel is
considered, as it is for this configuration where the contrast in the modulation of the
flow by buoyancy between different heating configurations is most pronounced.

To facilitate this study, a new experimental setup has been designed and constructed,
as described in detail in this work. The following sections highlight two key features of
this facility. First, it enables optical measurements, allowing for the first experimental
analysis of supercritical fluid flow under heat transfer. This capability addresses a
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long-standing need for optical experiments to validate modeling trends in supercritical
fluids, as notably emphasized by Yoo (2013). Second, the facility operates with a
natural circulation-driven flow of supercritical pressure carbon dioxide, providing a
stable base flow for investigating buoyancy effects under controlled conditions.

1.4.1 Optical experiments

Existing experimental studies on the heat transfer of supercritical CO; have largely
been limited to wall temperature measurements, constrained by finite probe size
and well dimensions. While the spatial resolution of thermal measurements can be
improved using infrared imaging techniques, the thermal response time remains a
limiting factor due to the thermal inertia of the measured surface. Consequently,
these surface temperature measurements have a limited ability to capture transient
phenomena within the fluid.

In this work, these limitations are overcome by conducting optical flow investigations
concurrently with physical heat transfer measurements. Specifically, optical methods
are considered that exploit the large variations in refractive index of the non-ideal
operating fluid to generate shadow patterns that reveal thermal variability and, by
extension, fluid motion. These optical measurements serve to support and clarify the
observed trends in heat transfer behavior. Unlike surface temperature measurement
techniques, the considered optical methods are not restricted by physical constraints
that limit temporal resolution and, crucially, enable direct probing and observation
of fluid behavior. This approach allows us to capture local and highly transient fluid
behavior during heat exchange with supercritical CO,, revealing buoyancy-induced
phenomena that previous experimental studies could only infer indirectly.

1.4.2 Natural circulation

To drive the flow for the current heat transfer and mixed convection experiments,
natural circulation has been employed in this work. This approach exploits the sig-
nificant density gradients in supercritical carbon dioxide by differentially heating the
two vertical legs of a closed flow loop, thereby inducing a sustained flow. Natural
circulation offers several advantages over forced convection. Notably, it eliminates
the need for a mechanical pump, which could introduce vibrations and noise, poten-
tially interfering with sensitive measurements. By extension, it also circumvents the
challenges associated with sealing high-pressure rotary and reciprocating systems, a
challenge particularly pronounced with supercritical fluids. Most critically, it elimi-
nates the need for pump lubricants, which could dissolve into the carbon dioxide and
limit its optical accessibility during investigations.
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While natural circulation alleviates some mechanical complexities in circulating su-
percritical COs, its implementation introduces distinct challenges. Unlike forced con-
vection systems, the steady-state mass flow rate in a natural circulation loop (NCL)
with a supercritical working fluid is not inherently well-defined (Swapnalee et al.,
2012; Liu et al., 2019). Moreover, these systems are modeled to be highly susceptible
to dynamic instabilities, often characterized by thermal oscillations (Wang et al., 2024;
Rai et al., 2025). Such instabilities can lead to thermal fatigue, posing significant
risks under the current high-pressure conditions. To address these challenges, this
thesis first investigates and characterizes the steady-state performance of the NCL.
Subsequently, the stability boundaries of the NCL are experimentally examined to
ensure reliable operation during mixed convection experiments.

1.5 Thesis outline

The remainder of this thesis is structured as follows. CHAPTER 2 provides a detailed
description of experimental facility developed to investigate mixed convection in
supercritical pressure CO,. This chapter elaborates on the design considerations of
the facility, both concerning the design of the test section for the optical measurements
and the design of the loop within which CO; is circulated naturally. CHAPTERS 3 and
4 focus on the natural circulation within the experimental setup. CHAPTER 3 presents
an experimental evaluation and characterization of the steady-state behavior of the
Natural Circulation Loop (NCL), with an emphasis on its performance under various
operational conditions. CHAPTER 4 investigates the stability limits of the NCL to
ensure the reliable and stable circulation of CO, throughout the mixed convection
experiments. CHAPTER 5 examines the heat transfer characteristics of horizontal
supercritical CO, flows, particularly the influence of buoyancy forces on heat transfer.
The chapter discusses experimental heat transfer results and supports observed trends
with optical investigations of the fluid motion, offering insights into the underlying
flow dynamics. Finally, CHAPTER 6 concludes the thesis by summarizing the key
findings and discussing their implications on the heat transfer in supercritical pressure
energy conversion systems.
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Chapter 2

Experimental facility

At first glance, stripped of context, the current experimental setup appears deceptively
simple: just a few pipes connected to a metal box with windows in it. Yet, through its
careful design, it enables the observation of phenomena that have not been previously
explored in experiment. Such is the nature of experimental research — where progress
is not necessarily dictated by the appearance, size, or cost of the apparatus, but by the
insights it reveals.
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2.1 Experimental facility

In this thesis, the mixed convection of supercritical pressure carbon dioxide is in-
vestigated to assess the influence of buoyancy on heat transfer, to enhance our un-
derstanding of supercritical pressure heat exchange and its role in sustainable heat
and power conversion systems. To enable this study, a novel experimental facility has
been designed and constructed. At its core is a high-pressure test section that provides
optical access to the supercritical carbon dioxide, enabling optical investigations of
its flow. The test section is integrated into a natural circulation loop, where buoyancy
forces drive passive flow circulation.

This chapter provides an overview of the experimental facility. Section 2.2 introduces
the natural circulation loop in its initial configuration, before the integration of the
optical test section. Section 2.3 then discusses the test section and its incorporation
into the loop. Finally, Section 2.4 details the instrumentation used in the facility and
the uncertainty propagation associated with the measured data.

2.2 Flow circulation loop

2.2.1 Natural circulation

For chapters 3 and 4 of this thesis, the test section is not integrated into the natural
circulation loop, and only the natural circulation loop is considered. Figure 2.1
presents a schematic of the NCL used in these chapters, where the test section is
explicitly excluded. In this figure, the main NCL is highlighted with a thick black
closed line. The dimensions of the flow loop and the range of conditions within which

parameter & description value unit
H  natural circulation loop height 4 m
L natural circulation loop length 10 m
D  loop internal diameter 21.1 mm
Az driving height <25 m
pa  design pressure 140  bar
Ty  design temperature 65 °C

Table 2.1: Description of the natural circulation loop. The table gives the values of
the parameters indicated in figure 2.1.
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Figure 2.1: Schematic of the current natural circulation loop (NCL). The main flow
loop is indicated with a thick black line. The system is connected to (1) a CO, bottle
with a dip tube, (2) a purge that is connected to the laboratory’s gas vent system, (3)
a vacuum pump, (4) a drain, and (5) a nitrogen bottle. The electric heating elements
and the annular cooler are indicated in red and blue, respectively. The top-most
electric heaters (labelled mh) can be translated vertically. All removable elements are
outlined with a green dotted line. Temperature-, absolute pressure- and mass flow
rate transmitters are indicated with Ty, Po, and FM, respectively.

it has been designed to operate are specified in table 2.1.

The system is characterized by a closed stainless steel piping loop spanning a vertical
height of 4 meters. This height was deliberately chosen to mitigate transient effects
and instabilities, which have been predicted to manifest in natural circulation systems
at supercritical pressures (Wang et al., 2024; Rai et al., 2025). To approximate the
system’s response to these instabilities, a one-dimensional compressible model was
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developed for this work, though it is not discussed in this thesis. In qualitative
agreement with a linearized approach by (Debrah et al., 2013), the model predicts that
oscillations are only induced when the driving height, Az in figure 2.1, falls below
a certain threshold, which depends on the thermodynamic conditions of the loop.
Consequently, the experimental facility was designed to maximize the driving height
within the constraints of the available lab space, ensuring steady and stable circulation
when necessary.

The circulation of carbon dioxide in the loop is driven by buoyancy forces arising
from differential heat exchange along a vertical span. One vertical leg of the NCL is
cooled using a tube-in-tube counter-current heat exchanger with baffles on the coolant
side, depicted in blue in the top left of figure 2.1. The inlet temperature of the
cooler is controlled using a Julabo FP51-S1 refrigerated circulator. Heat is supplied
to the opposite vertical leg via two sets of electric band heaters. The lower heater
set (labelled ch in figure 2.1) is used to provide a steady base flow, delivering up
to 1500 W of heating from a fixed vertical position. The top-most set of heaters
(labelled mv) is used to drive the system to an oscillatory state. The six electric
band heaters (up to 11.1 W/cm?) are clamped to the system at fixed intervals and can
be manually repositioned along the vertical riser between measurements to vary the
natural driving height Az of the NCL and provide up to 2100 W of heating in total.
Since natural circulation is driven by density differences over Az, altering the heater
position directly affects the mean mass flow rate of the system. The sensitivity of the
mass flow rate to Az is examined in detail in Chapter 3. Conversely, the mass flow
rate can also be controlled by adjusting the flow resistance of the regulating valve in
the cold section of the loop. To eliminate this resistance entirely, the valve can be
removed from the NCL.

As all heat exchangers are positioned along the vertical sections of the loop, the vertical
line symmetry of the system is broken. As a result, a preferential counter-clockwise
flow direction prevails for the perspective of figure 2.1.

The system is primarily assembled using detachable stainless steel tube fittings. How-
ever, where non-metallic soft seals are required, EPDM or PTFE components are used
Ansaloni et al. (2020). Moreover, to minimize heat losses to the surroundings, the
circulation loop is insulated with a 40 mm thick annulus of rockwool.

2.2.2 Initial pressurization

To fill the loop, the system is initially pressurized to a moderate level (approximately
5-10 bar) using carbon dioxide from a supply bottle connected at (1) in Figure 2.1. A
blow-off valve (2) at the top of the loop is then used to purge non-condensable gases,
while a valve (4) at the bottom is thereafter opened to drain any unwanted liquids.
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Figure 2.2: Modes of modulation of the thermodynamic state of the system. During
normal operation, the system operates with a constant volume. Under such conditions,
any imbalance in heat induces movement of the mean thermodynamic state along a
set isochor, as indicated with the red arrow. Any movement of the piston within the
accumulator, if connected to the main loop, induces the compression or expansion of
the CO,. The consequent changes in thermodynamic state are indicated in blue if this
process is isentropic.

Once this initial purging is complete, the system is evacuated using a vacuum pump
connected via line (3). High-purity liquid carbon dioxide is then fed to the NCL from
a dip-tube-equipped vessel, in which CO; is at its vapor pressure for the ambient
temperature at equilibrium. Once an equilibrium in pressure is reached between the
bottle and the experimental facility, the loop is cooled. As a result, the loop pressure
decreases to below the vapor pressure of the bottle, resulting in a flow of carbon
dioxide towards the facility. To accelerate the filling process, the loop is moderately
heated during cooling, generating a natural circulation that enhances the cooling rate.
By weighing the supply bottle, the exact filling mass of the loop is determined.
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2.2.3 Modulation of thermodynamic state

The supercritical thermodynamic region of CO, in the NCL is explored through
either isochoric or isentropic processes, as illustrated in Fig. 2.2. Isochoric operation
is achieved by disconnecting the accumulator, whereby the volume and the contained
mass of CO; determine the isochor. Any heat imbalance, caused by changes in heating
power or coolant temperature, shifts the thermodynamic state of the system towards a
new equilibrium along an isochor, as shown by the red arrow in Fig. 2.2. Conversely,
when the piston accumulator is connected, altering the nitrogen charge compresses
or expands the CO; in the system. If these changes are adiabatic and with negligible
viscous losses, they result in isentropic shifts in the thermodynamic state, as indicated
by the blue arrow in Fig. 2.2.

2.3 Test section & optics

2.3.1 Test section

To optically investigate the flow of supercritical carbon dioxide and its heat transfer
response, a high-pressure stainless steel test section is placed at the bottom horizontal
leg of the natural circulation loop. The placement of the test section within the natural
circulation loop is indicated in the top-left of figure 2.3. An image of the apparatus,
outlined in blue, is shown in the top-right of figure 2.3. The internal dimensions of
the test section are indicated in table 2.1.

The test section provides bi-lateral optical access to a flow channel through two 40 mm
thick tempered obround borosilicate visors, as shown in cross-section B of figure 2.3.
A key feature of the test section is its modularity, allowing easy interchangeability
of the internal flow path. This flexibility enables the investigation of multiple flow
configurations. To study hydrodynamically developed flows, the CO, is directed
through a rectangular flow channel. Under the current operating conditions and flow
rates (specified later in chapter 5), the flow within this channel is expected to fully
develop before reaching the visors, after a length Lgo. Alternatively, the internal
flow path can be reconfigured to study developing flows. In this configuration, CO,
first passes through a honeycomb and a set of wire meshes within a settling chamber
(Mehta and Bradshaw, 1979; Reshotko et al., 1997; Tropea et al., 2007; Cattafestaet al.,
2010), followed by acceleration through a two-dimensional asymmetric contraction
designed to mitigate secondary flows induced by wall curvature. However, preliminary
investigations revealed that at the mass flow rates required to study the stability of
a developing flow, the current optical setup provided limited insights into the flow
dynamics of the CO,. Consequently, only the hydrodynamically developed flow
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Figure 2.3: Schematic of the current experimental facility, in which carbon dioxide
at supercritical pressures is naturally circulated to a test section that is bi-laterally
optically accessible. An image of the test section is outlined in blue. In the image,
any usually present thermal insulation (30 mm polyethylene foam) has been removed.
A schematic of lateral cross section A is outlined in orange. In order to change the
direction of the heating with respect to the schematic, the test section is inverted. The
current optical configuration is shown alongside green-outlined cross section B. Any
symbols in the figure are explained in the main text, and in table 2.1.
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configuration is used for the experimental analysis presented in this thesis.

In the figure, cross section A shows the side-view of the current flow path - a rect-
angular channel - between two gradual round-to-rectangular reducers. The reducers
connect the channel to the round pipe-connections of the experimental facility. The
top surface of the rectangular channel is heated after a length Ly. For the current
conditions and flow rates (specified later in chapter 5), the flow within the channel
is expected to fully develop before it is heated. Consequently, the internal geometry
of the test section facilitates studies on the development of mixed stratification in
hydrodynamically developed channel flows. In order to apply heat from the opposite,
bottom surface, the test section is flipped in its entirety. However, in the flipped,
bottom-up heating configuration the origin of the considered coordinate system re-
mains on the bottom surface of the test section, consistent with cross section A of
figure 2.3. The heating is provided by a self-adhesive 40 W polyimide foil resistance
heater that spans the full width of the channel. In order to avoid a forward facing
step of the surface, the foil heater is bonded to the rear side of a removable surface
plate that spans the full top surface, as indicated using the top black line in cross
section A of figure 2.3. The surface plate, a 0.8mm thick polished aluminium surface
mirror, is oriented towards the carbon dioxide with its polished side. The rear-side
surface temperature of the foil heater is measured using two K-type thermocouple
probes, mounted in the lateral middle of the channel at different streamwise locations,
as indicated with Ty and Ty, in cross section A of figure 2.3. The thermocouple
probes are embedded in a small cavity behind the aluminium plate, and therefore do
not directly capture the near-wall temperature of the carbon dioxide. Instead, sensors
T;1 and Ty, reflect the thermal response of the heater itself. Given the high thermal
resistance between the cavity and the surroundings, nearly all of the heat imposed by
the heaters is expected to be transferred to the working fluid.

2.3.2 Optical configuration

In this thesis, two distinct optical techniques are employed to observe the behavior
of supercritical pressure CO;. Both methods, described in the following paragraphs,
visualize flow motion by exploiting variations in the refractive index of carbon dioxide.

2.3.2.1 Shadowgraphy

A parallel-light shadowgraphy configuration is used to yield shadowgrams, as is shown
schematically in cross section B of figure 2.3. The object plane for the shadowgraphy
is at the right channel surface in the figure. The brightness of the resulting shad-
owgram varies proportionally to the second spatial derivative of the path-integrated
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parameter & description value unit
h channel height 7.5 mm
w channel width 50 mm
L. inter-reducer channel length 375 mm
Lo  initial unheated length 300 mm
Ly heated length 50 mm
Lso reducer-to-optical slit distance 250 mm
Ly optical slit length 140 mm

Table 2.2: Description of the experimental facility. The table gives the values of the
parameters indicated in figure 2.3.

refractive index field (Settles, 2001; Merzkirch, 2012). As the refractive index is
proportional to the fluid density (Michels and Hamers, 1937), variations in density of
the carbon dioxide can be recorded. In the current setting, the shadowgrams outline
the boundaries of depth-integrated thermal structures with consecutive maxima and
minima in image brightness. In order to increase the sensitivity of the shadowgrams,
to reduce the distortion of shadows, and to reduce geometric blur with respect to non-
parallel light shadowgraphy (Settles, 2001), the light source (a monochromatic blue
LED with a nominal wavelength of 455 nm) is collimated in the current optical setup.
As imperfections in the sight glass surfaces can be perceived in these collimated-light
shadowgrams, a spatial digital image filter is applied to the images shown in this work
to highlight only the thermal structures of interest. The filter is further elaborated on
in appendix 5.A.

A Pixelink PL-D755MU-T CMOS camera (2448x2048 pixels, monochromatic) is
used to record images. The exposure time of the sensor is maintained at 20 us for
all shadowgrams. The contrast of the recorded images is stretched to cover the full
brightness range. Both the image sensor and the light collimator are traversed in the
streamwise direction using synchronised linear traversing stages on either side of the
test section to visualize the CO; at any position along the optical slit.

2.3.2.2 Background Oriented Schlieren (BOS)

The magnitude of the vertical refractive index gradients across the test section can be
evaluated by considering the deformation of a known pattern by the highly property-
variant CO,. In the current Background Oriented Schlieren (BOS) configuration,
an in-focus background pattern is placed on the left side of the test section in cross
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section B of figure 2.3. Here, a computer-generated and known dot pattern printed
on a transparent plastic sheet is placed along the optical axis. By placing diffusing
glass before the background pattern, the incoming light is decollimated. At the
expense of the global image brightness, the diffuse light is found to produce a more
homogeneously illuminated and globally sharp image when refractive index gradients
are present in the test section channel. When a diffuser is used, the sensor exposure
time is increased to 150 us to provide sufficient illumination. Using the image
correlation method previously used for shadow image velocimetry in this work, the
apparent deformation (Ax(x,y),Ay(x,y)) of the background pattern in the image
plane caused by gradients in refractive index in the test section can be measured.
By assuming small deflection angles, the unidirectional, vertical deformation of the
background pattern, and the presence of a schlieren object that is homogeneous across
the full width of the channel, the path-integrated spatial refractive index gradient
On/dy can be expressed as

on _ noAy

dy  MZpw’

2.1

(Schroder et al., 2009; Raffel, 2015). Here, n is the reference refractive index of the
carbon dioxide when it is homogeneous in density. Furthermore, M is the magnifica-
tion of the optical system, and Zp is the distance from the middle of the channel to
the background pattern. Unfortunately, large density gradients are present throughout
the limited field of view of the current setup, and the exact magnitude of the path-
integrated density is unknown within the imaged volume. As such, no appropriate set
of boundary conditions can be posed for the calculation of a line-of-sight integrated
density field for the current configuration (Venkatakrishnan and Meier, 2004). Nev-
ertheless, the current BOS approach can be used for a relative comparison of density
gradients in the channel, and for the evaluation of the applicability of particle-based
optical diagnostics with the studied fluid.

2.4 Instrumentation

2.4.1 Sensor overview

To continuously monitor the facility, it is equipped with a series of sensors that are
indicated throughout figures 2.1 and 2.3. To measure bulk temperatures throughout
the natural circulation loop, cylindrical Pt100 thermometers with a 3 mm diameter
are radially inserted into the flow. These resistance thermometers, labeled Ty; - Tp4 in
figure 2.3, have a nominal accuracy of +£0.1°C. A similar arrangement with the same
resistance temperature transmitters is used to evaluate the coolant inlet temperature



2.4. INSTRUMENTATION 23

T.; and the coolant outlet temperature 7¢ ¢, respectively. The external pipe surface
temperature is measured at two points directly above the movable heaters with sensors
Tw1 and Ty,. Likewise, equivalent Pt100 thermometers with a nominal accuracy of
+0.1°C are used. Measurements of absolute pressure p are taken using welded STS
ATM.1st sensors Py; and Py, with a nominal uncertainty of +0.16 bar or 0.1%.
Thermocouples T, and Ty, yield measurements of the foil heater surface temperature
with a nominal uncertainty of +£0.5°C. The thermocouples are calibrated and the
readings are shifted to match the readings of resistance sensor Ty3 in situ. The loop
also includes a Rheonik RHMO08 Coriolis mass flow meter, which has a nominal
uncertainty of 0.2%, at up to 0.2 g/s. To quantify viscous losses in the Coriolis
meter and the regulating valve (when present in the facility), their pressure drops are
measured using two Siemens SITRANS P420 differential pressure transmitters (dP1
and dP2 in figure 2.1). These transmitters have nominal uncertainties of 0.125% or
+12.5 Pa for the current range. When the mass flow meter is removed from the NCL,
the steady state mass flow rate m is inferred from the heating rate Qimp imposed by
the vertically placed heaters in figure 2.1 and the increase in enthalpy H across the
heater, evaluated over the vertical leg of the NCL, i.e.

. Qimp
"= H (To1, Por) — H (Tos, Po2)

(2.2)

The value of H, or any other thermophysical quantity, is interpolated from a table
generated using the REFPROP database (Lemmon et al., 2018) for given values of
T and p. As found in the experiments of chapter 3, the mass flow rate estimated by
equation (2.2) is in close agreement with the readings of a Coriolis mass flow meter
(the estimated mass flow rate ri.s exceeded the measured value by 7.1 + 4.0%) when
the system is at a steady state, when the pressure drop over the horizontal sections
of the NCL is limited at moderate bulk velocities, and when the loop is insulated
with a 40 mm layer of mineral wool to minimize heat losses. During the optical
experiments in chapter 5, these conditions are met. As such, the Coriolis mass flow
meter is removed to avoid any unnecessary disturbances to the flow during the optical
investigations, where equation (2.2) is used to determine the mass flow rate within the
NCL.

All transducer data (excluding images) are acquired at up to 10 Hz using an NI cRIO-
9074. A LabVIEW user interface was developed to provide real-time visualization
of the thermodynamic state and performance of the natural circulation loop, comple-
menting its data acquisition system. The interpolation of tabulated thermodynamic
properties enables the live monitoring of various derived quantities.
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2.4.2 Uncertainty quantification

The uncertainty of all results shown in this work is evaluated by assuming the inde-
pendence of the respective quantities measured by the sensors in the system. As a
result, the standard deviation of any considered quantity is evaluated from the standard
deviations of sensor data used to determine the considered quantity. For instance, the
standard deviation o4 for H (T, P) is obtained using

IH |2 o\ )"
(57) o+ (57 '“13] ' @3)

Here, or and op denote the standard deviations of process measurements 7" and P,
respectively.

Oq =




Chapter 3

Natural circulation at a supercritical pressure
steady state analysis'

Supercritical natural circulation loops (NCLs) are capable of achieving high flow rates,
circulating their working fluid in a steady, pulseless manner—an essential feature for
critical applications such as nuclear reactor cooling or for sensitive experiments.
However, the steady-state mass flow rate of these systems remains insufficiently
defined. This chapter explores the steady-state behavior of NCLs at supercritical
pressures (80—120 bar) using carbon dioxide (CO;). Distinct thermodynamic states
are reached by traversing a set of isochors. An equation for the prediction of the steady
state of NCLs at supercritical pressures is presented, and its performance is assessed
using empirical data. Changes of mass flow rate as a result of independent hanges of
thermodynamic state, heating rate, driving height and viscous losses are shown to be
accurately captured by the proposed equation. Furthermore, close agreement between
the predicted and measured mass flow rate is found when the measured equipment
losses are taken into account for the comparison. The findings provide valuable
insights for the development of safe and efficient supercritical natural circulation
systems.

I This chapter includes content that has appeared in the following publication:

Marko Draskic, Benjamin Bugeat, and Rene Pecnik
The steady behavior of the supercritical carbon dioxide natural circulation loop
Energy, vol. 294, 130735 (2024).
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3.1 Introduction

When a flow loop is heated at one of its vertical legs and cooled at the other, a natural
convection is induced. The flow- and cooling rates of single phase natural circulation
facilities are generally orders of magnitude too small to serve a purpose in most
industrial applications. However, if the operating fluid is in a thermodynamically
supercritical state, considerable flow rates can be obtained due to strong density
variations in the vicinity of the critical point. The flow rates generated with these
simple systems can be used in settings in which an otherwise moderate flow rate is
required, but where problems stemming from leakages, power outages and mechanical
noise associated with forced convective flows need to be avoided. For instance,
supercritical fluid NCLs can act as reliable, off-grid cooling solutions for nuclear
reactors, in case large heat sinks are present. Additionally, these systems can be used
for the passive removal of heat from solar heater assemblies, or for the generation
of steady, pulseless flows for sensitive experiments. However, as the properties
of supercritical media vary greatly with state, the prediction of the steady state of
supercritical NCLs for their potential implementation is not straightforward.

The steady state of supercritical natural circulation loops has previously been in-
vestigated using both numerical and experimental approaches. In the literature on
numerical studies, a one-dimensional transient model is most commonly used to pre-
dict both the steady and unsteady behavior of the considered loops (Sadhu et al.,
2018b; Jain and Rizwan-uddin, 2008; Sharma et al., 2010a; Pegallapati et al., 2020),
although three-dimensional approaches have also been undertaken (Sarkar and Basu,
2017). The mass flow rate of a natural convection loop is predicted to attain a maxi-
mum with varying heating rates (Sadhu et al., 2018b; Jain and Rizwan-uddin, 2008).
Furthermore, a rise in mass flow rate is expected with increasing loop heights, and
increasing channel diameters (Sadhu et al., 2018b; Sharma et al., 2010a; Sarkar and
Basu, 2017). On the contrary, an increase of the loop length is expected to have a
limiting effect on the flow rate of the loop (Sarkar and Basu, 2017). The influence of
thermodynamic state on the steady behavior of supercritical NCLs is briefly touched
upon in (Pegallapati et al., 2020). Here, increases in both the filling mass and the
heating rate are predicted to result in an increase in loop pressure and subsequently
loop flow rate for the range of considered parameters. Similar conclusions can be
drawn from experimental investigations of NCLs with supercritical media. For in-
stance, Tokanai et al. (2010) report an increase in mass flow rate with increasing
heating rates. The broader range of results presented in Liu et al. (2016) also show
the previously discussed maximum in the mass flow rate with increasing heating. As
predicted, an increase in system temperature yields an increase in static pressure at a
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set charge (Chen et al., 2013; Sadhu et al., 2018a), and an increase in mass flow rate
for the considered parameters in Sadhu et al. (2018a).

The above findings only consider and discuss an NCL’s sensitivity to changes in
specific parameters. A generalized consideration of all variables that affect the steady
state is however needed in aid of the reliable design of future facilities. One such
correlation of the flow rate of a liquid-like supercritical carbon dioxide NCL, in
terms of Grashof and Prantl numbers, is presented by Yoshikawa et al. (2005). A
more elaborate approach is put forward by Swapnalee et al. (2012), following the
method of Vijayan and Austregesilo (1994); Vijayan (2002) for single-phase fluids. In
their work, an expression for the mass flow rate is derived from the one-dimensional
steady state momentum equation. In order to characterize the distribution of density
in the equation that follows, the change in loop density has to be expressed as a
function of the change in enthalpy in the heater. For this, the relationship between
dimensionless density and dimensionless enthalpy introduced Ambrosini and Sharabi
(2008) is used. There, the adequate overlap of the dimensionless quantities for a broad
range of supercritical pressures makes that a single curve can be used to express the
relationship between density and enthalpy. Swapnalee et al. (2012) use three distinct
linear fits of the constitutive curve to express an expected change of density for three
separate ranges of subcooling. From this, a straightforward equation for the NCL flow
rate follows, which can be expressed in terms of a Grashof (Grp) and a Reynolds
(Rep) number, both based on the internal pipe diameter. A very similar approach is
followed in the work of Liu et al. (2019), where a two-region linear fit of Ambrosini
and Sharabi (2008) curve is used to derive an expression for the steady mass flow
rate. As the true evolution with state is however continuous, the chosen discrete
description of thermodynamic properties is expected to introduce significant errors
in the prediction of the flow rate. Additionally, the absence of the characterization
of experimental loop minor losses in both works makes that the found relationship
between Grp and Rep is configuration specific. As the driving forces are generally
limited in comparison with forced convective systems, setup-specific pressure losses
in equipment can be expected to considerably reduce the flow rates of NCLs.

A revised equation for the prediction of the steady flow rate of natural circulation
loops with supercritical media is proposed in §3.2. Consequently, the formula is
experimentally assessed in §3.4, with the experimental methodology described in
§3.3. In order to find the causes for possible disagreement between theory and
experiment, the contributions of state, heating rate, configuration and pressure losses
are independently considered. Finally, a summary of the most important conclusions
is presented in §3.5.
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3.2 Steady state flow equation

Away from regions with considerable radial temperature gradients, the flow in a NCL
is expected to display behavior similar to that of a developed pipe flow. As such,
a generalized equation is sought from the mass- and momentum balance of a one-
dimensional flow. Here, a pipe of constant internal diameter D and therefore constant
area Acs = mD?/4 is assumed. Additionally, the viscous heating within the system
is assumed to be negligible for the current mass flow rates. A geometry that can be
described with figure 3.1 is considered. Here, a heater and a cooler are consecutively
placed along a closed flow loop. In the figure, the heater and cooler are indicated with
red and blue circles, respectively. The mass- and momentum balance equations for

Figure 3.1: Schematic of simplified NCL. The low- and high density sections are
indicated in red and blue, respectively. The preferential flow direction is indicated by
the red arrow.

the considered system are described as a function of streamwise coordinate s, local
density p, local pressure p, and mass flow rate #:

——(m) =0 3.1
Acsds(m) , (3.1
d (1 m? 2f 1 m?
—|—=—+p]|= - 32
r re R R e G2

The coefficient y(s) € [—1, 1] is used to account for the direction of the gravitational
acceleration g with respect to the flow at coordinate s. The rightmost term in equa-
tion (3.2) describes viscous losses in the system, using dimensionless Fanning factor
f. Given that the mass flow rate m is constant at each location, and that yg d(1/p)
and 55 dp are zero for a closed loop, the path integral of equation (3.2) reduces to

2 fm?
f}/pg ds = DAZ jl{ T ds. 3.3)
Cs

The equation above is a force balance with contributions solely from the driving
buoyancy and viscous losses in the loop. The system is ultimately driven by the
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density difference Ap = (p. — pp) over the vertical section between the cooler and
heater with equivalent length Az. There, subscripts ¢ and /4 indicate the the property
value at along the cold- and hot leg of the system, respectively. Additionally, Az is
the vertical distance between the cooler and the heater, if they were to be modeled as
point sources and point sinks for heat transfer. In reality, a vertical distribution of p is
found in both heat exchangers. As such, Az depends on the heat transfer rate, and will
attain a value close to the vertical centerline distance. Given the above, equation (3.3)
can be rewritten to

ApgAZA = Z A2 2 Z(ﬁL) (3.4)

where the viscous loss contributions of all sections i are to be summed. Here, the
internal wall surface area A, is expressed using the total loop length L as A, = nDL.
By linearizing the change in density with varying enthalpy /H at the mean loop
temperature Ty, = f T(s)ds/L and mean loop pressure p,, and assuming constant
pressure in all heat transfer equipment, Ap can be expressed as a function of a change
in enthalpy (H. — Hp):

op
6?{

Ap m? 2(flL)
A22 L

(W 7‘(h) 8AZA = (3.5)

Here, subscript m denotes a thermophysical quantity evaluated at 7}, and p,. The
linearized expression dp/dH |, (H. — Hy) used to describe Ap introduces an error
when a large thermodynamic space with varying dp/0H |, is traversed. Qualitatively,
Ap is overestimated as 9% p/0FH?| p attains negative values, and Ap is underestimated
when 0%p/dH?| p 1s positive. As such, Ap is overpredicted in the liquid-like re-
gion and most notably so in the vicinity of the pseudo-boiling curve, whereas it is
underpredicted in the gas-like region. Within the considered thermodynamic range,
the magnitude of the error remains within [-10,10] % for |(H, — Hy)|/H,m < 0.25.
Furthermore, the inherent presence of viscous losses makes that the pressure does not
remain constant within heat transfer equipment. However, the pressure losses that
are generally obtained at the limited mass flow rates that NCLs can generate have a
minimal influence on the local density. Instead, the density varies almost exclusively
as a result of changes in enthalpy, induced in the heat exchangers of these systems,
and evaluating thermodynamic quantities at constant pressure introduces little error
to the prediction.
Using the chain rule, the thermodynamic quantity dp/0%H|, can be rewritten to
—PmPm/Cpm, Where By, and ¢, are the volumetric expansivity and the specific
heat at Ty, and py,, respectively. Lastly, given that the heater enthalpy increase
H = (Hy — H.) can be expressed as a function of the applied loop heating rate Q,
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i.e. AH = Q/m, an equation for the steady state flow rate of NCLs at supercritical
pressures follows as a function of several design parameters:

2

2
3 _ T PmbP : 1
s = e, mR . QAZDY - (3.6)
32 Cp.m — Z(fiLi)
— Configuration >
Fluid properties Viscous losses

Equation (3.6) expresses expected mass flow rate s as a function of a state dependent
group of variables, a configuration and geometry specific group, and a viscous loss
term. The viscous loss term X( fiL;) accounts for both viscous losses in developed
sections, and for additional losses in loop equipment and bends. Equation (3.6) has
to be iteratively solved, since the viscous loss term is a function of mass flow rate .
Furthermore, as the Reynolds numbers for the warm and the cold leg of the system
differ at constant i, their viscous losses have to be solved for independently. The ther-
modynamic properties of the hot- and cold leg can be found at Hy, . = Hy, + LAH| P
respectively. Here, the values of H,, . follow from the guess for 7.

In order to allow for ease of experimental fitting, equation (3.6) can be rewritten
in dimensionless form. For this purpose, dimensionless quantities Grp and Rep are

introduced: ) N
D UD
Grp = Lufm 28D g, _ onUD 3.7)
CpmMm M Hm

where u is the dynamic viscosity, and U is the bulk velocity with U = ri1/(pAcs).
Consequently, the Grashof number Grp can be expressed as a function of the Reynolds
number Rep:

Z(fiLi)
A— . Relz)

Grp=2 (3.8)

In case the pressure losses in loop equipment attain negligible magnitudes, and a
fanning factor expression of the form f = a/ Reg is used where a and b are constants,

equation (3.8) reduces to
1

AZ 2-b
Rep=|—-G . 3.9
ep (2aL VD) (3.9)

Despite having different means to generate a driving force with, both natural and forced
convective flows are driven by steady pressure gradients. Hence, ideal fluid friction
factor models for forced developed pipe flows are considered for the prediction of 71 in
this work. As all values of Rep for the current empirical data lie within [10%, 10°], and
as the pipe wall surface is hydrodynamically smooth, the simplistic Blasius turbulent
friction correlation with constants a = 0.25 and b = 0.0791 is used for a comparison



3.3. EXPERIMENTAL METHODOLOGY 31

Parameter & Description Value/Range Unit

Q Heating rate <2 kW
pm Mass density 250 < pm <750 kgm™3
pn Operating pressure 81 <p, <111 bar
T, Operating temperature 20< Ty, <60 °C

Table 3.1: Operating range

with experimental data (Zigrang and Sylvester, 1985; Taler, 2016). Whilst ideal fluid
models perform well when a flow of supercritical carbon dioxide is isothermal (Wang
et al., 2014b), they underpredict the viscous losses when radial temperature gradients
are present for the current heat transfer configuration, in which an upward flow is
heated and a downward flow is cooled. However, as the loop length far exceeds the
total length for which heat is exchanged in the current system, the underprediction of
friction by the ideal fluid model is expected to be limited for moderate heating rates.
Certainly, a friction model that captures the modulated shear rates of non-isothermal
supercritical media is recommended to obtain an accurate prediction of the mass flow
rate in smaller, higher power natural circulation loops.

3.3 Experimental methodology

In this chapter, the natural circulation configuration as specified in figure 2.1 is used
for the experiments. The range of thermodynamic states considered in the analysis are
shown in figure 3.2, where the mean system pressure, pp,, is expressed as the reduced
pressure, p;, relative to the critical pressure of CO;, p. = 73.8 bar. During operation,
the coolant temperature is adjusted at a constant volume to establish the desired steady-
state pressure. This approach ensures that a constant mean thermodynamic state is
maintained across different heating rates. The mean state is continuously monitored
and retrospectively evaluated by assuming a linear temperature distribution within the
heat transfer equipment. The range of thermodynamic states achieved in this study
is summarized in Table 3.1. These states were attained at heating rates of 400 W
and 800 W and serve as the basis for analyzing the dependence of mass flow rate
on thermodynamic state, as well as for assessing the performance of the steady-state
equation.
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Figure 3.2: Lines of constant mass at set system volumes for carbon dioxide at
supercritical pressure. All current experimental data points are indicated at the
measured Ty, and p, for all considered nominal densities pyom. The boiling- and
pseudo-boiling curves are indicated with thick solid and dashed lines, respectively.
The critical point is indicated in the figure with CP.

3.4 Results & discussion

During the steady operation of the natural circulation loop, the loop temperature
distribution varies with thermodynamic state. The loop temperature distribution
for an assortment of states within the considered range is depicted in figure 3.3.
Here, the size of the horizontally shown temperature ranges corresponds with the
magnitude of the difference in temperature between the hot- and cold sections of the
loop. The natural flow is driven by moderate temperature differences, especially in the
vicinity of the pseudo-critical line. With increasing pressure beyond the critical point,
the pseudo-critical curve gradually transforms from a point of near-discrete phase
transition to a gradually increasing region of mild property gradients. Additionally,
as the fluid’s specific heat near this curve decreases with pressure, less variation of
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Figure 3.3: System temperature ranges for selected loop filling masses, at Q = 800
W, Az = 2.5 m. The shown ranges (horizontal in the figure) are bound by the greatest
and lowest measured temperatures along the loop during operation at a certain steady
state. The boiling- and pseudo-boiling curves are indicated with solid and dashed
lines, respectively. The critical point is indicated in the figure with CP.

driving temperature gradient is found along isobars of greater magnitudes. Of course,
a quantitative assessment of the loop temperature distribution follows from the steady
state mass flow rate. If the loop mass flow rate is known, the loop temperature
maxima and minima can be obtained using Tiax min = Im * 0/ (2ri1cpm). Using the
experimental mass flow rate rieyp, close agreement with experimental data is found
for the considered range of thermodynamic states.

In this work, equations (3.6) and (3.9) are proposed for the prediction of steady mass
flow rate 1. A comparison of equation (3.9) with experimental data is given in
figure 3.4. The experimental data for this figure is obtained in the absence of the
regulating valve depicted in figure 2.1. As it is for now not yet clear whether the
viscous losses in the system have been accurately captured by the used friction model,
the predicted mass flow rate is not yet corrected for the measured pressure losses in
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Figure 3.4: Rep as function of Grp for experimental data in the range of the operating
values indicated in table 3.1. The prediction of equation (3.9) is indicated in the figure
with the solid curve.

the mass flow meter. Whereas the measured flow rates are consistently overpredicted
in the figure, a comparable trend can be observed between the prediction and the ex-
perimental data. In search of generality, the validity of the assumptions and modelling
choices made in the derivation of dimensional equation (3.6) are to be independently
tested. As such, the contributions of the individual terms in equation (3.6) are further
investigated in this work.

In order to consider the independent contribution of Q in equation (3.6), all other
terms have to attain constant values when Q is varied. Through variation of the
coolant temperature, a constant thermodynamic mean state can be maintained with
varying heating rates. As the measured value of X( fiL;) is however nonconstant due
to variation in U, ritexp has to be compensated for using

1/3
Cn ) (3.10)

Mecor,fi = Mexp * (Z(fiLi)exp
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Figure 3.5: Variation of rico g With 0= HicoriAh, at ppom = 700 kg m~3, pr=1.5,
Az = 2.5 m, with 95% confidence intervals. Constant C is chosen as such that the
leftmost data point coincides with the theoretical curve.

Here, 11 is assumed to scale with Z( fiL;)~'/3, following equation (3.6). The value
of Cy should be chosen such that it matches one of the values of X( fiL;) within the
considered experimental data set. As will be shown later in this work, the experimental
uncertainty is the least for p > 700 kg m~> and p, > 1.3 within the considered range
of thermodynamic states. As such, this range of thermodynamic conditions is chosen
for the assessment of the individual contributions of Q, Az, and Z( £,L;). In figure 3.5,
the expected contribution of Q is compared to corrected empirical data. Here, the
measured increase in heating rate Q = ricorfAH is used rather than the imposed
electrical heating rate Qimp, in order to account for heating losses in the system. Close
agreement is found between the predicted trend in mass flow rate and the experimental
data for the considered range, hence 7 is assumed to scale with Q!/3 from this point
onwards. As such, heating losses can be compensated for in investigations of data
sets in which Q is to be kept constant using

. 1/3
@) . (3.11)

MeorQ = Mexp * (MAW
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Figure 3.6: Variation of ri., 50 Wwith Az, at ppom =700 kg m™3, p, =123,

Q =800 W, with 95% confidence intervals. Constant C is chosen as such that the
leftmost data point coincides with the theoretical curve. Error bars are present in the
figure, but do not exceed the marker size.

One such corrected set of empirical data is shown in figure 3.6. The depicted
experimental data has been corrected for both variation in viscous losses, and variation
in heating losses. Here, the expected change in 72 with variation in Az is compared to
data from experiments in which Az is independently varied. Again, close agreement
is found between the prediction and experiment.

An investigation of the influence of thermodynamic state follows in figure 3.7. For the
current analysis, the measured value of X( fiL;) has been found to vary with pressure,
whereas its value remains predominantly constant along each isobar. Hence, the
theoretical fluid property contribution of equation (3.6) is multiplied with Cy(,,).
The value of this constant is chosen as such that the theoretical curve intersects
with the lowest mean temperature data point for each reduced pressure. Heating
losses are compensated for using equation (3.11), and the corrected mass flow rate
values ri,, o are shown in the figure. The proposed theoretical contribution of
thermodynamic state is found to closely and continuously describe the corrected data
for any degree of sub-cooling in the considered range of parameters. Note that the size
of the confidence intervals of ., 5 varies greatly with thermodynamic state. The
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Figure 3.7: Variation of ri1, 5 with Ty and pm, at Az = 2.5 m, O =800 W, with 95%
confidence intervals. Cy(p,) is chosen as such that the leftmost data point for each p;
coincides with the theoretical curve.

uncertainty in measurements of temperature and pressure is however mostly constant
within the current range of experiments. As the sensitivity of enthalpy to temperature
however varies with pressure, the uncertainty in enthalpy follows accordingly. This
makes that the uncertainty in the determination of the fluid enthalpy used for the
correction of heating losses is greatest near maxima of specific heat, hence at the
pseudo-critical line at pressures in the vicinity of the critical pressure. Therefore,
investigations of individual contributions of equation (3.6) should be performed away
from the pseudo-critical curve, to reduce the uncertainty of the findings. As such,
the more liquid-like, high pressure thermodynamic states are considered for these
analyses, as previously elaborated on in this work.

Finally, the effect of pressure losses caused by equipment is investigated. For this,
the joint pressure drop Ap. over the flow meter and the regulating valve section
is monitored. Pressure drop Ap. is the summed value of the readings over both
differential pressure transmitters indicated with in figure 2.1. A fully developed
pipe flow is assumed along the loop, for which the viscous losses are approximated
using an ideal fluid model, as elaborated on previously in this work. Figure 3.8 shows
the loop mass flow rate as a function of the experimental values of Ap., and the
relative magnitude of Ap, with respect to the estimated total viscous pressure losses
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in the system. The regulating valve is present in all but two data points of the current
analysis, for which it is removed from the supercritical NCL. In the leftmost data point
in the figure, both the valve and the mass flow meter are removed from the experimental
facility. Here, the mass flow rate is estimated from the imposed heating rate and the
measured enthalpy increase over the heater, i.e. ritexp = Qimp/(Hhexp — Heexp), Where
He.exp and Hi exp are the enthalpies measured for the cold- and hot leg, respectively.
The high sensitivity to temperature in deducing enthalpy makes that the uncertainty
for this data point is significantly larger than for the data for which a mass flow meter
is still present. Furthermore, as heating losses cannot be reliably estimated for this
data point, they are not compensated for. The predictive curve is obtained by adding
a fictitious equipment loss term (fL). = (Ap.D)/(2p.U?) in the viscous loss term
in equation (3.6), where p. and U, are the cold-leg density and velocity, respectively.
For each value of Ape, the distribution of the viscous losses in the system has to be
iteratively solved for. As such, the presented theoretical curve in figure 3.8 is state-
and configuration dependent and therewith only applicable to the current analysis.

The theoretical curve is found to closely resemble the experimental data, indicating
that the used viscous model accurately captures the viscous losses for the current
configuration and heating rate. The value of the predictive curve at a zero value
of Ap. corresponds to the expected mass flow rate in case no equipment losses are
assumed. A comparison of the two leftmost points in the figure shows that a threefold
decrease in mass flow rate is the direct consequence of the inclusion of a flow meter in
the experimental loop. The difference in mass flow rate is of similar magnitude as the
shift in figure 3.4, in which equipment pressure losses were not taken into account. As
can be seen from figure 3.8, the losses in the flow meter alone are estimated to exceed
the regular viscous losses in the loop. For all the considered experimental data points
of this work, the total loop viscous losses are dominated by the equipment losses of a
single Coriolis transmitter. The associated loss of flow rate is expected to be even more
prevalent in facilities with less simple geometries, in which the flow is forced through
a greater amount of instruments, or past series of turbine blades. Hence, the a priori
characterization of the equipment minor losses is highly recommended for an accurate
prediction of the steady mass flow rate of yet to be developed supercritical NCLs,
which are generally inflexible to changes in maximum heat throughput. Without the
proper portrayal of such losses, equation (3.6) will only serve as a qualitative measure
of the sensitivity of 71 to changes in thermodynamic state, Az and Q.

Figure 3.9 shows the error in the prediction of the experimental steady state mass flow
rate ritexp, if the measured Ap. is included in the viscous loss term of equation (3.6).
Here, the imposed heating rate Qimp is used in equation (3.6) to yield a predictive
mass flow rate. As shown in the figure, close agreement is found with the predicted
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Figure 3.8: Left axis, full line and markers: variation of s, 4 with Ape, at prom =
730 kg m_3, pr=11,Az=25m, Q =400 W, with 95% confidence intervals. The
predictive curve is found by varying the equipment loss term ( f L), in equation (3.6),
and solving for m1. The leftmost data point has not been corrected to take heating
losses into account. Right axis, dotted line: Ap, as a fraction of the estimated total
loop pressure losses ZAp.

mass flow rate 71, for the majority of the data.

For larger mass flow rates, the experimental flow rate is increasingly overpredicted.
A likely cause for the above is an underprediction of the viscous losses in the flow
in the non-adiabatic sections of the setup by the ideal fluid friction model used in
the comparison. As qualitatively described in the work of Wahl et al. (2022), the
alignment of the direction of both forced- and natural convection can result in near-
wall velocities that are greater than in an adiabatic setting. For flows of supercritical
media, the above applies to downward cooled and upward heated pipe flows. Since
such alignment is present in both heat transfer configurations of the investigated loop
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Figure 3.9: Steady state prediction error with inclusion of measured AP, into equa-
tion (3.6), at Az = 2.5 m, with 95% confidence intervals. Here, the imposed Qimp, Az,
D, and the measured Ty, py, and Ap, are used as input parameters for equation (3.6).

for the preferential flow direction, enhanced buoyancy-aided shear is expected in- and
directly downstream of the cooler and heater. The deviation from ideal behavior is
expected to increase for thermodynamic states that are more liquid-like, and at greater
heating rates (Fang et al., 2020), at which larger mass flow rates are also expected. As
such, the increasingly large over-prediction shown in figure 3.9 is expected. Closer
agreement between equation (3.6) and empirical data would be found if a more
complex friction model that captures the non-ideal modulation of shear in the heat
exchangers would be used for the comparison. However, if aware of its caveats, a
simple ideal fluid friction model can already be used to yield fair and quick predictions
of the mass flow rate for a large parameter space, as can be deducted from figure 3.9.

3.5 Conclusions

The steady state behavior of a natural circulation loop that employs carbon dioxide
at supercritical pressures is experimentally investigated in this chapter. In the ex-
periments, the system’s filling mass, its heating rate, the imposed driving height,
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the external pressure drop, and the temperature of the coolant are varied. The tem-
perature difference between the two vertical legs of the system which generates a
vertical difference in density that drives the flow varies greatly within the consid-
ered thermodynamic range. This difference in temperature decreases with increasing
proximity towards the critical point and the pseudo-boiling curve. It is here that the
non-ideal thermodynamic behavior of the medium is the most significant. In order to
systematically characterize the behavior of NCLs throughout the thermodynamically
complex region, an equation for the prediction of the steady state mass flow of NCLs
at supercritical pressures is proposed in this work. The analytical model is thereafter
compared with experimental data. This assessment involves an evaluation of the
equation’s overall validity, as well as an analysis of its sensitivity to independently
varied parameters, such as the heating rate, the differential heating height, the vis-
cous losses and the thermodynamic state. Within the explored range of operational
conditions and parameters, close agreement is observed between the predicted flow
rate and experiment. Therewith, the mass flow rate of the supercritical NCL can be
expected to scale with Q'/3, Az!/3 and D3/3, the values of which are chosen during
the design of an NCL. The mass flow rate is furthermore expected to scale with
(p*B/ cp)l/ 3, indicating that a higher flow rate is generated for more liquid-like than
for more gas-like thermodynamic states, and that a maximum in mass flow rate is
found just before the pseudo-boiling curve.

However, it is important to note the limitations of the proposed equation beyond the
currently investigated parameter range. Practical applications of supercritical NCLs
often demand significantly larger mass flow rates than those considered in this study.
This is for instance true for the large-scale removal of heat from nuclear reactors. The
current methodology linearizes gradients in thermodynamic properties at the mean
system temperature Tp,, for a prediction of the mass flow rate. As the heating rate
O becomes relatively larger compared to mass flow rate 7, a larger thermodynamic
space is traversed, and the true variations in thermodynamic properties across the sys-
tem are less accurately captured. Moreover, the increasingly non-ideal shear stresses
at higher O may require the use of new, yet to be developed friction models for the
considered heat transfer configurations, in order for the proposed equation to remain
accurate. Additionally, higher heating rates can induce unwanted dynamic behavior
both in the heater and throughout the NCL, such as heat transfer deterioration with
wall temperature fluctuations and density wave oscillations, respectively. An under-
standing of the latter phenomenon is essential for scaling up NCLs at supercritical
pressures in the context of large-scale, reliable heat removal devices. Considering
the above factors, it is advisable to increase D and Az as opposed to Q of a NCL at
supercritical pressures if larger flow rates are desired, in favor of both the temporal
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stability of the NCL and the predictive accuracy of the proposed equation.




Chapter 4

Natural circulation at a supercritical pressure

dynamic oscillations’

Supercritical natural circulation loops (NCLs) promise passive cooling for critical
systems like nuclear reactors and solar collectors, eliminating the need for mechanical
pumps. However, instabilities similar to those seen in two-phase systems can emerge in
supercritical NCLs, leading to undesirable oscillatory behaviour, marked by system-
wide fluctuations in density, temperature, pressure, and flow rate. This chapter
investigates the stability of NCLs at supercritical pressures (73.7 < p < 110.0 bar)
with CO; in our NCL facility with vertical cooling and vertically adjustable heaters
to control convective flow rates and to oppose flow reversal. Oscillations were found
to originate in the heater of the NCL, and demonstrated a high sensitivity to the
thermodynamic state and proximity to the pseudo-critical line of the system. Increased
mass flow rates and added resistance upstream of the heater suppressed the oscillations,
while increased pressures and reduced heating rates dampened them. A static model
which takes into account the non-ideality of the heat exchangers is introduced to
assess the presence of multiple steady states. The oscillations are concluded to
be dynamically induced. In particular, the modulation of the NCL velocity by the
traversal of the current oscillations in density is assumed to periodically re-incite
non-ideality in the heater. These findings refine our understanding of the stability
boundaries in NCLs, to ensure a safer operation of prospective passive cooling and
circulation systems employing fluids at supercritical pressure.

I This chapter includes content that has appeared in the following publication:

Marko Draskic, Isabelle Marie Ellen Nelissen, and Rene Pecnik
Dynamic oscillations in the supercritical carbon dioxide natural circulation loop
International Journal of Heat and Mass Transfer, vol. 250, 127206 (2025).
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4.1 Introduction

Natural circulation loops are passive circulators, as they do not rely on mechanical
propulsion for fluid flow. This makes them particularly attractive for off-grid cooling
applications in critical systems, such as nuclear reactors and solar thermal systems,
when nearby heat sinks are available for effective heat dissipation. When the induced
mass flow rates of the reliable natural circulators are sufficient, they can potentially
replace their existing forced convective counterparts.

Two-phase circulation loops, in particular, offer substantial potential for energy trans-
port due to the significant volumetric expansion of their phase transitions. However,
two-phase systems are often prone to dynamic instabilities, associated with the phase-
change phenomena within the loop (Boure et al., 1973; Kaka¢ and Bon, 2008). These
instabilities can lead to substantial flow oscillations and dry-out, limiting the reliability
of potential passive circulators with large heating loads.

In response to these challenges, NCLs with fluids at supercritical pressures have
emerged as a promising alternative. Much like two-phase systems, NCLs with working
fluids at supercritical pressures can yield passive flow rates of a sufficient magnitude
for the removal of nuclear and concentrated solar heat. However, whereas complex
phase-change behaviour is in principle avoided at a supercritical pressure, supercritical
pressure NCLs are still prone to several analogous instabilities.

For natural circulation loops, the classification of flow instabilities in two-phase
systems is generally extended into the supercritical region (Wang et al., 2024; Rai
et al., 2025). Therewith, a distinction is made between statically and dynamically
unstable flow systems (Boure et al., 1973; Kaka¢ and Bon, 2008). When an NCL is
statically unstable, multiple steady state solutions exist that satisfy the conservation
equations. Then, perturbations within the NCL can lead to single-event or repeating
excursions that shift the system between steady states. An instability is considered
dynamic when the system requires a feedback mechanism to develop and sustain
unsteady behaviour (Boure et al., 1973). As such feedback effects are not captured in
static models, a model of the steady state by itself is not sufficient to predict a system’s
dynamic stability limits. So far, the dynamic stability of supercritical CO, NCLs has
most commonly been studied in the context of Density Wave Oscillations (DWOs)
and Pressure Density Oscillations (PDOs), whereas static instabilities have mainly
been of the above-discussed Ledinegg type (Wang et al., 2024; Rai et al., 2025; Garg
and Dutta, 2020).

The dynamic stability of natural circulation loops (NCLs) at supercritical pressures
has been extensively modelled. Although three-dimensional analyses have been
undertaken (Chen et al., 2014; Wahidi et al., 2021), most numerical studies model
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NCLs using non-linear one-dimensional approaches. Most commonly, a boundary
heating rate has been presented as the stability threshold, beyond which instabilities
occur (Chatoorgoon, 2001; Jain and Rizwan-uddin, 2008; Sharma et al., 2010a,b;
Debrah et al., 2013; Chen et al., 2014). This threshold has been found to be sensitive
to several operating parameters, such as the heater inlet temperature (Chatoorgoon,
2001; Sharma et al., 2010a,b), the system pressure, its mass flow rate (Wahidi et al.,
2021), and the loop diameter (Rai et al., 2021). Using linearized one-dimensional
models, the thermodynamic dependence of the stability limit has been elaborated
on (Ambrosini and Sharabi, 2008; Debrah et al., 2013). Furthermore, the dynamic
stability of an NCL has been found to be strongly affected by the configuration of the
heat exchangers. When all heat is exchanged along the horizontal legs of the system,
the NCL has no preferential flow direction. Then, the NCL is prone to flow reversal.
In a system with heat exchange along at least one of its vertical legs, the vertical
line symmetry is broken. As a result, the risk of flow reversal instabilities is greatly
reduced (Welander, 1967; Zhang et al., 2010; Sharma et al., 2013; Chen et al., 2014;
Wahidi et al., 2021), substantially increasing the stable heating threshold.

Moreover, to assess whether static instabilities can prevail in a supercritical pressure
NCL, the system can be investigated for the presence of multiple steady states. The
driving pressure of a loop (resulting from a density difference over its vertical legs)
balances with its viscous friction (Apy) throughout the system to circulate CO,. At
any possible steady state, the two quantities are equal. If multiple steady states exist
- at multiple mass flow rates - the system may transition to different steady states
upon a perturbation, or alternate between various steady states, resulting in limit
cycle oscillations (Kaka¢ and Bon, 2008; Rahman and Singh, 2019; Wang et al.,
2024). When an ideal sub-critical friction model is used in the static model, ignoring
the effects of thermodynamic property variations, the CO, NCL is predicted to be
statically stable (Yu et al., 2011; Swapnalee et al., 2012; Garg and Dutta, 2020; Huang
et al., 2024).

The stability of NCLs at supercritical pressures has also been explored experimen-
tally. The earliest reports of unstable behaviour in the supercritical pressure NCL
considered the symmetric horizontal-heater-horizontal-cooler (HHHC) configura-
tion(Vijayan et al., 2007; Elton et al., 2020), for which the mass flow rate is maximized,
but flow reversal are more prevalent (Swapnalee et al., 2012). Most investigations
of non-HHHC loops that followed reported stable behaviour within the considered
parameter ranges when the NCL was not externally forced (T’ Joen and Rohde, 2012;
Sharma et al., 2013; Li et al., 2022). However, Liu et al. (2017); Huang et al. (2024)
later reported oscillations in this non-HHHC setting, in which heat is transferred
along the vertical legs of the system. In Huang et al. (2024), a parallel-channel ver-
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tical heater within an NCL was investigated for instabilities. The authors reported
irregular PDO’s in the vicinity of the pseudo-critical curve that were strongly influ-
enced by the presence and position of a large pressurizer. In the work of Liu et al.
(2017), a departure from stability was observed in a single-channel supercritical CO,
NCL. Unlike system-wide density-wave oscillations, the temperature oscillations were
limited to the NCL heater outlet. The oscillations were most predominantly found in
the vicinity of the pseudo-critical curve. Similarly to Huang et al. (2024), an increase
in pressure was found to stabilize the system, likely due to a reduction in thermal
property variations near the pseudo-critical line. Additionally, the presence of a local
resistance was reported to enhance or lessen the stability of the NCL, depending on
the placement of the local loss (Liu et al., 2017).

The current chapter experimentally investigates the stability of a natural circulation
loop at supercritical pressure. In particular, an NCL with all heat exchange along its
vertical legs is considered. Given its enhanced stability and its reduced sensitivity to
flow reversal, this configuration in particular is promising for stable passive circulators
and coolers with large throughputs for high-energy application. Nevertheless, even
for this most stable heating configuration, an eventual limit to the stability of an NCL
has been predicted in simulations. However, these predictions are largely based on
one-dimensional models that necessarily rely on strong simplifications—particularly
in the treatment of wall friction and heat transfer under highly non-ideal conditions.
As such, experimental validation is essential to support these models and assess the
accuracy of their predicted stability limits. To date, little experimental evidence of
unsteady behavior has been presented. While substantial local oscillations in heat ex-
changers have been reported (Liu et al., 2017; Huang et al., 2024), global, system-wide
oscillations in a single-channel NCL that resemble the predictions from numerical
modelling have not yet been demonstrated in experiment. Therefore, the current ex-
periments aim to identify and cross the stability limits of a supercritical NCL in the
present configuration, to ultimately support the development of mitigation strategies
and help prevent potentially catastrophic thermal fatigue in full-scale systems.

Our experimental setup facilitates substantial non-ideal expansions of carbon dioxide
at supercritical pressures, with which the previously predicted limits of stability
are approached. Contrary to other existing systems, the current facility employs
heaters that can be moved vertically. By decreasing the vertical distance between the
heating and cooling elements the mass flow rate of the NCL can be controlled and
greatly reduced, even without a local resistance in the system. As such, the strong
pseudo phase-change behaviour within full-scale high-energy natural circulation loops
can be emulated with heating rates attainable in a laboratory setting, without local
restrictors that may delay the onset of instability. Consequently, we have successfully
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incited system-wide sustained oscillations in temperature, pressure and mass flow
rate in a natural circulation loop with CO; at supercritical pressures. The current
experiments consider the system’s sensitivity to operating conditions and inputs, to
explore the stability of large throughput passive circulators previously not touched
upon in experiment.

A description of the experimental methodology is given in §4.2. Moreover, a sim-
plified static model of the heater with which the stability mechanism is explored is
proposed in 4.2.2 of §4.2. In §4.3, the perceived saturated oscillations are first de-
scribed. Thereafter, the system’s sensitivity to its operating conditions and inputs is
assessed, and oscillation mitigation measures are proposed. Thereafter, possible in-
stability mechanisms are discussed in §4.4. Finally, a summary of the most important
conclusions is presented in §4.5.

4.2 Methodology

In this work, the oscillatory behaviour of the supercritical natural circulation loop
is studied experimentally. Additionally, the heat exchangers are analyzed with a
one-dimensional static model to support the discussion of the perceived instability.
Hereafter, the current experimental facility and the static model are introduced in
respective sub-sections.

4.2.1 Experimental methodology
4.2.1.1 Experimental facility

In this chapter, the natural circulation configuration as specified in figure 2.1 is used
for the experiments.

4.2.1.2 Oscillation trigger procedure

To incite oscillations in the natural circulation loop, the system is first brought to a
stable, non oscillatory state. At a given filling mass, the system pressure is increased
to beyond 100 bar. Figure 2.2 shows the corresponding temperature for a selection
of isochors. During this process, only the circulation heaters (ch in figure 2.1)
are active to ensure stability of the system. Once a steady and stable circulation
is achieved, the circulation heaters are disconnected, and the movable heaters are
enabled. Consequently, the mass flow rate decreases, and the temperature difference
between the two vertical legs increases. Thereafter, changes in the coolant temperature
may lead to oscillatory behaviour in the natural circulation loop.
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4.2.2 One-dimensional static model

Using a static model of the heat exchangers in particular, the system is examined for
the presence of multiple steady states. In a static model, both the driving pressure and
the viscous pressure loss are expressed as a function of the mass flow rate riz. Much
like under forced convection, the flow through the NCL heat exchangers is assumed
to be driven by constant pressure gradients, independent of the mass flow rate. Then,
the criterion for multiple intersections with the viscous pressure loss is

OAP () _
o

consistent with Swapnalee et al. (2012) and Rai et al. (2021). Essentially, the NCL is
statically unstable when its viscous losses decrease as the mass flow rate increases.
In the unheated sections of the NCL the flow of CO, has constant thermophysical prop-
erties, and therefore approaches an ideal sub-critical adiabatic flow. However, ideal
friction models for sub-critical fluids do not satisfy the criterion of equation. (4.1), as
their friction factors f are weak functions of 7z. On the contrary, when a flow of CO,
is heated or cooled at a supercritical pressure, its viscous friction may depend strongly
on buoyancy and property variations (Fang et al., 2012; Ehsan et al., 2018; Fang et al.,
2020) and therefore vary significantly from an ideal approximation. It is only under
such conditions, that the criterion in equation. (4.1) may be satisfied. Therefore, only
the heat exchangers of the NCL are expected to be susceptible to static instability, if
sufficiently non-ideal.
The following paragraphs present a simplistic one-dimensional model of the viscous
losses in the heat exchangers of the current system that qualitatively and phenomeno-
logically captures the effects of variations in several thermophysical properties to a
variable extent. Using the model, the degree of non-ideality within the heat exchangers
can be varied and compared to existing viscous models to evaluate the susceptibility
of the system to static instabilities.

0, 4.1

4.2.2.1 Heat exchanger model

A one-dimensional model is used to approximate the viscous losses Ap, within the
heat exchangers of the supercritical NCL. Figure 4.1 shows the numerical grid along
which the heat exchangers are discretized with N elements with lengths L. Here,
nodes [0,N] span the full length of the heat exchanger. At node 0, the mass flow rate
ri1, the pressure p and the bulk enthalpy Ay are imposed.

For the successive nodes i, the bulk enthalpy is determined using

hogy = hpgo1) * %, 4.2)
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Figure 4.1: Schematic of static 1-D model of viscous pressure drop Py (#2). The CO,
temperature is evaluated at the bulk (7y) and the surface (75) for all N cells.

where Q is the heating rate. The sign of + depends on whether the movable heaters
(+) are considered, or whether the cooler (-) is modelled. The viscous loss for each
cell can be estimated using

(frin?) L

——— where f = £y fiso- 4.3
P ALD S = foi fiso (4.3)

Apyiy =

Here, A is the cross-sectional area of the heat exchanger with inner diameter D
and length L. The friction factor f is a multiplication of the ideal and isothermal
friction factor fis, and a coefficient of non-ideality f,;. The values of fis, and fy; are
discussed in section 4.2.2.2. Using the pressure drop Apy) and bulk enthalpy /Ay,
the thermophysical properties of node i can be evaluated as

i
Togiy» Py Mo = f (hb(i), pPo) - Z Apva)) ; (4.4)
0

The bulk Reynolds number Reyi), for the evaluation of fiy, is then obtained with
mD
HbG)Acs

Reyg) = 4.5)

Here, uy) is the bulk viscosity of node i. As will be elaborated on in section 4.2.2.2,

Jni 1s evaluated with material properties with the wall temperature 7y, which can be
determined with i
0

Tsiy = Ty = ——. 4.6

s(i) b(i) Ap U ( )

Here, A, is the surface area of the heat exchanger pipe, and U is the equivalent

heat transfer coefficient. To isolate the effect of viscous losses on the static stabil-

ity, the current model assumes a constant heat transfer coefficient with a value of
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B
configuration ( Lw ) ( Bw )
Pb Ho
cooled downward flow > 1 > 1
heated upward flow > 1 <1

Table 4.1: Value of terms in f; for current heat exchanger configurations

U =5kWm 2K~'. The chosen value of U is within the same order of magnitude
as most proposed heat transfer correlations for the present configuration (Pitla et al.,
1998; Yoo, 2013; Ehsan et al., 2018; Zhang et al., 2020; Wang et al., 2023a), among
which there is large variability. The currently chosen and relatively low value of U
ensures a sufficient temperature difference between the pipe surface and the bulk to
emphasize the influence of property variation on the viscous losses.

4.2.2.2 Viscous models

The viscous drag in the loop is modelled using an ideal-fluid model fi5,, and a
correction factor f;; that considers non-ideal effects, as per equation. (4.3). When
non-ideal effects are not considered, f,; = 1. The Blasius friction law for smooth pipe
flows is used to determine fis,, with

fio =0.3164-Re, '/, Rey < 10° 4.7)

The non-ideality caused by non-linear variations in thermophysical properties is
approximated using a model that is based on the correlation proposed by Petrov
and Popov (1985). This revised friction model is given as

a B
fui = (’ﬂ) (”—‘”) . (4.8)
Pb Hb

Equation. (4.8) qualitatively considers both the modulation of near-wall velocity by
the strong dilation of CO, (Jiang et al., 2008; Nemati et al., 2015; Ehsan et al., 2018)
through (py /o), and the variation in the near-wall viscosity through (tty, /).

Phenomenologically, when the CO; is heated, density decreases at the wall. In an
upward heated flow, the buoyancy increases the near-wall velocity, resulting in a
stronger shear rate. To capture this effect with f;, the exponent @ must be negative.
Conversely, in a downward cooled flow, the density increases near the wall, yet
buoyancy continues to aid the near-wall flow, similarly leading to a stronger shear rate.
Thus, for a cooled downward flow, @ should be positive. In contrast, the modulation of
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the friction factor by viscosity is independent of the flow direction. When supercritical
CO, is heated, the viscosity decreases, reducing the wall shear stress and thereby
lowering the friction factor. The opposite is true for the cooler, where the near-wall
viscosity is increasing, resulting in a higher friction factor. Consequently, 5 > 0
applies to both heat exchangers.

Thus, the effects of buoyancy and viscosity compete only in the heated upward flow,
while in the cooled downward flow both effects increase f,,; > 1, as summarized in
Table 4.1. This has a significant implication for the heater: when f;; < 1 the overall
friction factor can decrease with increasing mass flow rate to satisfy the criterion in
equation. (4.1).

It is important to note that turbulence further complicates the modulation of the
friction factor. In an upward heated flow, turbulence may weaken due to buoyancy
effects and the thermal expansion of the near-wall fluid (Yoo, 2013; Nemati et al.,
2015), leading to an even greater reduction in the friction factor. This phenomenon,
known as heat transfer deterioration, occurs when reduced turbulence results in a
lower turbulent heat transfer rate. We have incorporated this effect indirectly when
specifying the values for @ and S in section 4.4.

4.3 Results

The susceptibility of a supercritical pressure NCL to unwanted oscillations is investi-
gated by considering the parameter range given in gray in table 4.2. To characterize
the instabilities that can occur, the behavior of the NCL is compared for two distinct
conditions within the considered range in section 4.3.1. Thereafter, in section 4.3.2,
the operating conditions and inputs of the NCL are independently varied to assess the
validity of existing stability models and to propose oscillation mitigation measures
in section 4.3.3. The operating conditions and the varied parameters for each of the
sections hereafter are indicated in table 4.2.

4.3.1 Overall characterization of the observed NCL instabilities

Starting from the initial steady state described in section 4.2.1.2, a decrease in the
coolant inlet temperature leads to increased cooling. As aresult, the pressure decreases
towards the critical pressure. For case 2 of table 4.2, the circulation loop remains
stable upon this perturbation, and only produces low amplitude and low frequency
fluctuations with a period of approximately 37 s. As shown in figure 4.2(c), the
fluctuations of the stable NCL only slightly exceed the amplitude of the sensor noise
for case 2. The oscillations are caused by periodic corrections of the coolant inlet
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temperature by the controller of the refrigerated circulator, as will be briefly elaborated
in the paragraph hereafter. As the moderate fluctuations are only the consequence of
the applied external forcing by the cooler, the system is considered stable.
Conversely, for case 1 of table 4.2, sustained oscillations eventually occur when the
system is disturbed. As illustrated in figure 4.2(a), a rapid increase in the oscillation
amplitude is observed below a mean pressure of P = 80 bar. Subsequently, the
pressure decreases quickly along the current isochor until the thermodynamic state
stabilizes at a mean pressure of P = 76 bar. At this new ’equilibrium,” the natu-
ral circulation loop exhibits oscillations in temperature and pressure with constant
amplitude and frequency, as shown in figure 4.2(b) for a selection of pressure and
temperature sensors along the loop.

Under oscillatory conditions, the natural circulation loop is characterized by system-
wide signal fluctuations of a larger amplitude and higher frequency than during stable
conditions. As shown in figure 4.2(b), the respective signals vary in amplitude
and phase when the system is in a oscillatory state. However, as can be deducted
from figure 4.3, all primary loop oscillations have the same dominant frequency.
Figure 4.3 shows the power spectra of all sensors for a single case, and indicates
their global peaks. For the loop temperature, pressure, and wall temperature data the
global maxima are indicated with v. For these sensors, the global spectrum maxima
coincide at Fy. Therewith, the oscillations in temperature and pressure are assumed to
originate from the same phenomenon, despite their respective phase lags. For coolant
sensors T¢; and T ¢, the global maximum is indicated with o. The frequency at which
Tt.; and Tt ¢ oscillate is significantly lower than for the other sensors in the system, and
coincides with the frequency at which the coolant temperature is controlled. It is also
this frequency that drives the moderate oscillations seen during the steady operation
of the loop, as shown in figure 4.2(c).

The natural circulation loop displays both synchronized and non-synchronized fluc-
tuations when it is oscillating. In line with case 2 of figure 4.2(c), the fluctuations in
temperature are always out of phase. There, the relative phase lag between the tem-
perature signals varies among the experiments. In figure 4.4, the respective phase lags
of the temperature signals of case 1 of table 4.2 are shown in a space-time diagram.
The figure indicates an approximation of the local circulation velocities in both the
hot- and cold sections of the system, Uy and U, with

mest TOl T02
Uy = s = Py, — +—|, 4.9
h P ED? Ph p( o>+ ) (4.9)
and
et Toz  Tos
U, = D pe=p Py 2B 1M 4.10
©= ED? Pe P( 02 5+ ) (4.10)




CHAPTER 4. NCL: STABILITY

54

(2) pue (q) *_

(s) 02 —1

ov

0c¢

0

*(2) ur uaAI3 QIR (9) pue (q) Y1oq JO sanjeA
sixe-£ U, "A[eAnoadsal ‘z'4 9[qe) JO 7 9sed pue | ased 0} Jurpuodsariod (2) a[qeis SI TON Y} YoIym Ul ased € 03 (q)
KIOJRI[19SO ST TON U3 YOIyMm UL 9SBD B I0J UWIAISAS I} INOYSNOIY) SISNIWSURT) [BIAJS JO [BUSIS PazI[euriou oy} aredwod
w3y 0L = d Asuap feurwou pue Jeq 9/ = d amssaid 9njosqe ueaw e je ‘armnssaid pue aimeradurd) yroq
ul SUone[[I9so Auy sAe[dsIp waIshs oy ‘Apuanbasqng “I0Yd20SI U JUO[L SISBAIIIP WIAISAS Apeals A[[eniur ay) Jo arnssard
9Y) puE ‘padnpai SI JUR[00d Y} Jo dInjerodwd) Ay} ‘s () = 71y "WAISAS Y} UI SUONIR[[IOSO JO Jasuo ay) 03 dn Jurpeo] aseyd
A smoys :(v) doo[ UOTB[NOIIO [BINJBU OPIXOIP U0QIED [BONLIOIadNS JY) Ul SUOTR[[IOSO OTWERUADP paureIsng :g'4 2In3ig

(s) 02 —1

09 oy 0¢ 0

L . = . W

AR T e T A

P . U .. .. T N .Y

PN W W e e

ANANSNANAN

A

W N N M NN VM

(A ANAN A ANA WAL

S Y

T

TON [q®eIs :g 9sed

T

()

TON AIO)e[[Ios0 :T 9sed

(9)

(s) 4
00S

000T

-ov@w

- 09

SUOTIR[[IDSO PouTe)SIS

- 0L

ampooold 1083119



4.3. ResuLTs 55

60dB
40dB :
20dB X
00dB : o
20dB LSy Veslion s \— Ty3+20dB
-40dB ADAAA /\Uv \NAVA Ty,+00dB
-60dB . . . | !

60dB —— +—  NCL pres. —+——i
40dB 7\7
20dB /
00dB = = Py +20dB
-20dB
-40dB
-60dB

60dB ——+—  Wall temp. —+———
40dB
20dB

00dB Y

20dB —e T i s — T,1+20dB
ARV AV Y ’

-40dB — — : Ay Tup+00dB

-60dB } } | f |

PSD (dB/Hz)

60dB ——+i— Cooler temp. ——+———
40dB
20dB —
00dB —
-20dB
-40dB
-60dB . . . . |

Figure 4.3: Power spectra of sensor data under oscillatory conditions (case 1 of table
4.2). Maxima in the spectra for internal temperature data (NCL temp.), absolute
pressure data (NCL pres.) and external wall temperature data (Wall temp.) are
indicated with v. The locations of v coincide on dominant frequency Fy. Maxima in
the spectra of the coolant temperatures (Cooler temp.) are indicated with o, and with
the grey dotted line. An additional local maximum in the spectrum of cooler outlet
temperature 7, . is indicated with v.

There, the advection velocities are assessed using the estimated mass flow rate 7ieg,
and the densities for the hot- and cold sections py, and p.. In figure 4.4, lines of Uy, and
U, are superimposed upon the temperature signals. These lines are drawn for every
period 1/Fy, the period of the dominant oscillation of case 1. In the figure, lines of
constant Uy, that intersect the signal of Tp; at a wave crest also intersect a subsequent
wave crest of Tpp. Similarly, lines of constant U, intersect fluctuation crests of both




56 CHAPTER 4. NCL: STABILITY

Figure 4.4: Space-time comparison of respective phase lag of NCL signals with
respect to the dominant frequency Fy and the hot- and cold leg advection velocities
Uy and U, respectively. For the case shown in the figure (case 1 of table 4.2),
Mexp = 48.2 gs‘l, Un =0.25ms™!, and U, = 0.19 ms™!. The normalized values of
the sensor outputs are shown at their respective positions x along the loop.

Tos and Tps. Therewith, figure 4.4 suggests the presence of thermal waves that are
advected through the natural circulation loop at the local circulation velocity. Then,
the relative phase lags of oscillations at the temperature sensors vary as the mass flow
rate of the system changes. On the contrary, the pressure oscillations are always in
phase within the considered parameter range. This synchronization of the pressure
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signals suggests the occurrence of a global thermal (de)compression of the system,
upon which the pressure is redistributed almost instantaneously at the local speed
of sound. When heat is transferred to- or from the loop, the pressure of the system
varies along the red isochoric arrow in figure 2.2. However, as the thermal diffusivity
and the mixing of the carbon dioxide is finite, the temperature of the CO, is not
redistributed instantaneously. Instead, the temperature of the CO; near the source of
the heat imbalance builds, and a *pocket’ of carbon dioxide with a different density
than the fluid it is surrounded by is formed. As these thermal pockets are advected
by the flow, they assume the form of the currently observed thermal fluctuations, and
induce system-wide oscillations.

4.3.2 Sensitivity to operating parameters

To explore the stability boundary between the oscillations in case 1, and the steady
circulation of case 2, the operating parameters of the NCL are varied independently
hereafter. Therewith, we aim to approach and cross the most widely accepted stability
boundaries of supercritical pressure NCLs proposed by Ambrosini and Sharabi (2008);
Debrah et al. (2013) in experiment. The operating conditions and independently varied
parameters for each of the subsections hereafter are given in table 4.2.

4.3.2.1 Stability map

Based on the linearized one-dimensional numerical analysis of the supercritical pres-
sure NCL, Ambrosini and Sharabi (2008); Debrah et al. (2013) have proposed maps of
the stability of the current system. The stability boundaries of the NCL are expressed
using dimensionless quantities Nsygpc and Ntpc, with

Bpe Q
Nsuspc = =———(hpe — hbn),  Nrpe = = (4.11)
Cp.pe Cp.pc 1t

In equation. (4.11), Bpe, Cppc and hye are the volumetric coefficient of thermal
expansion, the specific heat and the enthalpy of CO, at the p-c curve for the considered
pressure, respectively. Furthermore, Ay is the bulk enthalpy at the heater inlet.
Dimensionless parameter Nsyppc quantifies the relative distance of the operating
point to the pseudo-critical line at the current pressure, or the degree of pseudo
sub-cooling. At Nsyppc = 0, the heater inlet flow would be at pseudo-critical
temperature. Npc conveys the extent of the energy exchange with the CO, relative
to the energy rate initially present in the flow. Effectively, Ntpc communicates the
relative change in energy of the medium through the heat exchangers. Ambrosini
and Sharabi (2008); Debrah et al. (2013) predict that beyond a certain value of Ntpc,
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where the thermophysical properties of the CO, change dramatically within the heat
exchangers, the system is prone to unstable behaviour.

In the sections that follow, Ntpc and Nsyppc are varied by adjusting the operating
conditions and input parameters of the experimental facility to approach the stability
boundaries discussed above.

4.3.2.2 Driving height (Az)

To increase Ntpc towards the predicted boundaries of stability at a given thermody-
namic point, either Q should be increased or 7z should be decreased. As the available
heating rate Q is limited in the current facility, 7z was varied instead to substantially
increase Ntpc. In this work, the mass flow rate of an NCL with a set diameter is inde-
pendently decreased either by decreasing Az, or by increasing the frictional resistance
of the system by introducing a local loss.

The current section discusses the influence of reducing the mass flow rate s solely
by varying Az. The sensitivity to the inclusion of local resistances is discussed in
section 4.3.2.3. To vary Az in the current experiments, the moveable heaters (mh
in figure 2.1) are moved vertically to impose various driving heights. Currently,
driving heights of Az =0.4,0.6, and 0.9 m are considered. Figure 4.5 shows the
present experimental data in comparison with the stability maps presented in Debrah
et al. (2013); Ambrosini and Sharabi (2008). As Az is decreased, the mean value of
Nrtpc increases. Eventually, when Az is reduced to 0.4 m, oscillatory behaviour is
perceived throughout the system. For Az = 0.6 or 0.9 m, a steady circulation results
from the operation of the supercritical NCL. Therefore, in qualitative agreement with
the linear stability maps shown in figure 4.5, increasing 7 by increasing Az suppresses
oscillations. However, the current limits of stability do not directly coincide with the
numerically predicted boundaries. The present experiments show oscillations at lower
values of Ntpc, outside of the unstable regions of figure 4.5. Therefore, a departure
from stability of supercritical NCLs may occur before the predicted one-dimensional
model limits are reached under the current conditions.

4.3.2.3 Local resistance (valve)

By including a local resistance to the natural circulation loop to reduce its mass
flow rate, the system becomes stable. With a regulating valve in the NCL’s cold
section (immediately downstream of the cooler in figure 2.1), no oscillations could
be induced in the system, regardless of the degree to which the valve was opened.
Similarly, placing the Coriolis mass flow meter in the cold leg (below the valve in
figure 2.1) prevented oscillations. As such, sustained oscillations were only observed
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Figure 4.6: Example of oscillations in the hot leg (T, & Pg;, red) and the cold
leg (Tos & P, blue) of the NCL at a mean density of (a) o = 700 kgm_3 and (b)
p =450 kgm_3. (b) highlights the oscillations in Ty;-Tp4 for p = 450 kgm_3. Within
(D), the y-scales ranges of Ty;-Tp4 are identical. The cases show the growth of dynamic
oscillations within the parameter space upon their inception at 100 bar. The coloured
region in (a) indicates the thermodynamic region within which the sensitivity of the
NCL is evaluated in this work.

when no resistive elements or flow obstructions were present. Therefore, the cold-side
valve and the mass flow meter (both outlined in green in figure 2.1) were removed
from the system for all other sensitivity experiments in this work.

The sensitivity of the NCL’s transient to a local resistance highlights limitations
to the established descriptions of the stability boundary, in which the boundary is
only expressed using Ntpc and Nsygpc. The experiments without resistive elements
match the predicted trend in Ntpc qualitatively: a decrease in Az increases Ntpc
to a threshold value beyond which the natural circulation loop is no longer steady.
However, as can be seen in figure 4.5, stability is maintained at significantly higher
values of Ntpc upon the inclusion of a cold leg valve for the same driving height.
Therewith, whereas the inclusion of a local resistance reduces the mass flow rate m
effectively to increase Ntpc, it also affects the stability of the loop. Therefore, an
additional parameter beyond Ntpc and Nsyppc that takes into account the increased
friction or mixing by the local resistance should be considered to describe the stability
boundary of the supercritical pressure NCL.
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4.3.2.4 Density (o)

The degree of pseudo-sub-cooling affects the stability of the system and the relative
amplitude of the oscillations in the NCL. In this work, the density of the CO; is varied
to change the degree of pseudo-sub-cooling, considering 450 < g < 750 kgm™>. Dig-
ure 4.6 highlights the evolution of the oscillations along two distinct isochors within
this parameter space. The two isochors are chosen such that the outlet conditions of
either one of the two heat exchangers are in the direct vicinity of the pseudo-critical
curve. At X in the figure, the oscillations are incited similarly to figure 4.2(a).

In figure 4.6(a), an oscillatory case with a mean NCL density of 5 = 700 kgm™ is
considered. The figure shows the evolution of the fluctuations in temperature and
pressure for the hot (Ty;, Po1) and cold (T3, Po2) sections of the loop, respectively.
For the current isochor the heater outlet temperature Ty; approaches the p-c curve.
Under these conditions, the CO» is liquid-like, expanding rapidly upon its heating.
Large oscillations arise from the non-ideal heater, propagating through the system to
the cold leg, in accordance with figure 4.2(b). The thermodynamic range within which
these system-wide oscillations are perceived for the current experiments is indicated
using the coloured areas of figure 4.6(a). All data presented in this work, apart from
the data shown in figure 4.6(b), were recorded within the indicated coloured region.
When the system density is reduced to 5 = 450 kgm >, the NCL is less susceptible to
oscillations. Figure 4.6(b) shows a typical attempt to incite oscillations in the natural
circulation loop, consistent with the methods used for figures. 4.6(a) and 4.2(a). Atthe
conditions of figure 4.6(b), the CO, is cooled towards (and across) the p-c curve. The
magnitude of the fluctuations - if at all present - do not exceed the measurement noise
of the sensors at p > 80bar. Below 80 bar, when the CO, is sufficiently non-ideal in
the vicinity of the p-c curve at near-critical pressures, finite oscillations do appear.
However, these oscillations are confined to the hot leg of the supercritical NCL, as is
shown by the orange-outlined insert of figure 4.6(b). None of the current experiments
show oscillations limited only to the cold section of the circulation loop.

As the density is changed from 700 kgm™ to 450 kgm™>, Nsugpc is reduced to a
near-zero value. The consequent stabilization of the system is therefore in qualitative
agreement with the stability maps proposed by (Ambrosini and Sharabi, 2008; Debrah
et al., 2013), which show an increased boundary value for Ntpc as Nsyppc converges
to zero.

4.3.2.5 Heating rate (Q)

Changes to the applied heating rate modulate both the amplitude of the measured fluc-
tuations, and their frequency. Figure 4.7 shows the evolution of the mean amplitudes
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Figure 4.7: Sensitivity of oscillation amplitude in temperature data of 7p; (green, left
vertical axis) and pressure data of Pgy; (orange, right vertical axis) to the imposed
heating rate Q in top subfigure. The bottom subfigure shows the sensitivity of the
dominant oscillation frequency (evaluated for Ty ) to the imposed heating rate Q. The
shaded region and the errorbars indicate the standard deviation (+0) of the data.

A, and At in temperature (Tp1) and pressure (Pg;) respectively, and the dominant
oscillation frequency Fyq when the heating rate in the heater Q is varied. As the heat-
ing rate O is decreased from O = 2 kW, the value of Ntpc decreases. Consequently,
the oscillation amplitudes decrease accordingly. Within the current parameter range,
the amplitudes of the thermal and pressure oscillations decrease by approximately
threefold when the applied heating rate is halved.

Any change in Q is furthermore observed to modulate the mean oscillation frequency
throughout the loop, as shown in the bottom panel of figure 4.7 for NCL pressures
within p, < p < 80 bar. As established in Swapnalee et al. (2012) and Draskic et al.
(2024), the mass flow rate of an NCL at a supercritical pressure scales with 0'/3. In
figure 4.7, the evolution of Fy is compared to Q'/3, by including curve ¢; - Q'/3, where
the value of ¢ is chosen such that the curve coincides with the mean experimental
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Figure 4.8: Mean oscillation amplitudes At of Typ;-To4 (green, left vertical axis) and
Ap of Py;-Po, (orange, right vertical axis), for O =2 kW. The shaded region and the
errorbars indicate the standard deviation (+0) of the data.

frequency at Q = 2kW. Within the considered parameter range, the empirical
oscillation frequency shows close agreement with the theoretical curve. For these
conditions, the frequency of the NCL oscillations is assumed to scale with the mass
flow rate of the CO,.

4.3.2.6 Operating pressure (p)

An increase in operating pressure beyond the critical point increasingly dampens the
oscillations in the NCL. Figure 4.8 shows the amplitude variations of temperature
and pressure along the loop for various imposed pressure ranges. Consistent with the
singular cases shown in figures. 4.2(a) and 4.6(a), the mean oscillation amplitudes
throughout the loop shown in figure 4.8 decrease as the operating pressure of the
system is increased. By increasing the pressure along an isochor, the value of Nsygpc
decreases, increasing the theoretical boundary value in Ntpc (Ambrosini and Sharabi,
2008; Debrah et al., 2013). Therewith, the current data is in qualitative agreement
with the predicted stability boundaries. The decrease in oscillation amplitude is
most notable in the pressure data for the current experiments. As thermodynamic
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property gradients decrease with increasing pressures within the considered range
(as is shown in figures 1.3(b)-(d)), the non-ideality in the heat exchangers decreases,
consequently reducing the magnitude of the oscillations. The dampening of the
temperature fluctuations is less apparent. Most notably, the cold-leg temperature
amplitudes at T3 and T4 decrease beyond 90 bar. There, the oscillation amplitudes
are of an equivalent magnitude as the measurement noise.

The oscillation amplitudes vary with increasing distance away from the heaters.
Figure 4.8 shows the mean oscillation amplitudes as a function of the streamwise
distance from the heater outlet for the respective pressure ranges. In line with case
1 of table 4.2 (shown in figure 4.2), the temperature sensor directly downstream of
the heater (7p;) always shows the largest temperature fluctuations in the present study.
Therewith, the previous hypothesis of traveling thermal waves is further supported.
As the thermal fluctuations are advected away from Ty, they exchange heat with
the thermally inert pipe walls and their surrounding CO,, and experience turbulent
mixing. As such, the temperature oscillation amplitudes (in green in figure 4.8) decay
with increasing distance from the movable heaters. On the contrary, the pressure
amplitude remains constant among Pg; and Py,. A constant pressure amplitude is
in support of the instantaneous redistribution of pressure resulting from a thermal
imbalance of the system, as previously elaborated on in section 4.3.1.

4.3.2.7 Accumulator (accu.)

The inclusion of a piston accumulator to the current experiments results in minimal
changes to the perceived oscillations. In figure 4.9, the influence of the accumulator
on the NCL pressure is considered. Initially, the piston accumulator is connected to
the main system which experiences system-wide oscillations similar to those shown in
figure 4.2(b). At first, the accumulator contains approximately 0.95 [ of compressible
Nj. Att =256 s, the CO; level within the accumulator is suddenly increased through
the rapid removal of N;. Consequently, the mean pressure of the system decreases
quickly along the isentrope indicated in blue in figure 2.2. Thereafter, oscillations of
equal frequency as the initial fluctuations emerge, and a new thermodynamic mean
state is reached. Subsequently, at t = 525 s, the piston accumulator is disconnected
from the NCL by abruptly closing the ball valve connecting the accumulator and
the main loop in figure 2.1. As a result, an instantaneous but moderate increase in
oscillation amplitude is observed. Nevertheless, the frequency of the oscillations
within the NCL remains constant. As such, the presence of a compressible volume
has led to negligible modulation of the stability of a supercritical NCL in the current
experiments. However, the total accumulator volume with respect to the NCL volume
is moderate in the current work. In Huang et al. (2024), a much larger accumulator
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Figure 4.9: Typical effect of the movement of the accumulator piston on the oscilla-
tions within the NCL. Initially, at and before ¢ = 0 s, the accumulator is connected to
an oscillatory loop. Att =256 s, N, is suddenly removed from the accumulator and
the CO; level and vertical piston position consequently increase. Att = 525 s, the ball
valve between the accumulator and the NCL is closed, disconnecting the accumulator
from the rest of the system.

is used than in the current study, with 55 1 of N; capacity. The oscillations in their
experiments - albeit of a different type than the ones observed in the current study -
were strongly affected by the inclusion of a pressurization accumulator.

4.3.3 Instability mitigation measures

The current experiments provide valuable insights into preventing and mitigating
prolonged oscillations that can lead to equipment fatigue in high-throughput passive
circulators at supercritical pressures. In oscillation-prone environments, narrowing
the thermodynamic range that is spanned within the heater eventually stabilizes the
supercritical NCL. Effectively, this is achieved by reducing Ntpc. The value of Ntpc
can be reduced in experiments by increasing the mass flow rate (through an increase in
Az), or by decreasing Q. Furthermore, the present variation in oscillation amplitudes
suggests their dependence on the thermodynamic conditions. Within the considered
thermophysical range of 450 < 5 < 750 kgm™> and 73.7 < p < 110.0 bar, the os-
cillations were significantly weakened at higher pressures (p > 90 bar) and lower
densities (p < 500 kgm_3), where the value of Nsygpc approached zero. There, the
property gradients within the heater are reduced by moving away from the p-c curve
to a lower density, or by increasing the pressure. A more substantial stabilization of
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the system is achieved through the impedance of the travelling thermal waves within
the system. If the thermal pockets are diffused within the system, for instance by
mixing in a parallel-channel plate heat exchanger (T’Joen and Rohde, 2012), they no
longer affect the NCL velocity to incite a subsequent pocket, and the oscillations are
not sustained. Furthermore, the inclusion of a local resistance (a valve or a mass flow
meter) decreases the system’s sensitivity to accelerations by the thermal waves, beside
inducing additional diffusion by mixing near the valve. Thereafter, the formation of
the thermal waves is no longer re-incited.

4.4  Proposed instability mechanism

The observed traveling thermal waves are driven by non-ideality in the heaters. With
increasing streamwise distance from the movable heaters in figure 4.7, the amplitude
of the temperature oscillations consistently decrease. Within the loop, the oscillations
are the strongest directly after the heaters at sensor 7|, regardless of the operating
pressure, heating rate and density. Furthermore, the current experiments never show
oscillations that are limited only to the cold leg of the NCL. On the contrary, as
is shown in figure 4.6, oscillations exclusive to the hot leg do occur. As discussed
in section 4.3.1, the in-phase pressure oscillations are believed to be induced by
the thermal (de)compression of the supercritical pressure CO;. In the heaters, a
constant heat flux is electrically applied. For such a constant ¢, the heat transfer
must deteriorate and enhance subsequently to cause the heat imbalance that drives the
thermal (de)compression of the system. Upon the deterioration of the heat transfer,
heat is removed less effectively from the heater, and the heater wall temperature
increases. As the heat transfer is restored thereafter, the CO, is heated at an increased
rate, and a low-density "pocket’ is formed. At the same time, the system is thermally
compressed, increasing the pressure along the current isochor.

The process through which non-ideality is induced in the heaters is not of the static
type. Using the steady model introduced in section 4.2.2, the static stability of
the NCL heat exchangers is assessed. Figure 4.10 shows the viscous drag curves
of the heat exchangers for several discrete heating rates within the experimentally
considered range. As shown in figure 4.10(a), the criterion of equation. (4.1) is not
satisfied when an ideal viscous model for which f;; = 1 is used within the movable
heaters. Then, Ap, increases progressively for all considered values of Q, and
only one steady state exists for a constant driving pressure. However, the criterion
of equation. (4.1) can be satisfied with a sufficiently non-ideal viscous loss model.
Given equation. (4.3), the overall friction coefficient f should scale with m?, where
v < =2, to model viscous losses that decrease as a function of rz and therefore satisfy
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the criterion in equation. (4.1). Figure 4.10(b) shows a hypothetical viscous loss
model for which the heater has multiple steady states. The model assumes @ = —0.2
and 8 = 3.0 (satisfying v < —2) for fy; in equation. (4.8), for which the modulation
of the viscous losses is dominated by the near-wall decrease in viscosity. Given an
environment with sufficient perturbations, the steady curves shown in figure 4.10(b)
could yield behaviour that is qualitatively similar to the current oscillations. The limit
cycle oscillations between steady states within the hatched areas of figure 4.10(b)
would increase in amplitude for increasing heating rates Q, in line with the results of
figure 4.7. Additionally, the extension of the model to the cooler with @ = 0.2 and
B = 3.0 (shown in figure 4.10(c)) yields the static stability of the cooler under the same
operating conditions, in line with the current experiments in which fluctuations only
arise from the movable heaters. However, the values of coefficients & and S required
to achieve a static instability are far beyond what has been empirically reported to date
(Fangetal., 2012; Ehsan et al., 2018; Fang et al., 2020). Additionally, the static model
of the heater does not change upon the inclusion of the regulating valve, although
the stability is greatly affected by the addition of the local resistance in experiment.
Therefore, the current oscillations cannot be the direct consequence of only a static
instability.

Instead, the non-ideality in the movable heaters is likely triggered by a dynamic
feedback mechanism within the system. One such feedback mechanism was proposed
by Welander (1967) for a sub-critical fluid. There, sustained oscillations arise from the
subsequent acceleration and deceleration of the NCL after the formation of thermal
waves. A full oscillation cycle is completed when a thermal wave, that is formed by
the modulation of the heater residence time, passes through the system. Therewith, the
oscillation frequency depends on the mass flow rate of the system. As argued in section
4.3.2.5 and with the bottom panel of figure 4.7, the current oscillation frequency scales
with the NCL mass flow rate, in support of the mechanism. Furthermore, the present
density waves affect the distribution of density within the vertical legs of the NCL,
modulating the velocity of the natural circulation. There, a sudden system-wide
deceleration of CO; could trigger a deterioration of the heat transfer in the heaters.
Subsequently, as the resulting density wave reaches the cold vertical leg, the system
accelerates and the heat transfer would recover. Once the density wave reaches the hot
leg again, a system-wide deceleration follows, inducing the current cyclic behaviour.
Additionally, the inclusion of a local loss reduces the acceleration of the system upon
a redistribution of its driving density. Furthermore, the local loss increases mixing,
diffusing the traveling thermal wave as it passes. Therewith, the initial conditions for
the cyclic deterioration may no longer be met when a valve is present, in line with the
current experiments.
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4.5 Conclusions

In this chapter, the stability of a natural circulation loop (NCL) with carbon dioxide
at supercritical pressures is experimentally investigated. Such supercritical pres-
sure NCLs offer high-throughput passive circulation without mechanical propulsion,
making them highly desirable for cooling in critical applications, including nuclear
reactors and solar thermal systems. However, instabilities similar to those seen in
two-phase systems can arise in supercritical NCLs at large throughputs, leading to
undesirable oscillatory behaviour. Such prolonged oscillations can lead to mechan-
ical fatigue, which is particularly dangerous given the high-pressure environment of
supercritical NCLs.

The current work employs an NCL with a vertical-heater-vertical-cooler configuration
in which CO, is circulated at supercritical pressures. To study the transient of the
system, its temperature and pressure are recorded at multiple locations throughout the
loop. In search of oscillations, the vertical position of the heaters, the system’s ther-
modynamic state and heating rate, and the presence of a compressible volume or local
resistance are varied within the current experiments. Additionally, the experimental
results are compared to a static analysis of the NCL to assess whether the potential
existence of multiple steady states in the non-ideal heat exchangers in particular drives
the recorded fluctuations.

When sufficiently large thermophysical variations are induced in the heat exchangers of
the NCL, the loop converges to a system-wide oscillatory state. To reach an oscillatory
state in the present study, the mass flow rate of the NCL is decreased by reducing
the vertical distance between the cooler and the movable heaters. Then, oscillations
are recorded even before the stability limits as predicted by linear one-dimensional
analyses are reached. The structural decay in temperature fluctuation amplitudes
away from the movable heaters for any of the considered isochors indicates that the
fluctuations are initiated at the heaters. The transient heat transfer that occurs in
the heaters generates system-wide pressure oscillations, and travelling density waves
that manifest as out-of-phase fluctuations in temperature throughout the loop. As the
pressure of the system is increased to less non-ideal isobars, the oscillation amplitudes
decrease. Conversely, the oscillations intensify at larger heating rates. Furthermore,
an increase in heating rate increases the oscillation frequency at a rate equal to the
increase in mass flow rate. Qualitatively, the present experiments match the behaviour
of a system with multiple steady states. However, as the non-ideality in the heaters
that is required to induce multiple steady states under the current conditions exceeds
any previous reports, the oscillations are not believed to be incited by a static stability.
Instead, the current oscillations are argued to be dynamic. There, the feedback
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between the heat transfer in the heaters and the velocity of the NCL, modulated by
a transient redistribution of density along its vertical legs, is believed to incite the
current oscillations. The full stabilization of the system upon the inclusion of a local
resistance in its cold leg supports the presence of a dynamic feedback mechanism.
The present work emphasizes the necessity for further investigations into the mecha-
nism that triggers the current Density Wave Oscillations (DWOs). Whereas the current
results suggest the presence of a dynamic feedback mechanism, the exact nature of the
feedback mechanism is not directly measured in the experiments. A more in-depth
understanding of the onset of the current oscillations and their interaction within the
NCL could aid in developing effective mitigation strategies that ensure the safe and
effective operation of prospective cooling systems of fluids at supercritical pressure.
For instance, optical measurements or three-dimensional models of the heaters could
aid in predicting the onset of the cyclic deterioration of their heat transfer. Further-
more, the existing non-linear models could be extended to include non-idealities in
the heat exchangers and the decay and mixing of the density wave through the system.
Additionally, further research on the use of accumulators with a substantial volume
relative to the NCL would provide valuable insights into how compressible volumes
impact and potentially reduce oscillatory behaviour.



Chapter 5

The stability of stratified horizontal flows of CO,
at supercritical pressures’

Fluids at supercritical pressures exhibit large variations in density near the pseudo-
critical line, such that buoyancy plays a crucial role in their fluid dynamics. In
this chapter, we experimentally investigate heat transfer and turbulence in horizontal
hydrodynamically developed channel flows of carbon dioxide at 88.5 bar and 32.6°C,
heated at either the top or bottom surface to induce a strong vertical density gradient.
To visualize the flow and evaluate its heat transfer, shadowgraphy is used concurrently
with surface temperature measurements. With moderate heating, the flow is found
to strongly stratify for both heating configurations, with bulk Richardson numbers Ri
reaching up to 100. When the carbon dioxide is heated from the bottom upwards, the
resulting unstably stratified flow is found to be dominated by the increasingly prevalent
secondary motion of thermal plumes, enhancing vertical mixing and progressively
improving heat transfer compared to a neutrally buoyant setting. Conversely, stable
stratification, induced by heating from the top, suppresses the vertical motion leading
to deteriorated heat transfer. The optical results provide novel insights into the
complex dynamics of the directionally dependent heat transfer in the near-pseudo-
critical region. However, the results also highlight the need for further progress in
the development of experimental techniques to generate reliable reference data for a
broader range of non-ideal supercritical conditions.

I This chapter includes content that has appeared in the following publication:

Marko Draskic, Jerry Westerweel, and Rene Pecnik
The stability of stratified horizontal flows of carbon dioxide at supercritical pressures
Journal of Fluid Mechanics, vol. 1012, A17 (2025).
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5.1 Introduction

At a supercritical pressure, the fluid dynamics of heated or cooled fluids are often
strongly affected by buoyancy. In this complex thermodynamic region, moderate
heating rates can already induce significant variations in density that lead to sharp,
local flow accelerations or mixed convection when buoyancy becomes significant.
Therefore, heat transfer in engineering application, which operate with supercritical
fluids, often depends on the direction of gravity. These effects can be significant, as
noted in the review on heat transfer at supercritical pressure by Wang et al. (2023a). In
their work, a comparison of the empirical heat transfer rates of various experimental
facilities showed that heat transfer rates can either increase or decrease (depending
on the direction of the heat transfer) by up to an order of magnitude with respect
to a neutrally buoyant setting. This effect is most notably prevalent in horizontal
flows with vertical gradients of density, in which turbulence can be either enhanced
or suppressed by buoyancy. In such settings, in particular with fluids in proximity of
the pseudo-critical region, it is essential to understand how buoyancy modulates the
flow and turbulence to accurately capture and predict trends in heat transfer.

So far, mixed convection has been studied extensively (Pirozzoli et al., 2017; Zonta
and Soldati, 2018; Caulfield, 2021) for fluids that follow the Oberbeck-Boussinesq
(OB) approximation (Oberbeck, 1879; Boussinesq, 1897). Contrary to a fluid at a
supercritical pressure, the density of OB fluids is assumed to vary only moderately
and linearly with temperature. Therefore, large temperature differences or large length
scales are required to induce strong stratifications in the conventional single-phase
fluids that are accurately described with the OB approximation (Zonta and Soldati,
2018).

The unstable stratification of a horizontal flow of an OB fluid, in which a lighter
layer is formed below a denser bulk flow, is characterized by ejections of warmer fluid
away from the heated wall, and the concurrent sweeping of colder fluid in the opposite
direction (Garai et al., 2014). However, unlike in purely convective flows, the ejected
plumes form roll vortices towards the bulk of the channel in the direction of the forced
convection (Garai et al., 2014; Scagliarini et al., 2014; Pirozzoli et al., 2017). In the
direct numerical simulations (DNS) of Garai et al. (2014), the wide roll vortices are
seen to align after one another in the streamwise direction. Furthermore, the DNS
of both Li et al. (2017) and Zonta and Soldati (2014) have shown that the intensity
of the near-wall turbulence and the mixing efficiency increase when roller ejection
and sweep processes are incited in a previously neutrally buoyant channel flow. Here,
the improvements in mixing efficiency are diminished as the relative strength of the
forced convection is increased (Zonta and Soldati, 2014). Moreover, the concurrent
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processes in which rollers are ejected from and swept towards the bottom surface
become the dominant mechanism of wall-normal heat transfer in mixed convective
flows (Garai et al., 2014; Blass et al., 2020). As such, the wall-fluid heat transfer of
flows with buoyant plumes differs from - and far exceeds - the heat transfer of neutrally
buoyant forced convection.

Distinctly different behaviour is observed and simulated in stably stratified flows of
OB fluids, in which a lower density layer is formed on top of a denser bulk flow. Here,
fluid parcels of a certain density are preferentially redistributed along the vertical
density gradient that is imposed on the flow (Lienhard V and Van Atta, 1990). If the
gradient is sharp enough, the potential energy required to stir fluid parcels away from
their preferential vertical positions is not met (Garcia-Villalba and Del Alamo, 2011).
As a result, overturns and vertical thermal structures are elongated and eventually
aligned with the direction of the flow (Williams et al., 2017; Smith et al., 2021; Zonta
etal., 2022). The resulting restriction of vertical momentum transfer has been noted to
greatly reduce turbulent mixing and near-wall heat transfer (Ohya et al., 1997; Garcia-
Villalba and Del Alamo, 2011; Williams et al., 2017), in both numerical studies and
experiments. Often, the distinction is made between weak and strong stratification,
following the findings of Gage and Reid (1968). In the weak limit, turbulence is
sustained close to the wall where shear overcomes buoyancy (Zonta et al., 2022),
as the latter preferentially acts on larger scales of vertical motion (Lienhard V and
Van Atta, 1990; Zonta and Soldati, 2018). In the case of strong stratification, a global
turbulent state cannot be sustained (Nieuwstadt, 2005; Zonta and Soldati, 2018). The
flow is said to become intermittent, with regions of complete turbulence suppression.
For higher values of the Reynolds number the formed laminar patches are more
confined to the top wall, instead of spanning the entire domain, according to the
results of Deusebio et al. (2015).

Unfortunately, the amount of works that consider the stratification of fluids with ther-
modynamic gradients beyond the limits of the Oberbeck-Boussinesq approximation
has so far remained limited. However, it is with such fluids, most notably so for fluids
at a supercritical pressure, that strong stratifications most readily prevail in practical
applications. The influence of buoyancy on the flow of a fluid at a supercritical
pressure have been studied in the context of vertical pipe flows (Bae et al., 2005;
Nemati et al., 2015) and for vertical annular flows (Peeters et al., 2016). Additionally,
Valori et al. (2019) have optically explored a purely convective flow of supercritical
carbon dioxide. The effect of buoyancy on a horizontal supercritical flow has first
been considered by Chu and Laurien (2016). In their work, Chu and Laurien (2016)
have numerically (DNS) investigated the non-axisymmetric temperature profiles in
heated horizontal pipe flows previously found in experimental investigations of pipe
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surface temperatures (Adebiyi and Hall, 1976; Yu et al., 2013; Tian et al., 2021;
Cheng et al., 2024). Here, the overall deterioration in heat transfer with respect to a
neutrally buoyant flow (Theologou et al., 2022; Cheng et al., 2024) was attributed to
the accumulation of a light, warmer layer at the top of the horizontal pipe (Chu and
Laurien, 2016). Furthermore, the thermal stratification of the flow of a supercritical
fluid through a heat exchanger channel has been touched upon in the DNS of Wang
et al. (2023b). Here, the initially turbulent flow was predicted to laminarize along the
imposed density gradient, subsequently deteriorating its wall-normal heat transfer. A
first experimental investigation of horizontal buoyancy-affected flows of supercritical
CO, was presented by Whitaker et al. (2024). Here, side-view schlieren imaging
was used to study the flow within a heated microchannel. In their work, the optical
signal was greatly affected by the direction of the heat transfer. Nevertheless, only a
moderate difference between the heat transfer of the bottom-up heated surface and the
top-down heated surface was measured for their operating conditions. Therewith, the
effects of strong stratifications on the heat transfer of continuous, mixed convective
flows at supercritical pressures remain experimentally unexplored.

The current chapter experimentally investigates horizontal flows of carbon dioxide at
supercritical pressure in which buoyancy is non-negligible, or even becomes dom-
inant. More specifically, initially hydrodynamically developed steady horizontal
channel flows are considered, subject to one-sided heating such that vertical gradients
of density are induced. The large, non-ideal variations in thermodynamic properties
of the heated carbon dioxide make that the Oberbeck-Boussinesq approximation does
not apply, and that significant buoyant contributions can be induced at the moderate
heating rates that are attainable in laboratory scale experiments. As such, the modula-
tion of turbulence in both stably and unstably stratified channel flows can be addressed
in the current work.

To visualize the stratifications of carbon dioxide at supercritical pressure, the surface
temperature measurements are complemented with optical diagnostics in this work.
The optical tools exploit variations in refractive index in the working fluid to visualize
the thermally inhomogeneous turbulent carbon dioxide. Contrary to the investigations
of wall temperature, the resolution of these optical measurements is not limited in
time by the thermal inertia of the system, or in space by the finite physical size of
probes and probe wells. Therewith, the current optical methods can partially fill the
knowledge gap left by the incompatibility of high-frequency hot-wires with non-ideal
media (Vukoslavcevié et al., 2005). As such, the qualitative visualisations are used to
explain trends in the wall temperature data by revealing highly intermittent local flow
patterns previously unexplored in experiments with fluids at supercritical pressures.

A description of the experimental methodology is given in §5.2. In §5.3.2, an
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overview is given of the explored parameter range. In §5.4, the applicability of the
optical diagnostics is first evaluated by considering the unheated base flow. There-
after, visualisations of heated channel flows in both stably and unstably stratified
configurations are presented and discussed. Furthermore, surface temperature data
are presented for both configurations. Finally, a summary of the most important con-
clusions is presented in §5.5. At the end of this document, supplementary information
on the used optical filters is given in appendix 5.A.

5.2 Methodology

5.2.1 Experimental facility

In this work, the stratification of a non-ideal fluid is studied experimentally in a
novel test facility that provides optical access to a continuous flow of carbon dioxide
at supercritical pressures. The flow to the optical test facility is provided by a
natural circulation loop, as described in chapter 2. The experimental facility is shown
schematically in figure 2.3 and an overview of the geometric parameters is given in
table 2.2.

5.2.2 Shadow image velocimetry

A comparison of consecutive shadowgrams, captured with the configuration described
in section 2.3.2.1, is used to reveal flow patterns within a compressible flow in this
chapter. When the currently studied flow is both turbulent and refractive, it is naturally
seeded by eddies that travel at the local convective speed of the flow. As such, the
correlation of consecutive shadowgrams enables seedless velocity measurements of
the flow (Jonassen et al., 2006; Hargather et al., 2011; Settles and Hargather, 2017).
In order for the pseudo-tracers to be distinguishable in consecutive images, thermal
gradients should be sparsely distributed along the optical axis, and the diffusive
timescale of the flow should far exceed its advective timescale. The applicability
of shadow image velocimetry to turbulent flows of carbon dioxide at supercritical
pressure in particular was previously demonstrated by Okamoto et al. (2003). Whereas
Particle Image Velocimetry (PIV) can yield near-planar velocities, the integrating
property of shadowgraphy yields measurements of eddy motion across the full width
of the test section when using shadow image velocimetry. Much like planar PIV,
shadow image velocimetry only yields displacements in directions perpendicular to
the optical axis. In the current work, a fast-Fourier-transform-based cross-correlation
algorithm is used to yield displacements between consecutive shadowgrams. An
interrogation window size of 128x128 pixels with 80% overlap is used to capture a
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sufficient amount of property-variant structures in each correlation window (Jonassen
et al., 2006). The qualitative descriptions of the shadowgram pair displacements in
this work are supported by an additional assessment of the image correlation profiles
themselves, as elaborated on in appendix 5.B

5.2.3 Experimental procedure

As carbon dioxide dilates strongly for the conditions and flow rates of the current
study, all data is gathered by following a measurement procedure that aims to minimize
thermal gradients within the test section block itself. The test section is initially at the
ambient temperature. In order to increase its temperature to the desired value, a large
mass flow rate of carbon dioxide at the appropriate temperature is forced through the
thermally insulated test section for several hours. Over time, the measured temperature
drop over the test section (Tp3 — Tp4) reduces, as the temperature of the test section
converges towards a steady state. When changing the inlet condition to reach different
operating conditions, the procedure to reach steady state is repeated.

When the test section temperature reaches a value sufficiently close to the desired
test section inlet temperature, therewith at a value of (7y3 — To4) within the nominal
accurary of 7p3 and Tp4, a measurement cycle is commenced. At a constant mass flow
rate, the imposed foil heating rate is gradually increased in a stepwise manner. In
order to maintain a constant pressure and mass flow rate 7, the applied heating rate
to drive the natural circulation loop is gradually decreased. The acquisition of images
and loop sensor data is started some time #,, after imposing each step in heating power.
In the current work, ¢, = 120 s. After the completion of all heating steps, the mass
flow rate is changed, and the above process is repeated.

5.3 Cases and parameter space

5.3.1 Thermodynamic conditions

All presented results are recorded at the same thermodynamic conditions at the test
section inlet, whereas the imposed heating rates and the applied mass flow rates are
varied throughout this work. The nominal thermodynamic state of the test section
inlet (Tp3 and Py, in figure 2.3) of the current study is indicated in figure 5.1. The full
thermodynamic range that was initially explored is indicated in grey in figure 5.1.

Within the considered thermodynamic range, channel inlet conditions that are liquid-
like provide the most distinguishable shadowgrams. Therefore, such conditions are
chosen as the initial state for the current experiments. On the contrary, images of near-
pseudo-critical and gas-like neutrally buoyant carbon dioxide reveal the intermittent
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Figure 5.1: Range of thermodynamic conditions of carbon dioxide at the test section
inlet for the current study. Any presented results are evaluated at a nominal density
and a nominal pressure of p = 700 kg m™> and p = 1.2 p., respectively. Here, p. is
the critical pressure.

presence of blurry, irregular, downward moving structures. Whereas downward
plumes are similarly perceived when the CO; is denser, they are less prevalent, their
presence is more sporadic and their outlines remain sharp in a shadowgram. These
secondary flows are likely the result of the moderate cooling of the carbon dioxide
by the ambient air, either through the insulated walls of the test section, or via the
less insulated optical visors. Within the considered domain, the temperature of the
carbon dioxide at the test section inlet exceeds the ambient temperature. On the
right side of the pseudo-critical curve in figure 5.1, the driving temperature difference
with the surroundings is relatively large. Furthermore, the cooling of the gas-like
medium brings about sharp changes in refractive index in the steep, non-linear near-
pseudo-critical region. To the left of the p-c curve, both the driving temperature of
the cooling by the ambient and the thermodynamic gradients induced by the cooling
are significantly lower. Therewith, the moderately colder structures in the flow do
not sufficiently distort the light through the channel to blur the resulting image in the
liquid-like region of the considered thermodynamic parameter range.

Additionally, the large near-pseudo-critical gradients in density that are induced when
the liquid-like carbon dioxide is heated, make that strong stratifications can be reached
with the attainable experimental heating rates. The range of measured surface tem-
peratures 751 and T, is indicated using the red horizontally bounded line in figure 5.1.
For the presented results, the pseudo-critical curve is not crossed in the near-wall
region.
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Figure 5.2: Instantaneous shadowgrams of bottom-heated channel flows of carbon
dioxide at the thermodynamic conditions indicated in figure 5.1. The relevant nominal
Reynolds numbers pj and the nominal imposed heating rates ¢ are displayed on the
vertical and the horizontal axes, respectively. The cases, e.g. R2:bhl, are labeled
by an indicator of the nominal Reynolds number (R) and an indicator of the applied
heating (n or bh). Here, n represents an unheated flow, whereas bh implies that
bottom-upward heating is applied. In all cases, the flow is from left to right.

5.3.2 Case overview

An overview of the cases considered in this work is given in figures 5.2 and 5.3. Both
figures show instantaneous shadowgrams of carbon dioxide at supercritical pressure.
In figure 5.3, the carbon dioxide is heated in the top-down configuration shown in
orange outlined cross section A of figure 2.3. For the cases shown in figure 5.2, the
test section is inverted and the bottom surface of the test section channel is heated. In
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Figure 5.3: Instantaneous shadowgrams of top-heated channel flows of carbon diox-
ide at the thermodynamic conditions indicated in figure 5.1. The relevant nominal
Reynolds numbers pj and the nominal imposed heating rates ¢ are displayed on the
vertical and the horizontal axes, respectively The cases, e.g. R6:th1, are labeled by an
indicator of the nominal Reynolds number (R) and an indicator of the applied heating
(nor th). Here, n represents an unheated flow, whereas th implies that top-downward
heating is applied. In all cases, the flow is from left to right.

both figures, the inlet mass flow rate 71 and the foil heating rate ¢ are varied to yield
twenty cases with varying hydraulic Reynolds numbers Repj and bulk Richardson
numbers Ri respectively, where

Pb1Uimp Dy RiZ PoL=Pw  gh

iy 5.1

Repy =
P Hb1 Pbl U?

Here, the inlet density py; and the inlet viscosity up; are evaluated at the temperature
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bh1l bh2 bh3 bh4
R1 12.64+242 1553+3.18 16.13+4.03 19.48 +5.57
R2 333+1.80 641+1.85 12.13+1.96 14.91 +1.98
R3 413+089 496+069 790+£091 9.69+0.67
R4 086045 1.66+0.68 2.62+037 3.58+0.37

thl th2 th3 th4
RS 149+0.23 238+0.15 5.28+0.23 11.51+0.34
R6 0.78+0.14 1.19+0.09 2.75+0.17 6.69+0.24
R7 035+0.07 0.61+£0.06 1.05+0.07 2.54+0.11
R8 0.15+0.03 026+0.03 048+0.02 1.26+0.05

Table 5.1: Values of Ri for the non-neutrally buoyant snapshots shown in figures
5.2 and 5.3. The cases, e.g. Rl1:bhl, are labeled by an indicator of the nominal
Reynolds number (R) and an indicator of the applied heating (bh or th). Here, bh
represents a flow to which bottom-upward heating is applied, whereas th indicates
that top-downward heating is applied. The data is shown with intervals of +2¢0.
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Figure 5.4: Range of Ri considered in this work for the nominal Reynolds numbers
Repy, indicated in figures 5.2 and 5.3. The carbon dioxide is heated in the unstably
stratified configuration on the left, whereas a stably stratified configuration is consid-
ered for the data on the right. The errorbars correspond to +20g; of the time series
with the largest value of Ri.

and pressure of sensors Tp3 and Py, of figure 2.3, respectively. Thereafter, pp; is used
to evaluate the imposed bulk velocity Ujmp, with

m
Po1Acs .

Uimp = (5.2)
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Here, the test section cross-sectional flow area is defined as A = Aw. The bulk
Richardson number is evaluated using wall density py. Under the assumption of
constant test section pressure, py, is evaluated at Py and the mean wall temperature
Tw, Where

1
Ty = 5 (Tsl + TSZ) . (5.3)

The corresponding values of Ri for the non-neutrally buoyant cases shown in figures
5.2 and 5.3 are given in table 5.1. The complete range of Ri obtained with the available
surface heating power is presented in figure 5.4. As the hydraulic Reynolds number
Repy, is increased, the attained value of Ri decreases. Furthermore, at a constant
heating rate, the measured value of Ri is consistently higher for the top-down heated
configuration than it is for bottom-up heating.

5.4 Results

5.4.1 Characterisation of unheated base flow

For the conditions considered in this work, structures that are naturally present in
the channel can be perceived in the shadowgrams and persist throughout consecutive
frames. Due to turbulent mixing and the thermal heterogeneity of the fluid, the density
of the operating fluid changes locally. Consequently, the refractive index also changes.
The variation in the (second derivative of the) refractive index in the carbon dioxide
throughout the channel is then registered by the shadowgraphy. In the shadowgrams,
the variations manifest as fluctuations in the image brightness. These structures have
a finite lifetime while being advected by the flow; they appear then as ‘thermal tracers’
that visualize the fluid motion. Provided that these structures remain to exist over at
least one imaging frame pair, they can be considered as (nearly) passive tracers in
the fluid that can be used to measure the fluid motion, like in conventional particle
image velocimetry (Adrian and Westerweel, 2011). In some of the current results, the
fluctuations maintain a consistent shape throughout consecutive frames, indicating
that their timescale of mixing exceeds the interval between consecutive recordings.
Therefore, their motion can be distinguished. The axial evolution of the fluctuations is
shown in figure 5.5. Here, the shadowgrams shown in the lefmost columns of figures
5.2 and 5.3 are considered, in which the CO, is neutrally buoyant. In figure 5.5,
the parameter b describes the achieved image width for the current frame rates. The
optical signal of the shadowgraphy is shown over time at the red horizontal line of the
snapshot that is indicated in figure 5.5a. The resulting space-time graphs show the
passage of thermal structures in the form of angled streaks of constant brightness. The
nominal angle of the streaks in the space-time graphs is indicated by green dashed
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Figure 5.5: Space-time (b) representation of the optical signal at the horizontal line
that is indicated in the instantaneous shadowgram shown in (a). The value of pj, is
progressively increased by increasing the mass flow rate for the cases shown in (b).

lines for each case. Given that no structures are perceived over time along the red
curve for case R1:n, a nominal angle cannot be inferred from the graph. As the
imposed Reynolds number is increased for the other cases, the observed structures
pass the red line in a shorter time span, and the angle of the streaks with the horizontal
axis decreases. Evidently, a velocity-like quantity can be deducted from the streak
angles of passing thermal structures in the current representation.

In order to determine whether the movement of the image brightness fluctuations
corresponds to the movement of the fluid, the correlated velocity of the fluctuations
Uc is measured and subsequently compared to the the velocity imposed by the
natural circulation 100p Ujyp. In order to measure Uc, consecutive shadowgrams
are correlated to yield the instantaneous displacements of the distinctly shaped image
brightness fluctuations in all directions perpendicular to the optical axis. Here, the
total image height is assumed to correspond to /. Furthermore, the averaged image is
assumed to correspond linearly to the object plane when the CO, remains unheated.
As such, the means of image-plane displacements Ax and Ay can be divided by the
optical magnification M to yield the physical displacements within the test section.
Therewith, Uc can be approximated using

Ax
MAt’
where Ar is equal to the period between consecutive frames. However, when the

carbon dioxide is heated, the averaged image deforms as a result of large local gradients
inrefractive index. Therefore, the imaged displacements no longer linearly correspond

Uc = 5.4
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Figure 5.6: Comparison of the correlated velocity with the imposed velocity. Subfig-
ure (a) shows the correlated mean velocity Uc with respect to the measured velocity.
Subfigure (b) shows the mean value of the vertical component V. A comparison of
several instantaneous profiles of Uc with the measured bulk velocity is shown in (c).
The data in (a) and (b) are shown with errorbars of +2¢-/ VN, where N is the number
of frame pairs. The data in (c) contains errorbars of +o .

to the physical displacements as M is no longer constant throughout the image, and
an accurate average value of Uc can no longer be directly deducted. As such, only
image-plane displacements are reported for the cases with heating.

The correlated velocity of the refractive structures corresponds conditionally to the
imposed velocity of the system. Figure 5.6 shows a comparison of the correlated
velocities of the structures in the shadowgrams with the velocities of the natural
circulation for unheated flows. In Figure 5.6a, the correlated mean x-direction velocity
Uc (deducted from 2999 frame pairs) is compared to Ujyp. The magnitude of the
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Figure 5.7: Space-time (b) representation of the optical signal at the vertical line
that is indicated in the instantaneous shadowgrams shown in (a). The value of pj, is
progressively increased by increasing the mass flow rate for the cases shown in (b).

mean reconstructed velocity Uc corresponds to the actual bulk velocity Uimp for
sufficiently large Reynolds numbers, i.e. Repy > 3 x 10°.

As shown in the two rightmost plots of figure 5.6¢c, a mean velocity profile of Uc is
reconstructed in which the center-line velocity exceeds the correlated velocity near
the channel walls. Furthermore, as expected for a hydrodynamically developed flow,
the center-line velocity exceeds the bulk velocity of the channel. As such, the imaged
structures are assumed to travel at the local velocity of the flow. Hence, the fluctuations
in image brightness can serve as ‘pseudo-tracers’ of the flow field when it is turbulent
for the current thermodynamic conditions. However, the integrating property of
shadowgraphy makes that variations of refractive index at any lateral location in the
channel are imaged. As a result, the resulting instantaneous displacement fields do
not directly correspond to instantaneous, planar flow fields. Instead, the movement
of all refractive structures throughout the channel is superimposed. Therefore, as the
streamwise velocity of the pseudo-tracers varies laterally, their image velocimetry is
characterized by relatively large fluctuations.

At low velocities the structures may decorrelate, yielding no contribution to the
displacement correlation, and therewith biasing the result to lower displacements.
Figure 5.6¢ shows this under-reconstruction of the bulk velocity in detail. In the
figure, a range of reconstructed mean profiles of U¢ is presented, normalized with
Uimp. NCL velocity Uy, is increasingly under-captured for Rep, < 3 X 103, most
notably so near the bottom channel surface. Figure 5.7 elucidates the cause of this
inadequate characterization of the channel bulk velocity. Here, figure 5.7b shows the
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optical data captured over time along the vertical red line in figure 5.7a. In the figure,
strong fluctuations in image brightness are shown throughout the channel for large
Reynolds number cases R5:n and R7:n, indicative of the passage of pseudo-tracers. As
the Reynolds number is decreased, the flow becomes more sparsely 'seeded.” Initially,
for R3:n and R2:n, fluctuations of the optical signal only persist in the region confined
to the upper wall. In these cases the channel flow is likely thermally stratified, in
which a separate layer that is lighter and more turbulent is formed on top of a denser,
laminar layer. In figure 5.7b, the latter is characterized by an optical signal that is
predominantly constant in brightness over time. Whereas this quiescent region is
confined to the bottom wall for cases R3:n and R2:n, it spans the full channel height
for case R1:n. As such, the channel flow in case R1:n is assumed to be entirely laminar.
As the laminar layer is largely homogeneous in density, its shadowgraphy will not
portray the passage of thermal structures. As a result, the correlation of consecutive
images underestimates the actual motion of the fluid. Therefore, only where sufficient
turbulent mixing is present in cases R2:n and R3:n, near the top boundary of the
channel, a velocity in the order of magnitude of U is captured in figure 5.6c. As the
flow is sufficiently mixed such that no stratified layers appear throughout the channel
for cases R4:n and beyond, a more appropriate mean flow field is captured throughout
the channel.

Lastly, the characterization of the mean flow field shows a moderately negative mean
y-direction velocity V¢ for the larger values of Rep; within the considered range.
Here, the downward motion of sporadic cold plumes within the channel is captured
by the image velocimetry. The downdraughts, likely caused by the slight cooling of
the CO, by the ambient in the vicinity of the visors, have previously been discussed.

The visualisation of the flow field using thermal turbulence as tracers has revealed
a mean streamwise flow field characterized by features similar to those of hydrody-
namically developed flows with subcritical fluids. However, the large uncertainty of
the current method, and its inability to reconstruct a flow field when the flow is in a
thermally homogeneous laminar flow state makes its applicability limited. As such,
the complete characterisation of instantaneous, planar flow fields at supercritical and
thermally heterogeneous conditions requires additional and yet to be developed ex-
perimental techniques. Nevertheless, the shadowgrams and the velocimetry thereof
can reveal instantaneous fluid motion and flow patterns (or the lack thereof) across
the channel at high spatial and temporal frequencies when there is sufficient turbu-
lent mixing in the property-variant working fluid. As such, shadowgrams reveal the
transient, local phenomena underlying the greatly atypical heat transfer correlations
reported in open experimental literature. Therefore, shadowgraphy is used to study
the modulation of the channel flow by thermal stratification from here onwards.
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Figure 5.8: Space-time (b) representation of the optical signal at the vertical line that
is indicated in the instantaneous shadowgram shown in (a). The bottom-up heating
rate is progressively increased for the consecutive cases shown in (b).

5.4.2 Unstable stratification

When the rectangular channel is heated in the bottom-upward configuration, the per-
ceived flow field within it is characterized by increased, mostly vertical movement.
Currently, the cases shown in figure 5.2 are considered. Figure 5.8 shows the evo-
lution of the shadowgraphy signal of the vertical red line indicated in figure 5.8a in
figure 5.8b. Here, the initially quiescent flow of case R1:n is disturbed by movement
induced by the unstably stratified CO;, and images of fluctuating brightness follow.
Initially, for R1:bh1, the upward motion in the shadowgrams is predominantly con-
fined to the near-wall region at the bottom of the channel. As warm, lighter plumes
rise towards the top of the channel when buoyancy is moderate, they are advected by
the bulk flow in the streamwise direction. For this process, the angle of a streak of
constant brightness with respect to the vertical axis increases over time in a space-
time graph. The process of plume advection by the mean flow is more clearly shown
in figure 5.9. Here, the channel is imaged in the period after which the heating
state is instantaneously changed from R1:n to R1:bh5. For R1:bh5, a heat flux of
¢ = 12.0kWm™2 is applied. Mushroom-like plumes arise from the bottom of the
channel in figures 5.9a and 5.9b, as part of a wide, turbulent front. The plumes at the
top of the front are overturned in the streamwise direction of the flow as they near the
top of the domain in figures 5.9d-f. As such, they form rollers that are ordered one
after another in the streamwise direction of the flow, similar to those simulated by
Garai et al. (2014) and Pirozzoli et al. (2017) for mixed unstable convection in ideal
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Figure 5.9: Series of shadowgrams that show the evolution of the flow after an
instantaneous step in bottom-upwards heating from case R1:n to R1:bh5. For R1:bh5,
a heat flux of ¢ = 12.0 kWm™? is applied. At time #y, the heating is commenced.

fluids. For the conditions in case R1:bhl, the rollers are exclusively confined to the
bottom two-thirds of the channel.

As the heating rate is increased from R1:bh1 to R1:bh2, the thermal structures origi-
nating from the heated bottom wall sporadically reach the top surface of the channel.
The movement of these updrafts is characterized by straight lines of constant bright-
ness at an angle with the vertical axis in figure 5.8b. As the heating rate is further
increased for cases R1:bh3 and R1:bh4, the relative amount of plumes that traverse
the channel in its entirety increases, and the image is eventually dominated entirely
by the presence of these upward moving structures. Whereas shadowgraphy yields
images of mostly constant brightness (see figure 5.8a) when no heating is applied,
instantaneous shadowgrams show a chaotic superposition of many plumes for cases
R1:bh3 and R1:bh4, as shown in figure 5.9f. In this buoyancy-dominated limit, the
natural convection dominates the shadowgraphy, and the natural flow rates far exceeds
the forced convection. Instead, the flow much resembles purely natural convection.

Figure 5.10 shows the reconstruction of the x-component of the velocity for cases
R1 - R3 for a selection of heating rates. As explained in appendix 5.B, the flow
field is reconstructed more accurately as the plumes act as traceable structures in
the shadowgrams at moderate heating rates, e.g. bhl and bh2. Conversely, in the
limit of dominant natural convection at bh3 and beyond in the current experiments,
the uncertainty in deducing image pair displacements increases due to the rapid
decorrelation of the superimposed thermal structures. Initially, a near-zero magnitude
flow velocity is reconstructed for a large fraction of the channel for neutrally buoyant
case n in figure 5.10a. Here, the mean downstream flow imposed by the natural
circulation loop is not captured by the shadow image velocimetry as it lacks contrast
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Figure 5.10: Mean perceived horizontal displacement rates Ax/r for cases R1 - R3,
with progressively increased bottom-up heating rates in the consecutive subfigures.

due to the absence of any fluctuations in intensity. As heating is applied the bottom
surface, the channel flow is characterized by increasingly strong secondary flows. At
first, for case bhl, moderate counter flow can be observed near the heated bottom
surface. Eventually, for cases bh2 and beyond, a positive flow rate in the downstream
direction is perceived near the opposite wall. Here, thermal plumes that reach the
top of the channel act effectively as tracers of fluid motion, yielding a non-zero
displacement field throughout the domain. As can be seen in figures 5.10c-e, the two
near-wall regions show velocities of opposite signs. Here, the significant dilation of
the carbon dioxide has led to the formation of a cell in which the fluid recirculates
continuously, with a cell width much larger than the current field of view.

In the unstably stratified configuration, the velocity of the upward plumes depends
on the applied heating rate. The mean displacement rates of the plume motion is
shown in figure 5.11. For cases bh1 and bh2, moderate and positive non-zero motion
is only observed in the vicinity of the heated wall, in which plumes are perceived
in the shadowgrams. The vertical velocity of the plumes increases as the heating
rate is increased from bhl to bh2. As the heating rate is further incremented to
case bh3, finite upward motion is seen throughout the channel. Here, the thermal
plumes traverse the test section channel at a larger velocity than for cases bh1 and bh2.
As the amount of plumes that is produced increases further, the uncertainty in the
deduction of their mean velocity also increases. Eventually, for case bh4, the upward
displacement rates of a similar magnitude as the maximum x-direction displacement
rates for R1 and R2, as can be deducted from a comparison between figures 5.10e
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Figure 5.11: Mean perceived vertical displacements Ay/t for cases R1 - R3, with
progressively increased bottom-up heating rates in the consecutive subfigures.

and 5.11e. Importantly, the results of figure 5.11 do not necessarily imply that a
net upward flow is present in the channel. Instead, figure 5.11 shows the motion of
refractive structures somewhere within the channel.

5.4.3 Stable stratification
5.4.3.1 Turbulence attenuation

A process in which fluctuations and vertical movement are diminished follows from
the top-down heating of the highly property-variant fluid for the cases in figure 5.3.
Therewith, the flow of carbon dioxide is modulated in a distinctly dissimilar manner
than for bottom-up heating. The sharp contrast between the response of flows subject
to either stratification type can be highlighted by considering several points at different
vertical positions within the channel. Figure 5.12 shows the normalized shadowgram
intensity of the points over time. Initially, cases R2:n and R5:n are considered in
figures 5.12a and 5.12b, respectively. Here, the fluid in the channel remains unheated.
Whereas the variability in the signal of case R2:n is larger in its lighter top-layer than
in its denser bulk, its brightness (and therefore its density) is relatively homogeneous
in time. After 9.3 seconds, a heating rate ¢ with a magnitude of 12.0 kWm™2 is
applied to the channel surface in the bottom-upwards configuration in figure 5.12a.
Some time after the heating has started, the unstably stratified density interface that
is formed near the heated wall breaks down. A plume-laden front rises to the top
of the channel follows, as is shown in figure 5.9. Eventually, the signal is saturated
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Figure 5.12: Image brightness / over time. In subfigure (a) the carbon dioxide is
heated from the bottom upwards from an initial state R2:n. In subfigure (b) the
carbon dioxide is heated from the top downwards from an initial state R5:n.
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Figure 5.13: Space-time (b) representation of the optical signal at the vertical line that
is indicated in the instantaneous shadowgram shown in (a). The top-down heating
rate is progressively increased for the consecutive cases shown in (b).

with frequent passages of rising plumes, evidenced by a large variability in image
brightness over time.

Shadowgrams of case R5:n, in which a larger mass flow rate is applied through the test
section, are characterized by the intermittent passage of shadowgraph structures in an
unheated setting. As the passage of refractive structures corresponds with consecutive
maxima and minima in image brightness, the variability of the signal far exceeds that
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Figure 5.14: Thermal structure orientation as a function of the applied top-down
heating rate. The edges (b) within any instantaneous shadowgraph (a) are detected
as per Lefauve and Couchman (2024), and their local angle 6 with the x-axis is
evaluated. In (c), the mean absolute angles |8 of 300 snapshots are superimposed for
each increment in ¢ for case R7.

of case R2:n. Similarly, a heating rate ¢ with a magnitude of 12.0 kWm~? is applied
to the channel surface in the top-down configuration after 9.3 seconds. Consequently,
the variation in shadowgraphy signal in the region near the heated wall decreases
significantly. Here, a region that is mostly homogeneous in brightness (and hence
density) is formed. The layer is characterized by a near-complete suppression of
fluctuations, with the occasional passage of a single refractive streak at moderate
heating rates. Given its apparent homogeneity in density in both space and time, the
flow of CO, within the homogeneous layer is considered to have relaminarized. The
emergence of a homogeneous layer can also be observed in figure 5.13b, in which
the signal along the red, vertical line in figure 5.13a is shown over time. Here, the
top-down heating rate is incrementally increased from R6:n to R6:th4. As the heating
rate is increased, the non-fluctuating region expands away from the heated wall to
cover a greater fraction of the channel height. As can be deducted from figure 5.3,
the thickness of the layer furthermore depends on the imposed Reynolds number.
There, the homogeneous layer becomes more limited in size as the Reynolds number
is increased.

When the top surface of the flow is heated, the shape of the refractive structures in
the shadowgrams changes. The orientation of the structures in the channel flow under
unstable stratification for the cases shown in figure 5.3 is considered in figure 5.14.
The boundaries of the refractive structures for the instantaneous shadowgram shown
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Figure 5.15: The displaced state of an in-focus pattern that is imaged through carbon
dioxide at supercritical pressure is shown for various top-down heating rates for case
R1 in (a). The original pattern is shown in black. The mean, interpolated local
displacement for each point is used to shift the black pattern, yielding the pattern
shown in red. Profiles of the path-integrated vertical gradients in refractive index are
shown in (b). The data in (b) is shown with errorbars of +2¢.

in figure 5.14a are presented in figure 5.14b. An edge detection algorithm, similar to
the one described by Lefauve and Couchman (2024), is used to detect the structure
boundaries in the shadowgrams. Thereafter, the angle of all edges with the x-axis
6(x, y) is evaluated. The normalized value of §, averaged over 300 images, is presented
in figure 5.14c. When unheated, the flow contains structures of any shape and
orientation, exhibiting gradients in density in any direction. Then, the value of 6
approaches /2. After heating is applied, the imaged streaks are found to re-orient
within the channel. Structures that represent a constant density that initially span
a finite vertical height, are increasingly stretched in the streamwise direction. As
a result, 6 reduces. As such, the fraction of the height of a channel spanned by a
structure of constant density decreases. In the near-wall layer, vertically oriented
streaks disappear altogether, revealing an axially homogeneous density field. Here,
the originally irregular density field is assumed to be redistributed in the channel as
the flow is heated.

Figure 5.15 reveals that the initial density field is redistributed along a mean density
gradient, imposed by the top-down heating. For the purpose of highlighting such mean
gradients in refractive index, the BOS configuration indicated in cross section B of
figure 2.3 is considered. In figure 5.15, the deformation of a background pattern by the
refractive CO; is considered. Only under stable stratification do the fluctuations in the
optical signal attenuate sufficiently to get a clear BOS image. The considered reference
pattern, shown in black in figure 5.15a, is printed onto a transparent sheet and placed
behind the CO,. As the carbon dioxide is heated, the pattern’s image deforms. The
deformed images for cases R1:n, R1:th2 and R1:th4 are shown in red in figure 5.15a.
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Figure 5.16: Maximum instantaneous vertical displacements in the negative y-

direction for cases R4 - R6, with progressively increased top-down heating rates

in the consecutive subfigures.

Here, the black pattern is shifted with the correlated deformation displacements at
any point, yielding the deformed pattern shown in red. In neutrally buoyant case
R1:n, the imaged pattern remains in a predominantly undeformed state. As heating
is applied to the top of the channel in cases R1:th2 and R1:th4, the dot pattern in
the top half of the channel is stretched by variations in the refractive index. Here,
the background pattern is deformed to a greater extent when the applied heating rate
is increased. Figure 5.15b shows the vertical gradients in path-integrated refractive
index that are deducted from the dot pattern displacements. Here, ng = 1.17, M = 0.5,
and Zp = 8.9-1072 m. The magnitude of the refractive index gradients are found
to increase as greater heating rates are applied to the channel flow. Furthermore, the
gradients are the largest in the near-wall region for all considered cases. The presence
of a strong vertical gradient in 7 suggests the existence of an equivalent gradient
in CO;, density p in the current top-down heated configuration. Given the positive
values of dii/dy in figure 5.15b, the density of the carbon dioxide increases away
from the heated wall. The imposed vertical gradient in p imposes a buoyant force
on the fluid in the channel. As discussed by Garcia-Villalba and Del Alamo (2011),
fluid parcels of a certain density are pushed towards a preferential vertical position
along the constant gradient. If the buoyant force exceeds the inertial forces of a fluid
parcel, its vertical movement is diminished once it is at its preferential position. This
is true for an increasingly large density range and for an increasingly large portion of
the channel as the imposed density gradient becomes sharper when the heating rate
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is increased. As a result, vertical motion is increasingly diminished in the near-wall
region when heating is applied, as also shown in figure 5.16. In the figure, the largest
instantaneous downward shadow displacements within the considered measurement
interval are shown for cases R4 - R6. Initially, for unheated case n, the flow is
characterized by the sporadic vertical movement of eddies with a variable density. As
moderate heating is applied for th1 and th2, vertical motion in the near-wall region is
suppressed along the vertical density gradient. The region within which the vertical
motion of turbulent eddies is suppressed grows as the heating rate is increased towards
case th3. Eventually, most vertical motion is suppressed in case th4. The suppression
of vertical motion is supported by the vertical thinning of the averaged correlation
profiles, as shown in figure 5.21 of appendix 5.B.

5.4.3.2 Implications on PIV

The large deformation of the background pattern reveals limitations to the further
characterization of the flow at a near-pseudo-critical state beyond the spatial resolution
that the current thermal tracers allow for. In particular, the large image distortions
affect the applicability of Particle Image Velocimetry (PIV), where a correlation of
the displacements of tracer particles is used to re-construct a flow field. The images of
carbon dioxide at the current near-pseudo-critical conditions are characterized by large
deformations both when the CO; is heated locally, and when refractive structures that
correlate with the fluid motion are present in an unheated turbulent flow. Furthermore,
the gradients of these deformations can be particularly large for heated turbulent flows,
leading to image blur. Additionally, total internal reflections across stratified layers
can lead to the local compression of the object in the image plane, obscuring its
features. As a result, the apparent displacements of the particles may not correspond
to their actual displacements. This is most prevalent as the tracers move across density
gradients within the flow. The current back-projected error in determining the particle
positions within the channel can be of the order of 100 um. Therewith, it can exceed
the particle diameters of the tracers (Valori et al., 2019; Michelis et al., 2024) that
are relatively small to reduce slip velocities with the property-variant working fluid.
As such, PIV systems may prove to be particularly difficult to calibrate when a flow
displays large local variations in thermodynamic properties.

5.4.4 Overall heat transfer

5.4.4.1 Thermal response data

Measurements of the surface temperature of the heated walls serve to provide a quan-
titative context to the optical results presented in this work. Figure 5.17a shows the
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Figure 5.17: Wall temperature (a) and deducted wall density data (b) for a selection of
cases with different nominal Reynolds numbers from figures 5.2 and 5.3. Bottom-up
(bh) heating data points are shown with black-outlined markers, whereas top-down
(th) heating data points are shown with homogenous markers. The data is shown with
errorbars of +20.

mean increase in heater temperature Ty, with respect to the constant bulk temperature
Ty, for a selection of cases of either configuration. When the CO is unstably stratified,
the increase in surface temperature remains within 1.5°C for the shown parameter
range. Furthermore, the measured step in wall temperature decreases as the imposed
heat flux is increased. Therefore, the heat transfer rate is expected to progressively
improve as greater heating rates are imposed. Initially, a qualitatively similar trend is
observed when the top surface of the channel is heated. However, beyond a threshold
heat flux, a near-linear increase in wall temperatures (indicative of a predominantly
constant heat transfer coefficient) is found for increasing heating rates. This threshold
heat flux decreases with decreasing Reynolds numbers. Beyond ¢ = 4 kWm™2, the
near-wall temperatures of the two heating configurations start to significantly differ
for any of the considered Reynolds numbers. Eventually, for the largest heating rate
considered in this work, the increase in surface temperature of the stable stratification
exceeds the unstable stratification’s temperature increase by twofold. As such, heat is
removed much more effectively from the heated wall in the unstably stratified setting
than it is in a stably stratified configuration for the current experimental conditions of
supercritical pressure CO,.

Figure 5.17b shows the relative expansion of the carbon dioxide in the vicinity of
the heated wall, as deducted from the wall temperature data of figure 5.17a. In
accordance with the wall temperature data, the heating-induced density change is
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significantly larger for stable stratification than it is for unstable stratification. As
such, the degree of stratification (expressed by the Richardson number) is greater
when the stratification is stable than when it is unstable under equivalent heating,
as previously noted in figure 5.4. The relative difference in dilation even exceeds
the relative difference in surface temperature increase, as can be deducted from the
increasingly superlinear trend in density variation during stable stratification. Here,
the carbon dioxide exhibits increasingly large variations in density as it is heated
towards the non-linear pseudo-critical curve from the liquid-like test section inlet
conditions.

5.4.4.2 Characterization of heat transfer

The analysis of the current experimental heat transfer data reveals trends that are
in qualitative agreement with findings from open literature, and with the optical
data presented in this work. When sub-pseudo-critical CO; is heated, its heat transfer
changes through changes in the near-wall heat capacity, viscosity, thermal conduction,
and density (Hall et al., 1967; Yoo, 2013). To understand the current experimental
results, we first focus on the influence of variations in the former three thermophys-
ical properties, which dominate when buoyancy effects are negligible at moderate
heating rates in forced convection (Jackson, 1979). As the fluid is heated towards
the pseudo-critical curve at a set bulk Reynolds number, its near-wall viscosity and
thermal conductivity decrease. These reductions lead to a decrease in the skin fric-
tion coefficient and wall-normal conduction, worsening the convective heat transfer
(Nemati et al., 2015). However, this effect is overshadowed (Jackson, 1979; Licht
et al., 2008; Nemati et al., 2015) by the stronger increase in near-wall heat capacity,
Cp, as is illustrated in figure 1.3, resulting in an overall enhancement of heat transfer
(Yamagata et al., 1972; Jackson, 1979; Licht et al., 2008). The rise in near-wall
heat capacity limits the temperature increase of the near-wall CO, at a constant heat
flux, reducing the temperature difference between the bulk and the near-wall region
(Licht et al., 2008). Consequently, the apparent convective heat transfer coefficient
and the Nusselt number increase (Jackson, 1979; Licht et al., 2008). The heat transfer
of the initially liquid-like carbon dioxide continues to improve until the near-wall
temperature reaches the pseudo-critical curve, where ¢, peaks.

Variations in near-wall density affect the behavior of fluids at supercritical pressures
in two distinct ways. The strong expansion of the fluid upon heating can accelerate
the near-wall flow, depending on both the direction of the fluid flow and the direction
of the heat transfer (Nemati et al., 2015; Wahl et al., 2022). This modulation of
shear rates increases skin friction, thereby enhancing the overall heat transfer rate. In
the current experiment, such acceleration is expected only in the top-down heating
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configuration. There, stable stratification counteracts the vertical transport of the
lighter, hotter fluid throughout the channel, accelerating the near-wall layer of fluid
at the top (Jackson, 2013; Chu and Laurien, 2016). However, limitations of the
current ‘shadow velocimetry’ prevent reliable measurements of this acceleration when
the homogeneous layer forms under stable stratification. Therefore, the remainder
of the present discussion on the measured heat transfer instead only considers the
consequences of the modulation of the flow by buoyancy when sufficiently large
variation in density is induced (Jackson, 2013). These buoyant effects either aid or
oppose the heat transfer enhancement by the increasing magnitude of c¢;,, depending
on the heat transfer configuration.
To highlight the influence of buoyancy on the measured heat transfer, the mean Nusselt
number Nu,, is shown as a function of the Richardson number Ri in figure 5.18, for
a selection of cases of either configuration. There,
h q h

Nuw=a/-z=m-/l—w, (5.5)
with @ as the convective heat transfer coeflicient, evaluated in experiment using the
imposed heat flux ¢ and the temperature difference over the channel. Moreover, A, is
the near-wall thermal conductivity, evaluated at Ty, and Pg;. When buoyancy is non-
dominant, at Ri < 0.1, the empirical heat transfer coefficients of the two considered
heat transfer orientations are of a similar magnitude. However, as buoyancy becomes
non-negligible for larger heating rates, the values for Nu,, diverge.
When the carbon dioxide is heated from the bottom upwards at the current thermo-
dynamic conditions, both buoyancy effects and an increase in specific heat act to
enhance its heat transfer, increasing Nu,, with respect to its neutrally buoyant value.
The shadowgrams of unstably stratified CO, (shown in figure 5.2) are characterized
by the strong secondary flows that are elaborated on in figures 5.8-5.11. In the limit
of small Reynolds numbers, plume motion is observed to form recirculation cells that
locally counteract the imposed forced convection. For any Repy, the expansion of
CO, causes motion in the wall-normal direction, in which parcels of lighter fluid are
locally lifted towards the denser bulk flow. Here, hotter fluid is continuously carried
away from the heated wall, replacing it with a denser and colder fluid that is recircu-
lated. Therewith, the mean near-wall fluid temperature decreases with respect to an
equivalent neutrally buoyant setting, leading to the sub-linear increase of (Ty — Tp)
in figure 5.17a. Furthermore, the vertical plume motion increases the wall-normal
momentum transport in the channel. Consequently, the vertical energy transport also
increases with respect to purely forced convection, as characterized by the enhance-
ment of Nu,, in figure 5.18. However, this effect diminishes as the relative inertial
contributions increase. Therefore, Nu,, decreases with increasing Repy, at a set heat-
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Figure 5.18: Nusselt number (main figure) and comparison with equivalent scenario
with subcritical air and water (top right corner) for a selection of cases from figures
5.2 and 5.3, as a function of the deducted value for Ri. Bottom-up (bh) heating data
points are shown with black-outlined markers, whereas top-down (th) heating data
points are shown with homogenous markers. The data is shown with error bars of
+20.

ing rate. Contrary to a previous empirical investigation of purely bottom-upwards
heated micro-channels of CO, with Ri § 1 by Whitaker et al. (2024), the relative
enhancement of the heat transfer progressively increases as buoyant forces become
increasingly dominant at larger Ri within the current parameter range. A progressive
improvement of the heat transfer with increasing degrees of unstable stratification is
however in accordance with the current optical data. Here, the spatial density of the
plumes and their lift velocities are found to both increase at greater heating rates,
increasing the vertical momentum transfer in the channel. As such, the progressive
enhancement of the heat transfer as buoyancy becomes more dominant with increas-
ing degrees of unstable stratification in figure 5.18 is expected from the increasingly
prevalent motion of the thermal plumes.

When the carbon dioxide is heated in the top-down configuration, the buoyancy caused
by decreasing near-wall density opposes the heat transfer enhancement induced by the
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variation in near-wall heat capacity. At low Ri, the effects of a variable ¢, dominate,
improving the heat transfer as ¢ is increased. Eventually, as buoyancy becomes more
dominant for larger Ri, the heat transfer deteriorates, yielding a maximum in Nuy,
that resembles the results of Yamagata et al. (1972) and Bae et al. (2010). This
deterioration of the heat transfer by buoyancy is supported by the current optical
results. In the shadowgrams, the imposed density gradient of figure 5.15 is found to
counteract vertical movement as the carbon dioxide is heated at the top surface of the
channel, as is elaborated in figures 5.13 and 5.16. The resulting flow is characterized
by the suppression of intermittent, irregular motion. Here, the mixing of distinct
layers with different densities is counteracted. As such, the lighter fluid that is formed
at the heated top wall remains predominantly in the near-wall region. As a result, the
overall near-wall temperature increases. Therewith, the wall-normal heat transfer rate
deteriorates in comparison with a neutrally buoyant flow, in which the wall-normal
movement of warmer eddies removes hot fluid from the heated wall. Notably, at
large values of Ri, the values of Nu,, for the current results coincide, as is shown
in figure 5.18. Here, Nu,, attains an asymptotic value, irrespective of the imposed
Reynolds number. For these conditions, Nuy, can be described using

120
Nuy = — + 185, (5.6)

Ri3

as indicated with the black, dashed line in figure 5.18. Contrary to the progres-
sive enhancement of the heat transfer under unstable stratification, Nu,, only mod-
erately decreases as a function of Ri when the heat transfer deteriorates. This
moderate dependence on Ri is in qualitative agreement with the shadowgraphy,
as the intermittency of the optical signal shows minimal changes upon the initial
suppression of fluctuations by the thermal stratifications. Then, only a change
in the height of the homogenized layer follows from a further increase in Ri.

To highlight the non-ideality of the current heat transfer, we plot the Nusselt number
as a function of the Richardson number in the inset of figure 5.18. There, the Nusselt
number is expressed in terms of the Richardson number, which is re-defined as a
function of (T, — Tp) and By, with

_ B (Tw-To) gh

2 b
imp

Ri 5.7
where Sy is the volumetric expansivity, evaluated at 7p3 and Pg;. By substituting
(Tw — Tp) into a Nusselt number that is evaluated at the bulk conditions, with

q h

Nu=—2 2,
(Tw - Tb) Ap

(5.8)




100 CHAPTER 5. THERMAL STRATIFICATION

Nu can be expressed as a function of Ri, namely
Nu=¢g —— —— —. (5.9)

Equation (5.9) enables a comparison of Nu for several fluids at similar operating
parameters corresponding to the current experiments. The respective curves in the
inset are plotted using the thermophysical properties of air and water at atmospheric
conditions (at 20°C) and of CO, at the current experimental conditions, all for a heat
flux of ¢ = Gmax = 12 kWm™2. The experimental data (indicated using markers in
the inset) for both stably and unstably stratification coincide with the curves of Nu
for CO, at the current conditions. The results reveal a striking contrast: for a heat
transfer configuration with a given Nusselt number, the Richardson numbers for CO,
exceed those of air and water by several orders of magnitude. This confirms that
buoyancy effects, which are negligible in typical subcritical single-phase systems,
readily dominate heat transfer at supercritical pressures.

The significant non-ideality of the observed heat transfer strongly affects the per-
formance of near-pseudo-critical heat exchangers in energy conversion systems at
supercritical pressures. As buoyancy readily dominates at their operating conditions,
the resulting heat transfer deviates strongly from equivalent but neutrally buoyant
systems. As a result, the direction of the applied heat transfer strongly affects the
behaviour within heat exchangers that operate in the vicinity of the pseudo-critical
curve. Within the current parameter range, a significant difference between the heat
transfer rates of purely top-heated and purely bottom-heated flow of carbon dioxide
at supercritical pressure is observed. This difference is most notable for the larger
heating rates in this work, for which the bottom-up heat transfer coefficient exceeds
the top-down heat transfer coefficient by nearly a full order of magnitude, as shown
in figure 5.18. However, in the flow channels of plate heat exchangers or a Printed
Circuit Heat Exchangers (PCHEs), heat is generally exchanged in multiple directions.
As such, the heat transfer enhancement near the bottom wall and the heat transfer
deterioration near the top wall compete when the flow is heated. If the heating rate
for both surfaces is equal, much like in the current work, the degree of stratification
is greater in the region near the top wall. Therefore, the lower-density layer near
the top wall would likely not be fully disrupted by the upward movement of plumes
created at the bottom wall. Therewith, the behaviour within the heat exchanger would
be qualitatively similar to a pipe flow to which a constant heat flux is applied (Chu
and Laurien, 2016). Therefore, the equivalent heat transfer coefficient of the heat
exchanger channel is expected to lie between the deteriorated and enhanced values of
the one-sided heating configurations that are considered in this work.
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5.5 Conclusions

In this work, the modulation of the turbulence and the stability of a continuous flow
of a supercritical fluid by non-negligible buoyancy is investigated. Such flows are
for instance prevalent in novel energy conversion systems that operate at supercritical
pressures, which have gained particular recent interest for their potential to sustainably
produce power and industrial heat. Within the heat exchangers of these energy systems
in particular, non-negligible buoyancy may lead to highly non-ideal and configuration
dependent heat transfer.

The current experimental facility employs the natural circulation of carbon dioxide
that is passed through an optically accessible test section. To study the hydrody-
namically developed flows of carbon dioxide at supercritical pressures within the test
section, shadowgraphy is used in parallel with surface temperature measurements.
The shadowgraphy is used to visualize a side-view, path integrated flow field. When
the temperature of the CO is sufficiently heterogeneous, thermal structures within the
flow can be distinguished in the shadowgrams. As the structures are observed to move
with the flow, they are considered to act as thermal flow tracers. As such, a correlation
of their displacements yields velocity components in the directions perpendicular to
the optical axis. It is validated that the mean streamwise displacements of these
pseudo-tracers correspond to the expected mean flow velocity inside the test section,
provided that the CO; is sufficiently turbulent (i.e. Repp 2 3-10%) and neutrally
buoyant. However, the shadow image velocimetry is characterized by relatively large
uncertainties, as the method depends on the local occurrence of density fluctuations
(leading to variations in refractive index) of the flow, and the finite coherence of
these structures in time. Furthermore, additional, rigorous calibration is necessary to
translate the shadow displacements to physical velocities when large global refractive
index gradients are present in the channel under heating conditions. Nevertheless, the
shadowgrams can distinguish flow movement patterns within the channel unique to
either stratification type when the CO; is heated either from the bottom or from the
top of the test section. As such, the shadowgraphy serves to reveal the highly transient
behaviour behind the non-ideal, and thermally inert heat transfer results in existing
open literature to date.

The rectangular flow channel is heated unidirectionally in either vertical direction
to impose a density gradient on the carbon dioxide within it. The CO,, initially at
88.5 bar and 32.6 °C, is heated towards the pseudo-critical curve. As the carbon
dioxide displays sharp variations in thermodynamic properties in the vicinity of
this curve, strong stratifications are observed for remarkably moderate heating rates.
Achieving a comparable degree of stratification in subcritical single-phase fluids
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would require significantly larger length scales and heating rates. Consequently, these
strong stratifications lead to the modulation of the initially neutrally buoyant base
flow, as is shown in figures 5.2 and 5.3. Depending on the stratification type, the
variability in the flow is either enhanced or suppressed.

When the channel is heated from the bottom upwards, the flow is characterized by
increasingly strong secondary movement. Here, light plumes are seen to intermittently
depart from the heated surface, limiting its increase in temperature. Both the wall-
normal velocity and the spatial density of these plumes are found to increase as the
applied heating rate is increased. As these effects enhance the energy exchange with
the heated wall, they further support the heat transfer enhancement by the increase
in near-wall heat capacity of the supercritical working fluid. As a result, the Nusselt
number is found to progressively increase with respect to the neutrally buoyant case
for all considered Reynolds numbers.

On the contrary, when only the top surface of the flow channel is heated buoyancy
acts against the heat transfer enhancement by the varying specific heat capacity.
Consequently, the heat transfer deteriorates at large heating rates when buoyancy
becomes more significant. This deterioration in heat transfer coincides with the
suppression of oscillations in the optical signal by the stable density gradient imposed
by the heating. This imposes a restriction in vertical motion and mixing across
the density gradient that limits the wall-normal motion of hot CO; from the heated
surface, therewith reducing its heat transfer coefficient.

The present work emphasizes the necessity for the further investigation of buoyancy
modulated turbulence and heat transfer in the near-pseudo-critical region beyond the
current experimental conditions. Whereas the current results provide novel empir-
ical insights in strong one-directional stratifications, the interplay of the opposing
stratification remains unknown in the context of channel flows. Therefore, in or-
der to properly describe the flow of supercritical carbon dioxide within horizontal
heat exchanger channels, two-sided heating should also be considered. Furthermore,
the current experimental framework can be extended to study the influence of non-
negligible buoyancy in physical configurations beyond the current one. Therewith,
vertical flows of highly property-variant fluids, where buoyancy also has a pronounced
effect, can also be considered.

By improving the used optical diagnostics, they can serve as references for the im-
provement of hydrodynamic and heat transfer models. A further increase in the spatial
resolution in of the shadow velocimetry in particular can for instance be achieved with
the local, in-situ generation of thermal tracers. As an additional consequence, the
flow can also be visualized when thermal tracers are not naturally present in the su-
percritical carbon dioxide. Furthermore, by controlling the ambient temperature of
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the test section, the current framework could be extended to obtain discernible optical
data for a greater thermodynamic range at supercritical pressures.

5.A Optical filter

The present optical configuration is sensitive to surface imperfections of the visors
shown in cross section B of figure 2.3. The imperfections cast optical distortions
on the shadowgrams. In order to remove the visual noise induced by the surface
flaws and to make the actual thermal structures within the channel discernible in the
presented figures, a filter is used. As the large variations in refractive index deform
the shadowgraphs and hence the striations cast by the imperfections, subtracting the
averaged image from an instantaneous one yields noisy images. Nevertheless, the
visors cast striations at several near-constant angles. As such, a spatial filter (a top-hat
filter applied to the Fourier transforms of all shadowgrams) is tuned to remove a
narrow bandwidth of spatial frequencies for a limited range of angles. As such, the
filter removes the unwanted striations that can be seen in an averaged shadowgram,
whereas structures of other orientations remain unaffected.

The effectiveness of the present filter is assessed in figure 5.19. The figure compares
the unfiltered to the filtered optical signal for a range of Reynolds numbers. At
the expense of image contrast, the filter removes most imperfections, whilst keeping
the shadows caused by variable density mostly intact. The filter is applied to the
shadowgrams shown in figures 5.2, 5.3, 5.5a, 5.7a, 5.8a, 5.9, and 5.13a. However, the
filter is not applied to the raw shadowgrams used for the current image velocimetry.

5.B Correlation profiles

The main text presents shadowgrams of CO, at supercritical pressure, and considers
the fluid motion that can be deducted from their cross-correlation. Besides fluid
motion, the analysis of the shapes of the cross-correlation functions themselves reveals
additional information about the characteristics of the flow that helps substantiate the
qualitative descriptions of the flow phenomena seen in the shadowgrams in the main
body of the manuscript. Specifically, the correlation profiles convey the direction of
the apparent flow and the degree of correlation between consecutive shadowgrams.
Moreover, by fitting Gaussian profiles to the correlations (Oldenziel et al., 2023), the
variability in the correlated displacements can be examined. Figures 5.20 and 5.21
show the cross correlation functions for both stratification types considered in the
current work. In the figures, the standard deviations of the Gaussian fit is given for
both principal directions.
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Figure 5.19: Assessment of effectiveness of current optical filter. The filter removes
the background patterns cast by surface finish imperfections of the visors. Optical
filter image pairs are shown for case R1 in (a) & (b), case R3 in (c) & (d), and for case
RS in (e) & (f).

In figure 5.20, the averaged correlations of several bottom-up heated cases are con-
sidered. For a neutrally buoyant flow, the correlation averages assume the shape of
horizontal striations. There, either zero or non-zero streamwise displacements are
correlated, depending on the presence of variable density turbulence (see also fig-
ure 5.6 of the main text). As a result, despite the strong correlation of the shadowgram
pairs, the variability in the correlated streamwise displacements can be significant.
When the flow is dominated by natural convection, the shadowgrams are characterized
by disorganized chaos. There, consecutive image pairs decorrelate as many thermal
structures overlap in the depth averaging shadowgrams. As a result, the correlation
peak weakens and the variability of the correlations increases, decreasing the reliabil-
ity of the correlated displacements. In between the extremes, at intermediate heating
rates, finite vertical and streamwise displacements are captured with the sparsely
present ‘thermal tracers.” It is for this range that displacement rates are reported in
the main text.

The averaged correlations of unstably stratified supercritical pressure CO, are shown
in figure 5.21. As top-down heating is applied to the channel, the standard deviations
of the correlation profiles along the vertical axis decrease, indicating a reduction
of the displacement fluctuations in the vertical direction in line with section 5.4.3.
Furthermore, as the flow of CO; stratifies, an increasingly large layer of homogeneous
brightness is formed near the heated wall in the shadowgrams, in which a zero-mean
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Figure 5.20: Isocontours of correlation-averaged image-pair correlations (for the
current 128x128 windows) for the cases shown in figure 5.2. For bh5, a bottom-
upwards heat flux of ¢ = 12.0 kWm™? is applied. The figure denotes the correlation
strength r of the shown isocontours, and the standard deviations of the Gaussian fitted
to the averaged correlation (Oldenziel et al., 2023) in the two principal directions, o7
and o7 respectively. The positions of the symbols in the correlation profiles indicate
the positions of their maxima along the x-axis.

streamwise velocity is correlated due to the absence of ‘thermal tracers.” As a
result, the variability of the averaged correlated streamwise displacements increases,
stretching the cross-correlation profiles of the shadowgram pairs upon the inception
of the homogeneous layer. As can be seen from the figure, the onset of this stretching
occurs at increasingly large heating rates for increasing Reynolds numbers. Eventually,
upon the homogenisation of a substantial fraction of the channel height, a zero-mean
streamwise velocity is correlated. Thereafter, the correlation of shadowgram image
pairs no longer yields fluid motion within the bulk of the flow.

5.C Stability map

To represent the current stable stratification results in a way that facilitates the identi-
fication and prediction of stability boundaries, this appendix presents a stability map
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Figure 5.21: Isocontours of correlation-averaged image-pair correlations (for the
current 128x128 windows) for a selection of the cases shown in figure 5.3. The
figure denotes the correlation strength r of the shown isocontours, and the standard
deviations of the Gaussian fitted to the averaged correlation (Oldenziel et al., 2023) in
the two principal directions, oy,; and oy respectively. The positions of the symbols
in the correlation profiles indicate the positions of their maxima along the x-axis.

derived from shadowgraphy data. Initially, the experimental results are expressed
using the quantities commonly employed in stability maps for subcritical fluid strati-
fication (Gage and Reid, 1968), enabling a direct comparison.

To position the current experiments on the linear stability map of Gage and Reid
(1968), the results should be expressed in terms of the friction-based parameters Re
and Ri., defined as:

h h
u —_— — _—
Re, = Polzr? . Ri, = g(pb1 Pw)2

o 5 , (5.10)
PolUz

for which
wp = |2 (5.11)
Lo
To determine Re. and Ri,, a value for 7y, is required. Under the conditions of
the present experiments, Ty, is strongly modulated by variable viscosity and near-
wall velocity acceleration Nemati et al. (2015). However, no existing friction model
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Figure 5.22: Idealised Re, - Ri, space of current stably stratified results. For each of
the shown cases, the distance from the heated top wall for which the flow within the
channel is considered to have relaminarised is specified in red. The fit by Zonta and
Soldati (2018) of the neutral curve obtained from the linear stability analysis of Gage
and Reid (1968) is furthermore indicated in the figure.

accurately captures the modulation of 7, by buoyancy for this specific stably stratified
configuration (see, for instance, Ehsan et al. (2018)). Therefore, 7, is approximated by
simplifying the problem and neglecting thermodynamic property variations in CO;.
One possible approach is to estimate Tw using the Blasius friction model:

_ fpeuy . 0.0791
- ’ - 0.25°
2 Rep;

(5.12)

Tw

where the bulk properties pp and uy, are evaluated at the inlet conditions of the optical
test section (Tp3, Poy of figure 2.3).

The resulting values of Re; and Ri, for cases R4-R8 and a selection of heat flux
values (¢) are presented in figure 5.22. In the figure, the normalized thickness
of the homogenized layer is indicated in red. As demonstrated in the space-time
visualizations in section 5.4.3 of the manuscript and in appendix 5.B, the thermal
‘tracers’ in the shadowgrams progressively vanish in the homogenized layer under
stable stratification, leading to a reduction of the correlated displacement rate to zero.
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Figure 5.23: Nominal Repy, - Ri space of current stably stratified results. For each of
the shown cases, the distance from the heated top wall for which the flow within the
channel is considered to have relaminarised is specified in red.

This characteristic is then used to quantify the thickness of the relaminarized layer
in the shadowgrams: once the mean correlated displacement rate at a given point
falls below a specified fraction (currently % of its neutrally buoyant value), the flow at
that point is considered relaminarized. In figure 5.22, the normalized channel height
at which the flow has relaminarized is marked in red, while the remaining turbulent
portion of the channel is shown in gray.

As observed in figure 5.22, a finite-thickness homogenized layer emerges in proximity
to the neutral stability curve of Gage and Reid (1968) when the simplified model for
Ty 18 applied. However, this direct comparison is inherently misleading due to the
simplifications in modeling the skin friction. The actual values of Re, and Ri in our
experiments differ significantly from those in the figure due to the strong modulation
of u, by variations in the thermophysical properties of CO,. Consequently, the
applicability of the stability boundary proposed by Gage and Reid (1968) to our
specific experimental configuration cannot be directly inferred from figure 5.22.

Conversely, presenting the current experiments in terms of Repy and Ri as defined in
equation (5.1) in figure 5.23 provides a more accurate representation of the stability
boundaries of the system. However, in this formulation, a direct comparison with the
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stability map of Gage and Reid (1968) is no longer feasible.
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Chapter 6

Conclusions

Experiments rarely reveal only the results one sets out to observe. More often,
they uncover physical phenomena that were overlooked, underestimated, or entirely
unexpected. In the present work, buoyancy effects proved more influential than
initially anticipated. These effects overshadowed other physical mechanisms, and
gave rise to the most insightful findings presented in this dissertation.

What I now know is a drop,
What I do not yet know is an ocean.

Isaac Newton (adapted)
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This final chapter summarizes the key findings of this research and presents the
corresponding conclusions. The conclusions are organized to align with the topics
explored in the main chapters of the thesis. Additionally, this chapter provides
perspectives on potential directions for future research.

6.1 Conclusions

This thesis investigates the influence of buoyancy on the turbulence and stability of
continuous supercritical fluid flow, to elucidate the underlying physics of the highly
non-ideal and configuration-dependent heat transfer observed in supercritical flow
systems, where buoyancy is often identified as a major contributor. The flow of super-
critical pressure CO» is analyzed through concurrent optical analysis (shadowgraphy)
and heat transfer measurements, providing a detailed assessment of buoyancy-driven
effects. Gaining a more comprehensive insight into these effects is crucial for the de-
sign of heat exchangers in novel energy conversion systems operating at supercritical
pressures. These systems have gained significant recent interest for their potential to
sustainably produce power and industrial heat.

6.1.1 Natural circulation

To enable the optical experiments in this thesis, carbon dioxide is circulated by buoy-
ancy within a natural circulation facility, which is described in chapter 2. However,
since both the steady-state flow rate and the stability boundaries of natural circula-
tion at supercritical pressures were previously not well defined — particularly in an
experimental setting — they are investigated in this thesis.

6.1.1.1 Steady state

To describe the steady-state mass flow rate, chapter 3 presents an equation that extends
existing models for subcritical single-phase natural circulation loops to supercritical
conditions. The equation is experimentally validated by independently varying the
system’s filling mass, heating rate, imposed driving height, external pressure drop,
and coolant temperature. Within the explored operational range, the predicted flow
rate closely matches experimental observations. The model successfully captures
several notable characteristics of supercritical pressure natural circulation, including
the higher mass flow rate for liquid-like thermodynamic states, a peak in mass flow
rate just before the pseudo-boiling curve, and a minimum in driving temperature at
constant heating rates near the pseudo-critical curve, where specific heat reaches its
maximum.
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6.1.1.2 Stability

Supercritical pressure natural circulation loops have been predicted to become unsta-
ble under certain conditions, potentially leading to thermal fatigue. To ensure their
viability as passive heat removal systems in nuclear applications and for the current
optical experiments, chapter 4 experimentally investigates the stability boundaries of
these loops and explores possible instability mitigation strategies.

Instabilities are triggered when the rate of thermodynamic change in the heaters
increases, which is achieved by reducing the mass flow rate while maintaining a
constant heat flux. In the current facility, oscillatory instabilities emerge before the
predicted stability boundaries. A static model of the loop’s heat exchangers suggests
that the instability is not of a static nature. Instead, the oscillations originate from heat
transfer deterioration in the NCL heaters, which leads to the formation of traveling
density waves. These waves, in turn, periodically reinforce the deterioration, creating
a self-sustaining cycle of instability. Since the passage of thermal waves is essential
for sustaining these oscillations, mitigating their propagation can stabilize the system.
This can be achieved by increasing the diffusion of the thermal waves by introducing
design modifications such as a control valve or a system bypass. These measures help
disrupt the feedback loop driving the instability, greatly improving the stability of the
NCL.

6.1.2 Flow visualization

In chapter 5, shadowgraphy is used to visualize the side-view, path-integrated flow
field of hydrodynamically developed carbon dioxide flow at supercritical pressures.
When the temperature distribution within the CO; is sufficiently heterogeneous for
the current experimental conditions (p = 88.5 bar and 7" = 32.6°C), distinct thermal
structures appear in the shadowgrams. By correlating their displacements, velocity
fields can be obtained. It is validated that the mean streamwise displacement rates
of these pseudo-tracers correspond to the mean flow velocity, provided the CO; is
sufficiently turbulent and neutrally buoyant. As such, these structures move with the
flow and act as thermal tracers, visualizing flow motion within the test section. How-
ever, the shadow image velocimetry is characterized by relatively large uncertainties,
as the method depends on the local occurrence of density fluctuations (leading to
variations in refractive index) of the flow, and the finite coherence of these structures
in time. Despite these limitations, shadowgraphy effectively distinguishes flow move-
ment patterns that are unique to the two different stratification types examined in this
thesis.
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6.1.3 Thermal stratification & heat transfer

To induce stratification in the optically accessible heat exchanger channel, heating is
applied either to the top or bottom surface in the experiments described in chapter 5.
The CO, starts in a liquid-like state and is heated toward the pseudo-critical curve,
where sharp variations in thermodynamic properties lead to strong stratifications,
even at moderate heating rates. These stratifications modify the initially neutrally
buoyant base flow, either enhancing or suppressing variability in the shadowgrams,
depending on the stratification type. In contrast, achieving a comparable degree
of stratification in subcritical single-phase fluids would require significantly larger
channels and higher heating rates.

When heating is applied from the bottom, strong secondary flow structures emerge.
Light plumes intermittently detach from the heated surface, increasing in both fre-
quency and velocity as heating intensifies. These plumes enhance energy exchange
with the wall, reinforcing heat transfer augmentation by the increased near-wall heat
capacity of the supercritical working fluid. Consequently, the Nusselt number pro-
gressively rises compared to the neutrally buoyant case across all tested Reynolds
numbers.

In contrast, when heating is applied to the top surface, fluctuations in the shadowgrams
diminish, indicating a suppression of vertical motion and mixing. Shadowgraphy
further reveals that heat removal from the heated surface is restricted, counteracting
the heat transfer enhancement by varying specific heat capacity. As a result, at higher
heating rates, heat transfer deteriorates beyond an optimum.

6.2 Future outlook

The current findings indicate that buoyancy strongly influences heat transfer in typ-
ical heat exchangers. Heat transfer measurements show significant deviations from
neutrally buoyant flow behavior. An optical analysis of the flow through shadowgra-
phy and its velocimetry qualitatively supports this observation. To better understand
these flows, the optical diagnostics used in this study should be refined. For ex-
ample, generating in situ thermal tracers could increase the spatial resolution of the
shadow velocimetry and broaden the range of flow rates for which it is applicable.
Furthermore, maintaining a controlled ambient temperature in the test section may
reduce the intermittent blurring of the shadowgrams. This would expand the experi-
mental framework to cover a broader thermodynamic range at supercritical pressures,
including more gas-like initial states.

At the same time, new flow measurement techniques are needed to obtain planar
data for fluids at supercritical pressures. Such advancements would overcome the
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inherent limitations of shadow velocimetry. For instance, shadow velocimetry fails
when the temperature field becomes homogeneous under stable stratification. New
methods would yield planar velocity fields that can directly benchmark turbulence and
viscous loss models in flows with significant thermophysical variations. Addressing
this challenge requires adapting (volume illuminated) particle image velocimetry
techniques (Meinhart et al., 2000; Sinton, 2004; Wereley and Meinhart, 2010), for
which several hurdles remain. One difficulty is ensuring proper density matching
with the property-variant supercritical fluid for larger particles, which tend to settle
in the absence of a mean upward bulk flow (Melling, 1997; Adrian and Westerweel,
2011). Another challenge is resolving compatibility issues when using smaller or
fluorescent particles - both usually comprised of polymers - with supercritical fluids
(Ansaloni et al., 2020; Al-Enezi, 2017). Moreover, as demonstrated in Chapter 5, local
density variations can refract light from the particles. This refraction causes apparent
displacements to differ from actual ones. Although correcting these distortions will
require careful calibration and characterization, it is a necessary step toward achieving
accurate measurements.

At this point, it is evident that optical measurement techniques can be applied to
study flows in fluids with highly variable properties. As such, further research
should explore additional heat transfer configurations where the interplay between
buoyancy and variable properties is less pronounced than in the current horizontal flow
setup. As optical techniques continue to advance, these investigations are expected to
move beyond qualitative descriptions, ultimately paving the way for robust, predictive
models for flows within heat exchangers in energy conversion systems.
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