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Zusammenfassung

Emissionspfade, die, wie im Pariser Klimaabkommen von 2015 international festgelegt, zu
einer globalen Erwidrmung von deutlich unter 2 °C fiihren, sehen neben einer schnellen und
drastischen Reduktion von Treibhausgas-Emissionen auch den Einsatz von aktiven Metho-
den zur Kohlenstoffentnahme aus der Atmosphére vor. Kiinstlicher Auftrieb von néhrstoffrei-
chem Tiefenwasser in den Oberflachenozean wird als Einzelmafnahme oder in Kombination
mit zusétzlichen Mafnahmen wie Makroalgenzucht als eine solche CDR, (Carbon Dioxide
Removal) Methode untersucht. Diese Arbeit zielt darauf ab, durch Beitrége zu einer simu-
lationsbasierten Abschéitzung der techno-6konomischen Machbarkeit und Effektivitiat unter-
schiedlicher technischer Ansétze fiir kiinstlichen Auftrieb eine {ibergeordnete Bewertung im
Kontext der Kohlenstoffentnahme zu unterstiitzen.

Im frithen technischen Entwicklungsstadium, in dem sich kiinstlicher Auftrieb gegen-
wértig befindet, kann zuverlassige, realitdtsgetreue numerische Modellierung einen zeit- und
kosteneffizienten Beitrag zur Technologieentwicklung leisten. Ausgehend von der Notwen-
digkeit einer Erweiterung und Vereinheitlichung des Wissensstandes zu unterschiedlichen
technischen Ansétzen fiir kiinstlichen Auftrieb, wird in dieser Arbeit eine Toolbox fiir nu-
merische Modellierung im Rahmen der techno-6konomischen Machbarkeits- und Effektivi-
tatsabschatzung von kiinstlichem Auftrieb entwickelt. Die numerischen Methoden basieren
auf der quelloffenen OpenFOAM® Umgebung und zielen auf eine generelle Anwendbar-
keit fiir die Modellierung von nicht-hydrostatischer ozeanischer Stromung ab. Die neuen
Methoden erweitern die OpenFOAM® Umgebung um Mdaglichkeiten zur Modellierung der
Reynolds-gemittelten Navier-Stokes-Gleichungen (RANS) fiir ozeanische Stromungen mit
dynamischem Transport von Temperatur, Salinitdt und passiven skalaren Gréfen. Die Tool-
box bietet zudem erweiterte Methoden zur Turbulenzmodellierung in Strémungen mit Auf-
triebseinfluss sowie zur Modellierung der freien Wasseroberfliche und zur adaptiven Netzver-
feinerung. In den Beitréigen zu dieser Thesis werden ausfiihrliche Verifizierungs- und Validie-
rungsstudien zu unterschiedlichen Anwendungen der neuen Methoden durchgefithrt. Inner-
halb dieser Studien wird eine hohe Wiedergabegenauigkeit fiir unterschiedliche Strémungen
mit Auftriebsinfluss festgestellt, und es bestitigt sich, dass der neue Ansatz zur Modellierung
der freien Wasseroberfldche eine genaue und numerisch effiziente Alternative zu verbreiteten
Standardansétzen darstellt.

Nach der Bestétigung ihrer allgemeinen Vorhersagegenauigkeit werden die neuen Metho-
den im Bereich der techno-ckonomischen Machbarkeits- und Effektivitatsabschétzung fiir
kiinstlichen Auftrieb eingesetzt. Es werden drei unterschiedliche technische Konzepte fiir
kiinstlichen Auftrieb untersucht, welche mechanisch, durch Seegang sowie durch Konvektion
angetrieben werden. Fiir mechanisch angetriebenen kiinstlichen Auftrieb werden detaillierte
Untersuchungen zur Dynamik der Tiefenwasserfahne am Oberflichenauslass sowie zu geome-
trischen Varianten durchgefithrt. Die Auswirkungen von Querstromungen und Seegang auf
die Tiefenwasserfahne werden anhand von seegangsgetriebenen Systemen evaluiert. Zudem
werden umfassende Untersuchungen des Potenzials von konvektionsgetriebenen Systemen
fiir kiinstlichen Auftrieb im Kontext der Kohlenstoffentnahme durchgefiihrt. Mithilfe eines
neu entwickelten numerischen Leistungsprognoseverfahrens, sowie des RANS-Losers, wer-
den erstmals zuverlassige Leistungsprognosen erzielt, welche die Grundlage fiir eine globale
Bewertung des Leistungspotenzials dieser Geréte und dessen Variabilitédt sowie fiir Optimie-
rungsstudien bilden. Basierend auf diesen Ergebnissen wird konvektionsgetriebener kiinstli-
cher Auftrieb als eigenstdndige CDR-Mafinahme in einem Erdsystemmodell parameterisiert.
Eine Synthese der Ergebnisse wird zudem im Rahmen einer Fallstudie zu konvektionsgetrie-
benem kiinstlichem Auftrieb in Kombination mit Makroalgenzucht préasentiert.

Die Effizienz grofser mechanisch betriebener Auftriebssysteme wird in den Studien durch
eine ausgepragte Tendenz zum Wiederabsinken des kalten Tiefenwassers in Tiefen auferhalb
der ozeanischen Deckschicht reduziert. Die Studien zu seegangsgetriebenen Systemen zeigen
hingegen, dass Querstromung und Wellen einen erheblichen Beitrag zur Durchmischung
des geforderten Tiefenwassers in der ozeanischen Deckschicht leisten kénnen. Da sich das
Tiefenwasser bei konvektionsgetriebenen Systemen wihrend des Auftriebsprozesses erwéarmt,
kann hier ein Absinken nach dem Verlassen des Geréts vermieden werden. Durch diesen
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Effekt hat konvektionsgetriebener kiinstlicher Auftrieb ein spezifisches Portfolio kumulativer
Umweltauswirkungen, welche teilweise im Widerspruch zu bisherigen allgemeinen Annahmen
fiir kiinstlichen Auftrieb stehen.

Die Ergebnisse dieser Arbeit zeigen, dass Entwicklung auf der technischen Ebene erheb-
liche Auswirkungen auf die Umweltauswirkungen sowie auf die {ibergeordnete Bewertung
von Kohlenstoffentnahmeverfahren haben kann. Der Wert numerischer Modellierung solcher
Effekte wird dadurch bestétigt.



Summary

Pathways towards limiting global warming to well below 2 °C, as internationally determined
in the 2015 Paris Agreement, typically include active Carbon Dioxide Removal (CDR) from
the atmosphere in addition to fast and drastic reduction of greenhouse gas emissions. Ar-
tificial upwelling of nutrient-rich deep ocean water to the surface ocean is studied as a
standalone marine CDR option or in combination with other measures, such as macroalgae
farming. This thesis aims to inform the overarching assessment of artificial upwelling in the
context of CDR by contributing to a simulation-based evaluation of the techno-economic
feasibility and effectiveness of different technical approaches.

In the present early technical development stage of artificial upwelling, high-fidelity nu-
merical modeling provides a valuable tool for a time- and cost-efficient advancement of this
new technology. Motivated by the need to extend and unify the knowledge about different
technical options for artificial upwelling, a numerical modeling toolbox for studies on the
techno-economic feasibility and effectiveness of artificial upwelling is developed in this the-
sis. The numerical methods are based on the open-source framework OpenFOAM® and
aim to be generally applicable to studies of buoyant oceanic flow. The new methods extend
the OpenFOAM® framework with capabilities for modeling the Reynolds-averaged Navier-
Stokes equations for buoyant oceanic flow with dynamic temperature, salinity, and passive
scalar transport. Advanced methods are implemented for turbulence modeling in buoyant
and stratified flows, as well as for free-surface and wave modeling, and adaptive mesh refine-
ment. Throughout the thesis work, the new methods are rigorously verified and validated for
numerous applications. They are found to predict different types of buoyancy-affected flows
with high accuracy. The new mixed Lagrangian-Eulerian free-surface modeling approach
is found to provide an accurate and efficient alternative to standard free-surface modeling
approaches.

Having evaluated their predictive capabilities, the new methods are applied in the realm
of techno-economic feasibility and effectiveness assessment for artificial upwelling. Three pro-
posed artificial upwelling concepts are studied: propeller-driven, wave-driven, and buoyancy-
driven upwelling. Detailed studies on the plume dynamics are performed for propeller-driven
upwelling, along with geometric variant studies. The effects of cross-flow and free-surface
waves on the plumes of wave-driven devices are assessed. Comprehensive assessments of the
potential of buoyancy-based devices for artificial upwelling-based CDR measures are car-
ried out. Using a newly developed reduced-order performance prediction method and the
Reynolds-averaged Navier-Stokes solver, reliable performance predictions for these devices
are obtained, based on which a global assessment of their potential and its variability is
performed, along with optimization studies. Based on these results, buoyancy-based artifi-
cial upwelling is parameterized as a standalone CDR measure in an Earth system model to
study its climate effects. The results are also synthesized into a case study for a combined
application of buoyancy-based artificial upwelling and macroalgae farming.

While large propeller-driven upwelling devices are found to suffer from the tendency of
the cold upwelled water to sink back out of the surface region, the results obtained for wave-
driven devices indicate that waves and cross-flow effects can help in keeping the upwelled
water suspended. Buoyancy-driven upwelling devices heat the deep ocean water during the
upwelling process, thereby avoiding the sinking of the plume at the outlet. As a consequence,
buoyancy-driven upwelling has a different cumulative environmental impact profile, which
partly contradicts previous assessments of artificial upwelling as a marine CDR measure.

The results of this thesis demonstrate how research and development on the technical
level affects the environmental impact and overarching assessment of CDR, measures. The
value of numerical modeling of these effects is thus confirmed.

VI
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Chapter 1

Introduction

Burning of fossil fuels, large-scale land use, and land use change, as well as other unsustain-
able human activities, have contributed to a substantial increase in greenhouse gas emissions
into Earth’s atmosphere since the 19" century (IPCC, 2023). With unequal regional and
individual contributions, humankind has thereby caused a mean increase in Earth’s sur-
face temperatures, presently estimated to about 1.5°C (Forster et al., 2025). Although
anthropogenic greenhouse gas emissions are presently ongoing and intensifying, in the 2015
Paris Agreement, global leaders have committed to limiting the temperature increase to well
below 2 °C in an effort to avoid severe adverse effects. It is well understood that a stabiliza-
tion of global temperatures via the greenhouse effect can only be reached if anthropogenic
greenhouse gas emissions are either ceased entirely or remaining emissions are balanced with
so-called negative emissions (IPCC, 2018). Projected pathways to achieving a stable global
surface temperature level include such negative emissions in the form of Carbon Dioxide
Removal (CDR) to offset residual or hard-to-abate anthropogenic greenhouse gas emissions
(IPCC, 2018).

1.1 Carbon Dioxide Removal

The term CDR refers to deliberate actions that extract the greenhouse gas COsy from the
atmosphere and permanently store it (especially the carbon) in some form. A wide variety
of CDR measures have been proposed and are currently subject to active research and
development (Babiker et al., 2022). While there is currently no evidence to suggest that
a replacement of consequent avoidance and reduction of emissions with CDR would be
feasible or desirable, current predictions indicate that large-scale CDR will still be required
in the near term to complement other mitigation efforts (IPCC, 2021). On a systematic
level, CDR approaches must introduce transfer of carbon from Earth’s atmospheric reservoir
to its terrestrial or oceanic reservoirs or into the technosphere (durable products). The
marine reservoir is by far the largest carbon reservoir on Earth (Oschlies et al., 2025), such
that a transfer of all anthropogenic atmospheric CO5 into the ocean would only lead to
a small increase in its relative concentration. However, while the relative reservoir size
serves to illustrate the potential of marine CDR, it does not represent a justification of
such interventions, as a simple relocation of the anthropogenic COs pollution from the
atmosphere to the ocean would likely be considered unlawful dumping under the law of the
sea (International Tribunal for the Law of the Sea, 2024). Yet, if negative consequences for
the ocean can be avoided, its size and limited occupation by other human uses constitute a
substantial and realistic potential for large-scale CDR, applications.

Marine CDR approaches can be subdivided into two categories: Geochemical approaches,
which alter the ocean’s chemical properties, and biotic approaches, which target ocean or
coastal biology to enhance carbon uptake from the atmosphere. Some geochemical marine
CDR approaches mimic or enhance naturally occurring processes that lead to ocean carbon
uptake. Ocean Alkalinity Enhancement (OAE) mimics the process of natural rock weather-
ing in enhancing the ocean’s chemical capacity to take up COq through increased alkalinity.



Such alkalinity changes can be achieved by deposition or dissolution of alkaline material (e. g.,
as ground rock powder) or by electrochemical methods. As another geochemical approach,
direct ocean capture aims to alter merely the inorganic carbon concentration of ocean wa-
ter, thus ideally avoiding interference with natural cycles. Biotic marine CDR approaches
typically aim to increase the uptake of COg through photosynthesis, in combination with
preventing the return flux to the atmosphere after degradation of the carbon-containing
biomass. A natural analog for such a process in the open ocean is known as the biological
carbon pump. Biological primary production in the surface ocean reduces the inorganic
carbon content in the surface waters, thus invoking an uptake of atmospheric COs through
equilibration across the ocean surface. Although most of the organic carbon is recycled in
the upper ocean, a portion is exported into the deep ocean through sinking particles and
other transport mechanisms. Even when remineralized, this exported carbon remains out of
contact with the atmosphere for decades to centuries (DeVries et al., 2012). An augmenta-
tion of this natural carbon transport pathway has been encompassed as a basis for multiple
biotic marine CDR options, such as iron fertilization and Artificial Upwelling (AU).

1.2 Artificial Upwelling

For the remainder of this work, we will concentrate on AU of nutrient-rich deep ocean water
to the surface ocean. This process has been proposed as a standalone biotic CDR measure
(Lovelock and Rapley, 2007; Oschlies et al., 2010) or in combination with other marine
CDR measures such as macrolgae farming and sinking (Wu et al., 2023; Koweek, 2022). AU
approaches generally aim to emulate natural ocean upwelling, a feature of ocean circulation
that naturally leads to transport of deep ocean water to the surface, along continental
coasts. In large parts of the global oceans, especially in open ocean regions, the surface
waters, where light for photosynthesis is available, are oligotrophic, i. e., primary production
is limited due to the scarcity of nutrients in these regions. In turn, deep ocean water (below
a depth of about 200m) is typically rich in inorganic nutrients that are prevented from
entering the surface waters by the stable density stratification, which limits vertical mixing.
Natural upwelling regions, where the nutrients from the deep water enter the surface ocean,
are thus associated with very productive ecosystems (Chavez and Messié, 2009). The high
productivity, however, does not generally render these regions sinks for atmospheric COq
(Chavez and Messié, 2009). When AU is considered as a standalone CDR approach, suitable
deployment locations and deep ocean water source depths must thus be chosen to selectively
enhance CO5 sequestration via the ocean’s biological carbon pump.

As a CDR method, AU was first proposed by Lovelock and Rapley (2007). Several au-
thors have parameterized the method in Earth system models to study its climate effects.
While the studies of Dutreuil et al. (2009) and Yool et al. (2009) find limited or no effec-
tiveness of the approach as a CDR measure, Oschlies et al. (2010) and Keller et al. (2014)
find significant atmospheric COs reduction but report undesirable side effects. Also, simpler
models give a limited overall effectiveness (Koweek, 2022), even when AU is combined with
macroalgae farming. Other studies find significant CDR potential for the combination of
AU with macroalgae cultivation and subsequent active sinking of the produced biomass (Wu
et al., 2023). A recent body of work has concentrated on the separation of the underlying
processes and their individual contributions to the CDR potential of AU (Jirchott et al.,
2023, 2024). Jiirchott et al. (2023) find that both biological and solubility effects influence
the CDR potential of AU, with the cumulative effect being strongly dependent on the mod-
eled COy emission scenario. A later extension of their work, with respect to the modeled
iron cycle, shows that AU would likely have to be combined with ocean iron fertilization to
be effective as a CDR method (Jiirchott et al., 2024). So far, AU modeling results do not
capture the effects of variable nutrient stoichiometry and variable sinking behavior of or-
ganic matter. Such effects might significantly influence the CDR potential of AU, as shown
in physical mesocosm experiments (Goldenberg et al., 2022; Baumann et al., 2023; Ortiz
et al., 2024).

A number of potential limitations and side effects of AU have been reported in the lit-



erature. While deep ocean water typically has higher concentrations of inorganic nutrients
compared to the surface water, its concentration of dissolved inorganic carbon is also typi-
cally elevated. In the absence of biological responses, AU would thus lead to elevated carbon
concentrations in the surface ocean and thus to outgassing of CO4 under present atmospheric
COg4 concentrations (Dutreuil et al., 2009). However, under high future emission scenarios,
this direct solubility effect may be reversed (Jirchott et al., 2023). Another reported abi-
otic side effect of AU is its direct impact on ocean physics. If cold water from the interior
ocean is mechanically upwelled to the surface on a large scale, this leads to a reduction
in stratification stability and increased upper ocean mixing (Dutreuil et al., 2009). While
this could momentarily increase oceanic heat uptake (Jiirchott et al., 2025), the absorbed
heat would be released again after termination of the AU operation, causing rapid global
warming (Oschlies et al., 2010). This ocean physics response to AU could additionally have
consequences for atmospheric evaporation and precipitation patterns, as well as the global
radiative budget (Kwiatkowski et al., 2015). The biotic CDR effect of AU via the biological
carbon pump is generally the intended main effect of the intervention. Even though the
resulting climate effect is not generally larger than the previously reported side effects (Jiir-
chott et al., 2025), its individual contribution is generally positive (Jiirchott et al., 2023).
The CDR effect is limited, however, due to a large fraction of the biomass being remineral-
ized in relatively shallow depth, such that the contained carbon is not permanently stored
in the ocean (Yool et al., 2009). As oxygen is required in the remineralization of the addi-
tional biomass, deoxygenation at depth can occur as a subsequent side effect of AU (Keller
et al., 2014). Availability of iron for primary production in the surface ocean poses an ad-
ditional limitation to the effectiveness of AU, as sufficient amounts to support the intended
biological response are not generally supplied with the upwelled deep ocean water (Jiirchott
et al., 2024). While, in sum, the reported side effects and limitations may render the overall
impact of large-scale AU deployments undesirable in numerous studies, it is worth noting
that not all AU-based marine CDR measures are subject to all of the reported side effects
to the same extent. It will be shown throughout this thesis that some of the reported side
effects are, in fact, not inherently linked to AU and can be avoided.

The motivation of the present thesis is based on the need to assess AU as a marine
CDR measure. Several other potential uses of AU outside of the CDR context have been
proposed in the literature. Due to its high nutrient concentrations, upwelled deep ocean
water can be used to locally enhance fish production (Kirke, 2003) and mariculture yields
(Roels et al., 1977). An abundance of work on AU has been carried out in this context. The
surface ocean cooling effect of mechanically forced AU has been proposed as a means for
active meteorological interventions, such as hurricane prevention (Kithil, 2006) and drought
reversal (Ricke et al., 2021). Finally, upwelling of deep ocean water for ocean thermal energy
conversion has been proposed as a renewable energy harvesting method (Takahashi, 2000).

An integrated assessment of AU-based marine CDR measures can be made along dimen-
sions of feasibility and desirability of the proposal (Baatz et al., 2025). While the literature
cited above largely assesses the desirability and effectiveness of AU-based marine CDR, few
works have considered aspects of techno-economic feasibility. Most technical studies on AU
have been initially performed for applications other than CDR.

Proposed technical options for AU can be grouped into four main categories, based on
the process driving the upwelling flow:

e Wave-driven upwelling devices use the energy of ocean surface waves to drive the
upwelling process.

e Propeller-driven upwelling devices employ mechanical pumping using transformed en-
ergy to drive the flow. This is typically proposed in combination with renewable wind
power as an energy source (Viadez et al., 2016).

e Buoyancy-driven upwelling devices, or Stommel Upwelling Pipes (SUP), establish a
self-sustaining buoyant flow inside an upwelling pipe, based on a principle proposed
by Stommel et al. (1956).

e Air-lift devices invoke an upward flow through rising bubbles by injecting air.



A schematic of the proposed technical options is shown in Figure 1.1. In the CDR context,
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Figure 1.1: Basic technical concepts for AU systems.

AU applications on very large scales are generally considered. As a technologically simple
option with no need for external energy supply or energy conversion, wave-driven upwelling is
the most widely proposed technical option in the CDR context (Lovelock and Rapley, 2007).
Its key drawback is that the upwelled deep ocean water retains its low source temperature
throughout the upwelling process and thus tends to sink back out of the surface region after
release from the system (Kirke, 2003). Throughout this thesis, this will be referred to as the
re-sinking problem. Scaled experiments (Fan et al., 2016; Zhou et al., 2019) and prototype
tests of wave-driven upwelling devices have been reported (Liu, 1999; White et al., 2010;
GEOMAR, 2022; Kimball et al., 2025). The full-scale test reported by White et al. (2010) led
to a structural failure of the upwelling device after a few hours in the marine environment.
A similar result was obtained in a prototype test conducted in connection with this thesis
(GEOMAR, 2022). The structural design of such systems thus seems to be a challenge, at
present.

A full-sized prototype of a propeller-driven upwelling device has been operated in Sagami
Bay, Japan, for over five years (Ouchi, 2009). Like wave-driven AU devices, propeller-driven
systems also suffer from re-sinking of the cold upwelled water. For large-scale applications
in the context of CDR, propeller-driven applications are not typically considered, likely
due to the added complexity of a low-carbon energy supply. The same analysis applies to
air-lift upwelling devices. While a number of successful applications have been previously
reported (Lin et al., 2019; Pan et al., 2019; McClimans et al., 2010), a large-scale open ocean
application in the context of CDR is deemed unlikely at present due to the energy and main-
tenance requirements of such an installation. Buoyancy-driven upwelling through Stommel
Upwelling Pipes (SUP) does not require an external energy supply, generally rendering it a
suitable option for large-scale AU applications in the context of CDR. This concept has been
studied through model calculations (Groves, 1958; Johnson and Decicco, 1983) and experi-
ments (Maruyama et al., 2004), which yielded small upwelling rates. Due to the high level of
uncertainty associated with the potential and implications of this concept, buoyancy-driven
upwelling has not previously been assessed in the context of CDR.

As can be seen from this overview of technical options for AU, all options are presently at
a prototype stage, with varying levels of sophistication and proof of concept. For applications
in the context of CDR, a low technology readiness level must presently be assigned for AU
technology (Yao et al., 2025). To be able to assess the techno-economic feasibility of AU as
a CDR measure, more information is required across all technical options.

1.3 Flow modeling in the context of AU

Numerical modeling enables fast and detailed analyses of technical systems at an early
stage of development. While ultimately only field tests can deliver a proof of concept for
AU technologies, at the present early development stage, it can be expected that significant
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knowledge gains can be achieved through numerical modeling of flow dynamics in and around
AU systems. In the CDR context, modeling efforts have so far been limited to climate
effects on the global scale. However, in other contexts, such as AU-enhanced mariculture,
a wide range of technical modeling efforts has been reported across all technical options.
A number of simple analytical and numerical methods have been developed to predict the
performance of wave-driven upwelling devices (Isaacs et al., 1976; Liu and Jin, 1995; Kirke,
2003; Kithil, 2006; Fan et al., 2016). Liang and Peng (2005) propose a method to calculate
upwelling flow rates from Air-lift upwelling. Similar calculations are performed by Meng
et al. (2013) using a Computational Fluid Dynamics (CFD) model. Simple analytical and
numerical performance prediction methods have also been presented for buoyancy-driven
AU using SUP devices (Groves, 1958; Hinman, 1966; Johnson and Decicco, 1983). Beyond
mere performance prediction, numerical flow modeling can provide valuable insights into the
local flow dynamics around AU systems, thus enabling the assessment of local environmental
impacts, nutrient concentrations, and efficiency aspects, such as the re-sinking behavior of
the upwelled deep ocean water. Simple numerical models for plume dynamics and mixing
of upwelled deep ocean water have been proposed by several authors (Liu et al., 2003; Fan
et al., 2015). These calculations are similar to those carried out for buoyant jets and plumes
in other contexts (Jirka, 2004). CFD models have also been applied for plume dynamics
and mixing of upwelled deep ocean water (Williamson et al., 2009; Kogawa et al., 2013; Fan
et al., 2015). Williamson et al. (2009) and Kogawa et al. (2013) study weakly buoyant plumes
from a buoyancy-driven upwelling device in cross-flow, using commercial CFD methods. Fan
et al. (2015) use a CFD method to validate a simpler model for predicting buoyant plumes
in a cross-flow. These studies will be discussed in more detail in later sections of this thesis.

While this review of previous modeling efforts shows that specific questions have been
addressed by partly very sophisticated modeling approaches, partly allowing for some de-
gree of generalization in the context of techno-economic feasibility assessment, it has to
be concluded that, like the technological development, also the level to which numerical
flow modeling has been applied is very heterogeneous across the different technical AU ap-
proaches. While CFD methods have been applied for modeling plume dynamics in some
cases, the performance assessment of AU technologies still widely relies on simple analytical
or numerical models with varying degrees of complexity, assumption, and generality. Only
few works contain model validation or uncertainty quantification efforts (Zhang et al., 2004;
Meng et al., 2013; Fan et al., 2015, 2016; Zhou et al., 2019). As none of the previously men-
tioned studies have been carried out in the context of large-scale AU-based CDR measures,
implications of local-scale performance for large-scale deployments and vice versa remain
largely unstudied to date.

1.4 Thesis motivation

To provide the information needed to assess the techno-economic feasibility and effectiveness
of AU-based CDR measures, the degree to which the different technical options for AU are
studied must be unified to an extent that allows for intercomparison. Assessments of the
different options must provide reliable and comparable information that includes aspects of
suitability for large-scale applications and thus informs assessments of climate impacts on
the relevant scales.

The present thesis is motivated by the need to unify and extend the level of knowledge
about different technical options for AU and their local effects by numerical flow modeling
with the aim of supporting assessments of the techno-economic feasibility and effectiveness
of AU-based marine CDR measures.

1.5 Thesis objectives and contributions
In the following, the formal objectives of this thesis are defined, and the contributions made

by this thesis are listed before providing an overview of publications containing the original
work and contributions.



1.5.1 Objectives

This thesis has been carried out under two main objectives. In line with the motivation to
unify the level of knowledge about different technical options for AU, the first aim of this
thesis is to provide new and adapted numerical methods for studies of flow problems in the
context of AU. To allow for a unification in the assessment of different AU technologies, the
developed methods must fulfill the following requirements:

e Methods must be applicable to a wide range of AU technologies.
e Methods must be modular, expandable, and customizable.
e Methods must be openly available as free software.

In line with the motivation to extend the present knowledge about AU technologies, the
second aim of this thesis is to apply the developed numerical methods to studies of the
techno-economic feasibility of different types of AU devices. To mark an extension of the
current level of knowledge, the applications are carried out using high-fidelity CFD methods
and accompanied by rigorous verification and validation efforts. It is further attempted to
provide useful results for assessing the effectiveness of AU-based CDR measures, in terms of
their cumulative climate impact, and to incorporate learnings from such assessments where
possible.

From these objectives, a dual focus on model development and application in the context
of AU arises. The model developments made throughout the course of this thesis aim to
make novel and significant contributions to the field of engineering-scale numerical modeling
of oceanic flows in general, and are partly introduced as such in the respective publications.
In this thesis, the motivation and value of these developments in the context of AU are
highlighted to make the contributions along both thematic lines appreciable as an integral
effort to advance the understanding of AU-based marine CDR measures.

A limitation to these objectives adopted throughout this thesis is that no studies of air-
lift upwelling are performed, and the developed methods are not presently applicable to the
dispersed bubbly flows encountered in such studies. A CFD method for air-lift AU has been
previously presented by Meng et al. (2013).

1.5.2 Contributions

In summary, the three main contributions, reflecting Chapters 3 through 5 of this thesis,
are:

1. Modeling buoyant oceanic flow in the context of AU: This thesis presents
advances in Reynolds-Averaged Navier-Stokes (RANS) modeling of buoyant oceanic
flow. A new RANS solver is described along with advanced turbulence modeling
approaches. The method is applied to studies of several technical questions regarding
the implementation of AU devices. Additionally, the accuracy of the new method in
modeling buoyant plumes in a stratified ambient is demonstrated through validation
against experimental data.

2. Modeling of free-surface and cross-flow effects: This thesis presents advances in
modeling AU devices in a realistic ocean environment, including cross-flow and wave
action. A modified, mixed Lagrangian-Eulerian interface tracking model for free sur-
face waves with simultaneous adaptive mesh refinement is described and implemented.
The new approach is rigorously verified and validated, and its numerical efficiency is
compared to a standard free surface modeling approach.

3. Techno-economic feasibility and effectiveness studies for AU: This thesis
presents advances in assessing the techno-economic feasibility and effectiveness of
propeller-driven, wave-driven, and buoyancy-driven artificial upwelling approaches.
Special emphasis is placed on the buoyancy-driven Stommel-pipe concept, where con-
siderable advances in process understanding, performance prediction accuracy, and
assessment of the potential of the approach in the context of marine CDR are made.



Mirroring the dual objective of this thesis, contributions are made to two fields in particular:
the development and evaluation of numerical methods for modeling buoyant oceanic flow,
and the techno-economic feasibility and effectiveness assessment of AU-based CDR options.
In the following, key individual contributions to these two fields are listed.

Development and evaluation of numerical methods for modeling buoyant oceanic
flow:

e Development

— Implementation of a new solver for buoyant oceanic flow in OpenFOAM®

— Implementation and evaluation of multiple buoyancy source terms for eddy vis-
cosity turbulence models

— Implementation and evaluation of multiple modeling approaches for turbulent
scalar fluxes in RANS models

— Modification and advancement of a mixed Lagrangian-Eulerian interface tracking
method for OpenFOAM® and adaptation to free surface wave modeling

— Modification and advancement of a load-balanced adaptive mesh refinement method
for OpenFOAM® and adaptation to simultaneous mesh motion

— Adaptation of the wave generation and absorption toolbox waves2foam (Jacobsen
et al., 2011) to the mixed Lagrangian-Eulerian interface tracking method

— Development of a reduced-order model for performance prediction for Stommel-
pipe AU devices

— Open-source publication of all developments
e Verification and validation
— Validation of the new solver against experiments for buoyant plumes in a stratified
ambient

— Validation against experiments for mixed convection in vertical cylindrical and
annular pipes

— Evaluation of buoyancy source terms and advanced scalar flux modeling ap-
proaches for RANS models

— Verification and validation of the mixed Lagrangian-Eulerian interface tracking
method for free surface waves against theory and experiments, as well as inter-
comparison with standard approaches

— Model intercomparison between the new RANS solver and the reduced-order
model for Stommel-pipe AU devices

Techno-economic feasibility assessment for AU:
e Description of plume dynamics and mixing near a propeller-driven upwelling device
e Shape optimization for a propeller-driven upwelling device

e Description of the effects of waves and currents on upwelling plume dynamics for a
wave-driven upwelling device

e Description of fundamental mechanisms responsible for the performance of Stommel-
pipe AU devices and their scaling laws

e Assessment of the potential of Stommel-pipe devices to drive large-scale AU in the
context of marine CDR, as well as its spatial and temporal variability

e Contribution to the assessment of the cumulative climate impact of buoyancy-driven
upwelling by Stommel-pipe devices in an Earth system model

e Contribution to a case study on buoyancy-driven upwelling in combination with macroal-
gae farming



1.5.3 List of publications

Throughout the thesis work, the following works have been published or contributed to:

Journal publications

[JPA] Kemper, J., Riebesell, U., Graf, K., 2022. Numerical flow modeling of artificial
ocean upwelling. Frontiers in Marine Science 8. doi:10.3389/fmars.2021.804875.

[JPB] Kemper, J., Mense, J., Kroger, J., Slawig, T., Graf, K., Riebesell, U., 2025¢c. Perfor-
mance prediction for Stommel’s perpetual salt fountain in the context of artificial ocean
upwelling. Applied Ocean Research 160, 104624. do0i:10.1016/j.apor.2025.104624.

[JPC|] Kemper, J., Mense, J., Kroger, J., Slawig, T., Graf, K., Riebesell, U., 2025b. On the
potential of Stommel’s perpetual salt fountain for artificial upwelling. Environmental
Research Letters 20, 074047. doi:10.1088/1748-9326/ade0d3.

[JPD] Yao, W., Morganti, T.M., Wu, J., Borchers, M., Anschiitz, A., Bednarz, L., Bhau-
mik, A., Bottcher, M., Burkhard, K., Cabus, T., Chua, A.S., Diercks, 1., Esposito,
M., Fink, M., Fouqueray, M., Gasanzade, F., Geilert, S., Hauck, J., Havermann, F.,
Hellige, 1., Hoog, S., Jiirchott, M., Kalapurakkal, H.T., Kemper, J., Kremin, I.,
Lange, 1., Lencina-Avila, J.M., Liadova, M., Liu, F., Mathesius, S., Mehendale, N.,
Nagwekar, T., Philippi, M., Luz, G.L.N., Ramasamy, M., Stahl, F., Tank, L., Vorrath,
M., Westmark, L., Wey, H., Wollnik, R., Wélfelschneider, M., Bach, W., Bischof, K.,
Boersma, M., Daewel, U., Fernandez-Méndez, M., Geuer, J.K., Keller, D.P., Kopf, A.,
Merk, C., Moosdorf, N., Oppelt, N., Oschlies, A., Pongratz, J., Proelss, A., Rehder,
G.J., Riipke, L., Szarka, N., Thraen, D., Wallmann, K., Mengis, N., 2025. Exploring
site-specific carbon dioxide removal options with storage or sequestration in the marine
environment — the 10 Mt CO, yr'! removal challenge for Germany. Earth’s Future 13.
doi:10.1029/2024ef004902.

Conference publications

[CPA| Kemper, J., Mense, J., Graf, K., Riebesell, U., Kroger, J., 2023. Towards reliable
performance predictions for Stommel’s perpetual salt fountain, in: Proceedings of the
10th Conference on Computational Methods in Marine Engineering, Madrid, Spain.
d0i:10.23967/marine.2023.018.

Preprints

[PPA] Kemper, J., Slawig, T., 2025a. ALE interface tracking for wave propagation and
effects on submerged buoyant plumes: A modified OpenFOAM® approach including
adaptive mesh refinement. [Preprint] Manuscript in preparation.

[PPB] Jiirchott, M., Kemper, J., 2025. Artificial upwelling via Stommel-pipe as a marine
CDR option? A present to future performance assessment in an Earth system model.
[Preprint] Manuscript in preparation.

Software publications

[SPA] Kemper, J., 2024. oceandFoam [computer software|. doi:10.3289/sw_9_2024.
[SPB| Kemper, J., Mense, J., 2024. SP1D [computer software]. doi:10.3289/sw_8_2024.

The above print publications are included in the appendix of this thesis. Throughout this
thesis, the publications will be referenced using the labels introduced above (i.e., [JPA],
[JPBJ...).
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1.6 Thesis Structure

The remainder of this thesis is structured as follows: First, in Chapter 2, an introduction
to the numerical modeling methodology developed throughout this thesis is given, starting
from the fundamental equations and including their simplification, turbulence closure, and
discretization, before finishing with the implementation in the OpenFOAM® environment.
In Chapters 3 through 5, the individual contributions of this thesis are discussed and partly
extended. These chapters are structured along the three main contributions of this thesis
(see Section 1.5.2). In each chapter, a brief overview of previous work in the field is given
before discussing the advances throughout the original work of this thesis, presenting addi-
tional results where available, and outlining the motivation and value of the contributions
in the context of AU-based CDR. Conclusions and an outlook are provided in Chapter 6.
The individual print publications are included in the appendix in the order shown in Sec-
tion 1.5.3.
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Chapter 2

Derivation of the numerical
methodology

In this chapter, key elements of the methodology for the numerical flow modeling throughout
this thesis are derived, and an introduction to finite volume modeling of buoyant oceanic
flow is given. The aim of this chapter is to introduce the relevant fundamental equations
along with approximations and closure models applied throughout this thesis, as well as
the discretization and solution of the equations. As the scope of this chapter ranges from
aspects of ocean modeling and fluid dynamics to computer science, the descriptions of the
individual topics are by no means exhaustive and aim to provide an overview of the complete
methodology rather than a full treatise of its theoretical foundation.

2.1 Fundamental equations

In the following, the fundamental equations for fluid flow are introduced in a general form,
before discussing their formulation and approximation in the context of buoyant oceanic
flow. To maintain generality, the equations are presented without the boundary conditions
necessary for their solution. The boundary conditions vary based on the problem the model
is applied to and are thus generally discussed with the specific applications.

2.1.1 Conservation of mass and momentum

Viscous fluid flow can be modeled using the Navier-Stokes equations, which govern the
conservation of momentum. A general tensor representation of the Navier-Stokes equations
for a Newtonian fluid in an Eulerian frame of reference reads

9 (pu)
ot

+V-(puu) =V -7 —-—VP+pf,, (2.1)

where p is the fluid density, w is the velocity vector, t is time, and P is pressure. In a
Cartesian three-dimensional coordinate system, the differential operator V is defined as

0 o0 0
V=, = 2. 2.2
<8x oy 8z> (22)
Further, in Equation (2.1), 7 is the viscous stress tensor
2
T:2uS—§u(V-u)I, (2.3)
where p is the dynamic viscosity, I is the identity matrix, and S is the strain rate tensor

S = % (Vu+ (Vu)') . (2.4)
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The final term in Equation (2.1) combines all body forces acting on the fluid. In the present
work, especially the buoyancy force pg is of interest. Also, momentum sources or the Coriolis
force can be represented by pf.,.

The mass conservation equation for a general fluid reads

dp B
o TV (pu)=0. (2:5)

2.1.2 Scalar transport

For many flow problems, the transport of scalar quantities in the flow is of interest. These
can be passive quantities, whose transport has no effect on the dynamics of the flow, or active
quantities that affect the flow by modifying the fluid’s density or other physical properties.
The transport of a general scalar quantity ¢ in the flow can be described by the equation

0
8%‘1’ + V- (pgu) = V- (IV9) + 55, (2.6)
where I' is the quantity’s molecular diffusivity, and S, describes any additional transport
mechanism as well as source and sink terms.

2.1.3 Conservation of energy

Considering only thermal and mechanical energy, the first law of thermodynamics can be
expressed by the equation

%(pe—i—pK)—kV-(pu(e—kK)) =—V.-q+pSe+V-(r-u)—V-(Pu)+pg-u. (2.7)
Here, e is specific internal energy, K = 1/2|u|? is specific kinetic energy, q is the heat flux
vector, and S, is the specific heat source term. Often, not all forms of energy are equally
relevant to a flow problem, such that some terms of Equation (2.7) can be neglected. In
both geophysical and technical fluid dynamics, energy conservation is often represented by
a simple transport equation for heat, which takes the form of Equation (2.6). Throughout
this thesis, the conservative temperature, denoted O, is used as a temperature variable. As
described by McDougall (2003), a simple transport equation for © (See section 2.1.4) models
the first law of thermodynamics in oceanic flows to a high degree of accuracy.

2.1.4 The Boussinesq assumption

So far, the fundamental equations have been introduced in their general form. Under certain
conditions, simplifications to the equations can be made. If the density p is considered con-
stant, it can be removed from the equations completely, in which case the continuity equation
(Equation (2.5)) reduces to a zero-divergence condition for the velocity field. The resulting
equations are known as the incompressible (or hydrostatic) Navier-Stokes equations. For
buoyant flows with small density variations, a similar assumption, known as the Boussinesq
(or Oberbeck-Boussinesq) assumption, can be made. Thereby, density is assumed constant
throughout the fundamental equations except for the buoyancy term in the momentum equa-
tion. The equations thus take their incompressible form, which is significantly easier to solve
numerically. In technical fluid dynamics, the Boussinesq assumption is typically combined
with the assumption of a linear equation of state of the form r/p, = 1 — (T — 1), where
po is a constant reference density, 5 is the thermal expansion coefficient, and T and T} are
temperature and reference temperature, respectively. Other fluid properties, like viscosity,
are considered constant. For oceanic flow, generalized forms of the Boussinesq assumption
are used. Here, an important goal is to filter out acoustic modes from the system, which
can occur in the full compressible equations and destabilize the solution process.

In technical fluid mechanics, the use of the Boussinesq approximation is usually not rec-
ommended for water when temperature differences above 2 °C occur across the fluid domain
(Ferziger et al., 2020). A rigorous analysis presented by Gray and Giorgini (1976) supports
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this general range of applicability. The temperature differences typically encountered in
oceanic flow significantly exceed this limit. This extended range of application can be justi-
fied under the assumption of low Mach number flow. Also, unlike technical models, oceanic
Boussinesq models typically use a non-linear equation of state, which further extends the
range of applicability. A theoretical foundation for an energy-conserving Boussinesq set in
the oceanic context was provided by Young (2010). A thorough discussion of the conse-
quences of the Boussinesq assumption in an oceanic-flow context is given in Auclair et al.
(2018). In this context, the main condition for the applicability of the Boussinesq assump-
tion is that density differences are small compared to a reference density (Ar/p, << 1). In
the applications studied in this thesis, density differences are typically below 0.3 %, which
justifies the use of the Boussinesq assumption. Note that this range of applicability can
also be justified based on the work of Gray and Giorgini (1976) if it is assumed that the
pressure work term in the energy equation (i.e., the fourth term on the right-hand side of
Equation (2.7)) is negligible, which is generally the case in the low Mach number flows stud-
ied here. The method developed throughout this thesis is thus based on a Boussinesq-type
set of fundamental equations which closely resembles the oceanic Boussinesq set of Young
(2010). It reads

0 1
l+v-(uu):—(V-T—VP+pg)+fu (2.8a)

ot Po
Vou=0 (2.8b)

00

T V- (u®)=V-(AVO)+ Se (2.8¢)
aai: + V- (uSy) =V -(DVS4)+ Ss, (2.8d)
p=1f(%,0,Ph+pg-r), (2.8e)

where S4 is absolute salinity and A and D are the molecular diffusivities of temperature and
salinity, respectively. Note that, as suggested by Young (2010), the density is calculated
from Py + pog - r as an approximated pressure. Here, Py is the pressure at the sea surface,
po is a constant reference density, and r is the position vector with respect to a reference
position at the free-surface level.

2.2 Pressure decomposition

One of the aims of the developments in this work is the study of buoyant or non-hydrostatic
flows. Non-hydrostatic effects arise from an imbalance between the buoyancy term and
the pressure gradient in the momentum equation (Equation (2.8a)). In stagnant, stably
stratified conditions, these two terms are balanced. For the applications considered in this
work, merely small deviations from such stable conditions are expected. To improve the
numerical conditioning of the pressure-buoyancy balance, it is thus advisable to remove
(at least partially) hydrostatic parts from both sides of the balance. More importantly,
such an adaptation decreases the absolute value of the pressure variable and thus improves
the conditioning of the numerical calculation of the pressure gradient. Since the exact
hydrostatic pressure is usually unknown, different pressure decomposition approaches exist.
A standard approach followed in OpenFOAM® is to introduce the modified pressure Prgh =
P — pg - r. The pressure-buoyancy balance from Equation (2.8a) becomes

pg — VP =pg—N(Pgn+pg-T)
=pg —VPrgn—Vi(pg-r)
=pg —VPn—pg-Vr—g-rVp (2.9)
=pg—VPgn—pg—g-rVp
=—-VPg4,—g-rVp.

This transformation follows from the application of the chain rule for differentiation and
the assumption of a constant g (OpenCFD Ltd., 2021). It has the advantage that, since
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both sides of the pressure-buoyancy balance now include gradients, consistent finite vol-
ume discretization schemes can be employed on both sides to guarantee a physically correct
balance. A side-effect of this standard approach is that it introduces a horizontal balance
proportional to the horizontal density gradient times the vertical coordinate, where previ-
ously the pressure-buoyancy balance was purely vertical. For problems with large vertical
dimensions, this can lead to ill conditioning of the pressure-buoyancy balance even if hor-
izontal density gradients are small. In the present work, after initially adopting the P.g4,
approach, a different approach is employed by using a pressure variable P, = P — pog - T,
where pg is the constant Boussinesq reference density. Here, the pressure-buoyancy balance
becomes

pg — VP =pg —V(Pyn+ pog-r) (2.10)
=(p—po)g — VP .

While this approach lacks the well-balancedness of the standard formulation (The pressure
gradient is discretized differently from the buoyancy source term), it retains the pressure-
buoyancy balance as a purely vertical balance. This approach was found to be more numer-
ically stable for problems with large vertical dimensions.

In the following, the kinematic pressure pg, = Pon/p, will be used in the context of the
Boussinesqg-type equations. With this, Equation (2.8a) becomes

0
ot Po

where 7* is the kinematic viscous stress tensor (i.e., calculated as in Equation (2.3) but

using the kinematic molecular viscosity).

2.3 RANS turbulence modeling

Die der Hauptbewegung iberlagerte Schwankungsbewegung ist in ihren
Finzelheiten so hoffnungslos kompliziert, dass ihre theoretische Berechnung
aussichtslos erscheint. Die von ihr verursachte Mischbewegung ist jedoch fiir
den Ablauf der Strémung und fir den Krdftehaushalt von sehr grofSer
Bedeutung. Sie bringt Wirkungen hervor, als ob die Viskositit hundertfach,
zehntausendfach oder noch starker erhoht ware.

—Schlichting and Gersten, 1997, p. 533

Practical flows on both technical and geophysical scales are predominantly turbulent (Ferziger
et al., 2020). Such flows exhibit seemingly chaotic, non-stationary, three-dimensional motion
across a wide range of length and time scales, which present a challenge for their numerical
prediction. Turbulence modeling approaches range from Direct Numerical Simulation (DNS)
to simple averaged methods. In this thesis, we will concentrate solely on Reynolds-averaged
Navier-Stokes (RANS) turbulence modeling. While the methods developed in this work
can be readily used with other turbulence modeling approaches, the scale of the problems
typically studied in the context of AU requires that turbulence be modeled as efficiently as
possible to reduce computational cost. The following descriptions will thus be limited to
RANS turbulence modeling. First, the process of Reynolds averaging itself will be discussed
before describing turbulence closure models for the Reynolds-averaged equations.

2.3.1 Reynolds averaging

When only the gross effects of turbulence are of interest, the variation of a measured quantity
¢ can be split into mean and fluctuating components.

p=0¢+¢" . (2.12)
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For instationary flows, the Reynolds averaging concept is derived from the idea of ensemble
averaging, where ¢ is considered the average of a large ensemble of measurements

N
— 1
t) = lim — t) . 2.1
dla,t) = lim = o(x,1) (2.13)
n=1

The ensemble average of ¢ is equal to zero. Thus, when the ensemble average is applied to
the fundamental equations, the fluctuating contributions from linear terms vanish, leaving
the corresponding term for the averaged variable, e. g.,

% 7 !
i a(qﬂﬂﬁ)
5 — 0
:a(%y/) (2.14)
o
=5 -

For non-linear terms, the fluctuation does not vanish

Vo (ug) =V ((@+u)(d+¢))

0 0 (2.15)
—V (W + W +TE + o) -

The covariances u'¢’ are henceforth referred to as turbulent scalar fluxes or, in the case

of velocity, as the (kinematic) Reynolds stresses (u/u’). These terms introduce a closure

problem to the set of equations, as they cannot be modeled exactly in terms of the averaged

quantities. Approximate turbulence models thus have to be applied to close the RANS
equations.

2.3.2 Eddy viscosity turbulence modeling

As indicated in the epigraph of this section by Schlichting and Gersten (1997), the gross
effect of turbulence on the mean flow is similar to that of a significantly enhanced viscosity.
A simple model for the Reynolds stresses can thus be derived in analogy to the viscous
stresses in a Newtonian fluid

— 2 2 2
—u/u’ =218 — P (V-u)I - §Ik =7, — gIk , (2.16)

where k = 1/2tr(u/u’) is the turbulent kinetic energy and v; is the unknown eddy viscosity,
which has to be defined through further modeling efforts. Equation (2.16) is known as the
linear eddy viscosity hypothesis. Non-linear eddy viscosity models use the eddy viscosity
concept in a generalized expression

—u'u =2 f (2.17)

where f is typically a function of the mean strain rate and vorticity (e.g., Speziale, 1987).

Most turbulence models describe v, based on the turbulent kinetic energy k and a length-
scale defining variable such as ¢, the dissipation rate of k. The two variables can be modeled
by two additional transport equations. Such turbulence models are known as two-equation
models. They are widely applied in technical and geophysical modeling (Menter et al., 2003;
Rodi, 1987). At this point, the theory and equations of eddy viscosity turbulence models
will not be further discussed. The full transport equations for the k-e turbulence model are
given in Chapter 3. Additionally, the equations of the widely applied k-w SST turbulence
model (Menter, 1994) are given in Contribution [JPA] of this thesis.

For the turbulent scalar fluxes u’¢’, the Simple Gradient Diffusion Hypothesis (SGDH)
is typically applied in RANS models.

—wy =2vg (2.18)

Ot

15



where o; is the turbulent Prandtl number, which is usually modeled as a constant value
close to 0.9. The SGDH approximates the turbulence as fully isotropic and the resulting
scalar flux to be aligned with the mean gradient V¢. The Generalized Gradient Diffusion
Hypothesis (GGDH) of Daly and Harlow (1970) represents a more general formulation. It
correlates the scalar fluxes to the Reynolds stresses

—u¢ = Clﬁu’u’ Vo, (2.19)
€

where C7 is a constant model parameter. Even more generality is achieved by Algebraic
Flux Models (AFM), which can be directly derived from the transport equations for w/¢’
by applying closure approximations and assuming a local equilibrium. E.g., Kenjeres et al.
(2005) propose

- _ - _ 1 2 -
—u'¢' = Cor (C’1 uu Vo + CoVu - ¢p'u + Cs ¢ g) —Cy <ku’u’ — 31) -P'u’ . (2.20)

where 7 ~ k/e, B is the expansion coefficient of the fluid with respect to ¢ (only relevant
for active scalars), and Cy through Cj are coefficients. The scalar variance ¢’2 has to be
modeled by an additional transport equation.

It is interesting to note that the GGDH (Equation (2.19)) can be recovered from the
model of Kenjeres et al. (2005) by neglecting all terms except the leading term, while the
SGDH (Equation (2.18)) can be recovered from the GGDH by neglecting contributions due
to the anisotropic turbulent stresses (i.e., by setting 7; = 0). Other scalar flux modeling
approaches apply the SGDH in conjunction with a modeled, non-constant turbulent Prandtl
number (Combest et al., 2011). This will be discussed further in Section 3 along with aspects
related to RANS turbulence modeling in buoyant and stratified flows.

2.4 The finite volume method

To be numerically solvable, the fundamental equations introduced in Section 2.1 have to be
discretized, i. e., the equations must be transferred from their differential form to an algebraic
form by making suitable approximations. In the following, the Finite Volume Method (FVM)
will be introduced as a discretization method. The methodology and naming conventions
are adapted from Ferziger et al. (2020), Jasak (1996), and Moukalled et al. (2016).

The aim of the described finite volume method is to solve the fundamental equations
in a spatial domain defined by a finite number of polyhedral control volumes, which are
interconnected by a finite number of flat faces. Variables are stored at the geometric centers
of each cell. The time domain is discretized by a finite number of time steps of length At.

In the following, the discretization of the incompressible transport equation for a generic
solution variable ¢ is described. The transport equation reads

%f+V~(¢u)zV-(FV¢)+S¢. (2.21)

The equation must be satisfied for each finite control volume (cell) AV and each time step

At
/At [/AV (g(f +V- (¢“)> dV] dt = /At [/AV (V- (DV@) + Sp)dV |dt . (2.22)

The final discretized equation will take the form of a linear system
Ap =B, (2.23)

where A is the coefficient matrix, and the right-hand side B includes explicit contributions
that do not directly depend on the unknown solution variable.
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Source terms The volume integration of a constant source term Sy = G across the cell
volume AV yields

/ GdV =G [ dV=GAV. (2.24)
AV AV

This term can be added directly to the right-hand side of the algebraic equation (Equa-
tion (2.23)). The volume integration of a linear source term S, = G¢ for the solution
variable ¢ across the cell volume can be approximated using the midpoint rule

/ GodV =G | ¢dV = Goav AV ~ GopAV (2.25)
AV AV

where the hat indicates the arithmetic mean and the subscript P denotes the value at the
geometric center of the cell. The approximation in Equation (2.25) is second-order accurate.
It is exact for a linear variation of ¢ across the cell volume. The term enters the algebraic
system as an implicit contribution by adding G AV to the diagonal of the coefficient matrix.
Higher-order source terms (e.g., Sy = G¢?) are typically linearized by using known values
of ¢ from a previous iteration or time step for all factors down to a linear contribution of ¢.
Such terms can then be treated as shown in Equation (2.25).

Divergence operator Using Gauss’ divergence theorem, the volume integral of the diver-
gence of a vector field f, as encountered in the convective (f = u¢) and diffusive (f = T' Vo)
terms of the transport equation for the generic solution variable ¢, can be expressed as a
surface integral. The surface integral for a cell can be equivalently calculated by summing
up the contributions from each of the n plane faces individually

V-de:/Sf~ndS:zn:/S f-n;ds; . (2.26)
=1 i

AV

Here, n; is the outward-pointing normal vector of the face i. The approximation of the
surface integral across a cell face i requires two steps. For this, we will consider the example
of a one-dimensional mesh, consisting of two cells, shown in Figure 2.1. As a first step

Figure 2.1: Schematic of one-dimensional mesh, consisting of two cells.

towards approximating the surface integral across face i, an approximation of the integral
must be found. Typically, the midpoint rule is applied, which approximates the integral by
the value of f at the geometric face center e multiplied by the face area. This yields

/f~nidsi:ni~/ FdSi ~n - £ AS = f.-S; (2.27)

where S; = AS;n; is the face area vector. Similar to Equation (2.25), Equation (2.27)
represents a second-order approximation of the surface integral. As a second step towards
approximating the surface integral, the value of f. must be interpolated in terms of the
values at the cell centers P and N. Here, the treatment varies between the convective and
diffusive terms.

Convective term For the convective term, the vector field f becomes u¢. The discretized
form of Equation (2.26) can thus be interpreted as the cumulative transport of ¢ across the
faces of the cell based on the signed volume flux ®; = u. - S;. The calculation of ®; will

17



be discussed in Section 2.5. Here, we assume that this quantity is known, but note that ®;
must satisfy the continuity equation to avoid any artificial loss or creation of ¢ inside the
cell. Multiple interpolation schemes exist to perform the interpolation for ¢.. Well-known
examples are the linear scheme, which uses linear interpolation between the cell-centered
values ¢p and ¢, and the upwind scheme, which approximates the value at the face center
using the cell value upstream of the face (i.e., against the direction of u).

Diffusive term For the diffusive term f becomes I' V¢. Here, I, is typically interpolated
from I'p and I'y using linear interpolation. The face-normal component of the gradient
V¢ - n at location e can simply be approximated by

N — 9P

(2.28)
where d is the vector connecting the cell centers. On general meshes, where d is not parallel
to m;, this approximation has to be corrected by a suitable non-orthogonality correction
approach.

As Equation (2.28) shows, the interpolation procedures for the convective and diffusive
terms introduce a linear dependence on the values of ¢ at the centers of all neighboring cells
to the algebraic equation for any given cell, thus populating the off-diagonal elements of the
coefficient matrix A in Equation (2.23). The matrix A is thus populated along the diagonal
as well as for all off-diagonal elements corresponding to physically connected cells!.

Temporal discretization Finite volume methods typically employ a finite differences
approach for time discretization. Common time discretization schemes can be constructed
by rearranging Equation (2.22) to take the form of an initial value problem

0¢ _ o |
/At/a.vad‘/dt_/m [/AV( V- (¢pu)+ V- (I'Vo)+ Sy)dV | dt
= / f(t,6()) AV dt (2.29)
At JA

v

= F(t, o(t))dt .
At
Here, the function f includes all terms of the transport equation except for the transient
term, and F' is the corresponding spatially discretized operator, which can be derived using
the previously introduced spatial discretization schemes. The spatial integration of the left-
hand side of Equation (2.29) can be performed as in Equation (2.25). For a fixed mesh, we

obtain 06 96
—dthzAV/ PP gt 2.30
L e A O (2.30)

The time integration across the time step At can be expressed as an integration from the
time level ¢, to the next time level ¢,41 = ¢, + At. Henceforth, we will use the common
short notation ¢p(t,) = ¢. It follows

tnt1
/ 99p 4y — nl_gn (2.31)
\ ot

n

Combining Equations (2.29) and (2.31) yields

YA
op(tun) = 68 + 37 [ R ewyar. (2.32)

This equation is exact in time. However, the function F' can only be evaluated at discrete
time levels. Common time discretization schemes provide approximations of the integral in

1 Approximations that would introduce a larger computational stencil are typically avoided in finite

volume methods.
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Equation (2.32) using different time levels?. The well-known implicit Euler scheme uses

tnt1
/ F(t, ¢(t))dt ~ F(tny1, ¢BTHAL . (2.33)
tn
This is a first-order approximation. The backward scheme (Ferziger et al., 2020), which is
widely used throughout this thesis, provides a second-order approximation using

bnt1 1 1
[ B o) dtm S6RAV ¢ SO AV - Fltan, 0 AL (230
tn
Both of these schemes are fully implicit, as F' is only evaluated on the new time level.
Another second-order approximation is given by the Crank-Nicolson scheme

tnt1
[ R o) dt G [Pty 63) + Ftus, 0] At (2.35)
t

n

Here, F is evaluated on the new and old time level. The contributions of F(t,, ¢%) are
based on known values of the solution variable ¢ on the previous time level. The spatial
discretization of the corresponding terms thus does not contribute to the coefficient matrix
A of the algebraic system (see Equation (2.23)) as previously described, but adds an explicit
contribution to the right-hand side B instead.

The above description outlines the discretization procedure for all terms in the generic
transport equation, such that the algebraic system can be built from the individual contri-
butions. Efficient computational algorithms can be employed to solve the resulting system
for the unknown ¢.

2.5 The PIMPLE algorithm

In the previous sections, the fundamental equations and their discretization have been dis-
cussed. In this section, an algorithm for solving the discretized equations as a coupled
problem will be discussed. The problem is solved in a segregated, sequential manner. Thus,
a separate linearized system (see Section 2.4) is solved for each solution variable at each time
step. The PIMPLE algorithm is widely used for transient flow problems in OpenFOAM® .
The algorithm was developed as a configurable combination of the well-known SIMPLE
(Patankar and Spalding, 1972) and PISO (Issa, 1986) algorithms. It represents a pressure-
based solution process for the Navier-Stokes equations. The general solution process will
be described here briefly, following the reasoning and naming conventions of Jasak (1996),
Moukalled et al. (2016), and the OpenFOAM® user guide (OpenCFD Ltd., 2023). For a
more detailed description, the reader is referred to these sources.

One of the key difficulties when solving the Boussinesq set of fundamental equations
(Equation (2.8)) is that an obvious way of calculating pressure does not exist. Additionally,
the set contains the continuity equation, which the velocity field w has to satisfy simulta-
neously with the momentum equation. Pressure-based methods thus formulate a pressure
equation based on the continuity equation and a semi-discretized form of the momentum
equation. Following the discretization procedures outlined in Section 2.4, a semi-discretized
form of the momentum equation can be written as

Mu=B-Vp. (2.36)

Here, the coefficient matrix is named M to be consistent with OpenFOAM® naming conven-
tions. The pressure gradient is separated from the source terms and remains non-discretized,
for now. Note that, even though w is a vectorial quantity, OpenFOAM® constructs a single
scalar coefficient matrix from the momentum equation. A vector field H is now defined,
such that

Mu—B=Au— H |, (2.37)

2 Here, a constant time step size At is implied. The presented schemes can be easily extended for variable

time step sizes.
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where A is a matrix containing only the diagonal coefficients. Consequently, H contains
the off-diagonal contributions along with some previous solution for w (typically from the
solution of the discretized momentum equation), as well as the explicit contributions from
B. With this definition, Equation (2.36) can be rewritten as

Au—H = -Vp. (2.38)
Since A is diagonal, a velocity can be approximated as
u=A"1'H - A"'Vp. (2.39)

Equation (2.39) is known as the velocity correction equation. Substituting Equation (2.39)
into the continuity equation (Equation (2.8b)) yields a Poisson equation for pressure

V- (A7'Vp) =V (AT'H) . (2.40)

This equation can be discretized as described in Section 2.4 and solved for p. Given a solution
for p from Equation (2.40), the velocity field can be corrected based on Equation (2.39).
Additionally, Equation (2.39) can be interpolated to the cell faces and dotted with the
face area vector S; to yield an equation for the volume flux ®, which is required in the
discretization of the convective terms of the transport equations (see Section 2.4)

= (ATH), Sy — (A1), 8- (Vp); (2.41)

If consistent discretization and interpolation schemes are applied, it can be ensured that ®
is a conservative volume flux if p satisfies the discretized pressure equation. The procedure
outlined above thus provides an equation for pressure and ensures conservation of the face
volume fluxes.

A simultaneous satisfaction of the momentum and continuity equations is not yet ensured.
An iterative process must thus be employed. Figure 2.2 depicts the PIMPLE solution
process. The end of the PISO loop is defined based on a fixed number of iterations. The end
of the PIMPLE loop can either be defined based on a fixed number of iterations or based
on the residuals of the linear equation solvers. Optional switches exist to include the mesh
motion and the turbulence model into the PIMPLE loop, such that multiple iterations over
these steps are possible within each time step.

20



t=t+ At
v

Move mesh

Solve for © i
)

Solve for Sy

)

Calculate p

!

Solve for u

I’

Solve for Py

No No
1
Yes
Correct ® and u @ End PIMPLE?
Yes

Turbulence model

!

Solve for tracers End time?
< om e

Figure 2.2: Schematic of the PIMPLE algorithm.

2.6 The OpenFOAM® framework

The name OpenFOAM stands for Open Field Operation And Manipulation. OpenFOAM
was developed as a C++ library for computational continuum mechanics (Weller et al.,
1998). Using object-oriented programming techniques, it provides data types and opera-
tions that closely resemble mathematical field operations. As a result, OpenFOAM pro-
vides a high-level syntax for tensor operations, which enables the convenient development
of methods for computational continuum mechanics. Its rich object-oriented structure and
consequent use of the virtual constructor idiom also enable a high level of modularity at run-
time, allowing the user to easily change numerical schemes, physical models, and solution
algorithms without having to recompile the source code. Today, the OpenFOAM® frame-
work comprises a large number of physical modeling libraries, applications, and methods,
building upon its core capabilities and focusing mainly on the solution of finite volume CFD
problems. The OpenFOAM® source code is publicly available and licensed under a GPL li-
cense, allowing for continued development efforts throughout its user community and a wide
variety of derived methods. Figure 2.3 gives an overview of the structure of OpenFOAM®.

For this thesis, OpenFOAM® was chosen as a basis for method development due to its
ease of use, its modular structure, and the wide variety of available libraries and methods.
As an example, Listing 2.1 shows the implementation of the salinity transport equation
(Equation (2.8d)) in OpenFOAM® source code. This listing demonstrates the convenient
high-level syntax and the ease of use. Here, the fvm (short for finite volume matrix)
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Figure 2.3: Schematic of the OpenFOAM® code structure. Adapted from Greenshields
(2018).

// Construct the salinity equation
fvScalarMatrix salinityEqn
(

fvm::ddt (salinity) // Time derivative

+ fvm::div(phi, salinity) // Convective term

+ salinityFluxModel ->divPhiU () // Turbulent flux

- fvm::laplacian(D_salinity, salinity) // Diffusive term

fvOptions (salinity) // Additional source terms defined at runtime
)
salinityEqn.relax (); // Optional implicit relaxation
fvOptions.constrain(salinityEqn); // Constraints defined at runtime

// Solve the equation
salinityEqn.solve ();

fvOptions.correct(salinity); // Corrections defined at runtime

Listing 2.1: OpenFOAM® code example. Implementation of the salinity transport equation.

class performs the finite volume discretization, using the discretization schemes specified at
runtime, and constructs the linear system. The fvScalarMatrix class stores and solves the
algebraic system. Polymorphism is employed, such that the same syntax can be used for the
scalar salinity equation and the vectorial momentum equation. The mathematical operators
are overloaded to perform the necessary operations on the coefficient matrix while checking
for consistency of the physical units.

A modular structure and the possibility for customization are enabled in OpenFOAM®
through the possibility of including additional libraries at runtime. Use of this is made
throughout this thesis to provide additional capabilities (e.g., new boundary conditions,
mesh motion solvers, turbulence models) to the method in a modular fashion.

2.6.1 Usage

In the following, a brief introduction to the setup of a CFD simulation in OpenFOAM® is
given. Any CFD simulation setup consists of typical elements: A description of the spatial
discretization (mesh), a definition of boundary conditions, descriptions of physical proper-
ties, an initial condition for the solution, as well as settings for the applied mathematical
model and its discretization and solution (or time integration). In OpenFOAM® | a stan-
dardized directory structure is employed to control these elements through a number of input
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files. Figure 2.4 shows the typical directory structure with explanations of the directories
and input files. Additional input files are required to control special functionalities, such as

Case

B 0 time directory: contains solution at time 0 including field definitions
with initial and boundary conditions

P field definition for pressure with solution at time O (initial guess)
1) field definition for velocity with solution at time O (initial guess)

contains information about physical and geometric properties
B constant of the problem

transportProperties physical properties of the fluid

polyMesh contains the mesh (created by the mesher, e. g., blockMesh)

<[D——| system contains information relevant for controlling the solution process

blockMeshDict meshing settings for blockMesh (geometry definition)
controlDict general controls for the solution process (“run time, outputs, ...)

fvSchemes schemes for the finite volume discretization of the equations

controls for the finite volume solution algorithm (e.g. PIMPLE)

1 fvSolution and the linear equations solvers

Figure 2.4: Standard case structure for an OpenFOAM® case.

dynamic mesh motion, turbulence modeling, or run-time post-processing. Listing 2.2 shows
the standardized syntax of the OpenFOAM® input files on the example of the controldict
file. Listing 2.3 shows the definition of the velocity field, including initial and boundary con-
ditions, in the file 0/u. The case is prepared and run by sequentially calling OpenFOAM®
(or custom) applications for mesh generation (e. g., blockMesh), optional initialization (e.g.,
setFields), solution through the employed solver application (e.g., icoFoam), and optional
post-processing (e. g., postProcess). The solution is written into new time directories, which
have the same structure as the initially provided time directory (o in Figure 2.4) and, in fact,
can be used as initial guess for a restart of the solution process. The results are typically
visualized using the visualization platform ParaView.
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[ficcocccococococooocoooooosocososoos Bl @b ocficooccocooccooocooooccooocooocoooooooooo *\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / 0 peration | Version: v2412 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\ficcocccococooooooccoocccoocococoo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo osa o s oo oS */
FoamFile
{

version 2.0;

format ascii;

class dictionary;

object controlDict;
}
// % % k% % % % x % % % % % * % % % % * % % % % % * *x % % % % X * % % *x x *x //
application icoFoam; // Solver application --> basic math. model
startFrom startTime; // Run time controls
startTime 0;
stopAt endTime;
endTime 0.5;
deltaT 0.005; // Time step size
writeControl timeStep; // QOutput controls
writeInterval 20;
purgeWrite 0;
writeFormat ascii;

writePrecision 6;
writeCompression off;

timeFormat general;

timePrecision 6;

runTimeModifiable true;

libs O // Optional libraries to include

// %k 3k 3k 3k 3k 3k 3k 3k %k %k %k 5k 3k 5k %k %k %k %k %k %k %k %k %k >k 3k 3k % % % % 3%k % > > % % % %k %k %k %k %k %k %k %k % %k % 3% 3% % % % % % % % %k %k %k %k %k %k % %k %k % % % k % //

Listing 2.2: Example of OpenFOAM® input file controlbict.

/K m e e e e L O e *\
| ========- | |
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
I \\ / 0 peration | Version: v2412 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\ficomooooco—coc—oc—cmo——coo——o—o—o———o———oo—o—o-o—ooooo—o——oo———oo——o—o—o—— oo */
FoamFile
{

version 2.0;

format ascii;

class volVectorField;

object Ug
}
J/ * % * >k ok ok >k >k >k *k >k *k * * * *k * * * *x * *x * *k * *x * *x * *x * *x *x *x *x x //
dimensions [01 -1 000 0]; // Units: power of bases [kg m s K mol A cd]
internalField uniform (0 O 0); // Initial guess for velocity field
boundaryField
{

// Boundary condition definition for boundary named "inlet"

inlet

{

type fixedValue; // Dirichlet -type boundary
value uniform (1 0 0);

}
// [...]
}

// >k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k 3k 5k 5k %k %k %k %k %k %k %k >k >k >k >k >k 3k 3k 3k 3k 3%k 5k > % % % % %k %k >k >k >k >k >k >k %k 3k 3k 3k 3 3% > % % % % %k %k %k %k %k %k %k >k %k >k % % % k k //

Listing 2.3: Example of OpenFOAM® input file o/v.
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2.7 ocean4Foam: A new toolbox for oceanic flow in Open-
FOAM®

In this thesis, the OpenFOAM® framework is used to develop a new toolbox of libraries and
applications focused on the simulation of oceanic flow problems in OpenFOAM®. While
OpenFOAM® is widely used in marine and coastal engineering (Huang et al., 2022), such
applications generally assume isothermal and isohaline conditions, such that the water den-
sity is constant. Only few works study variable-density flows in a marine and coastal en-
gineering context. Alfaifi et al. (2019) study buoyant jets in water driven by either tem-
perature or salinity. Rouhnia et al. (2016) and Zhang et al. (2024) use a custom Open-
FOAM® solver gravityCurrentFoam, which includes a transport equation for salinity, to
study salinity-induced buoyancy. Other authors use the standard OpenFOAM® solver,
twoLiquidMizingFoam, to study gravity currents (Lam et al., 2018) and wastewater outfalls
(Kheirkhah Gildeh et al., 2021), based on a two-fluid approach. Alvir et al. (2022) ex-
tend this approach with a one-way coupling to the regional ocean modeling system ROMS
(Shchepetkin and McWilliams, 2005). An OpenFOAM® framework for large-scale geophys-
ical and environmental applications has been presented by Girfoglio et al. (2024), yet this is
not useful for the local scales encompassed in this thesis.

While the previously cited publications apply OpenFOAM® for specific problems related
to oceanic flow, they are not generally applicable to flow problems with both temperature-
and salinity-induced density changes, as encountered in general oceanic flow. To the author’s
knowledge, the only report of a general OpenFOAM® solver for oceanic flow is found online
under the name marineFoam (Scanlon, 2018). This solver implements a Boussinesq approach
with a bilinear equation of state, including both temperature and salinity. marineFoam is
not publicly available or open-source.

To fulfill the thesis objective of developing methods that are applicable to AU stud-
ies in the widest possible sense (see Section 1.5.1), the OpenFOAM® methods developed
throughout this thesis aim to provide a toolbox for oceanic flow in general. The new toolbox,
named oceandFoam, is thus applicable to a wide range of problems beyond AU technology.
After applying Reynolds averaging, as described in Section 2.3, and pressure decomposition,
as described in Section 2.2, the final form of the oceanic Boussinesq set implemented in
oceand Foam reads

881;—l—V-(uu):V-(T*—u’u’)—Vpgh—Fg<pp—1)+fu (2.42a)
0
V-u=0 (2.42b)
00 7* _
a5 TV (WO) =V (AVO — 0'v/) + Se (2.42¢)
68% +V - (@Sh) = V- (DVSs - o) + S, (2.42d)
p=f(S1,0, Po+pog-r) . (2.42¢)

The seawater properties are modeled using the polynomial of McDougall et al. (2003), which
is part of the TEOS-10 standard (IOC et al., 2010), for p. The transport properties v and
A can be calculated based on the polynomials of Sharqawy et al. (2010) and Jamieson and
Tudhope (1970), respectively, if variable properties are used. In addition to the Boussinesq
set, the oceanjFoam solvers include a passive tracer transport equation. The tracer can
be interpreted as a nutrient or deep ocean water concentration in the context of AU. The
transport equation reads

00 v (@u) =V (1VG - ) + 5, (2.43)
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Overall, the oceandFoam toolbox contains the following libraries and methods:
e Solvers

— oceanPimpleFoam solver for transient oceanic flow

— oceanSimpleFoam steady-state solver for oceanic flow

Methods for physical properties of seawater

Basic ocean4 Foam library

— Boundary conditions (e. g., hydrostatic open boundary)
— Models for turbulent scalar fluxes

— Post-processing functions

Turbulence modeling library

— Derived turbulence models

— New buoyancy source terms for turbulence models
e ALE-IT library

— Modified and extended ALE-IT method
— New ALE-IT adaptive mesh refinement methods

Wave modeling library

— New adapter for waves2foam toolbox (Jacobsen et al., 2011)

— Derived wave generation and absorption methods

oceanFoam is developed as a toolbox extending OpenFOAM®’s standard capabilities. It
can thus not be used independently of OpenFOAM®. During the development, care was
taken to maintain the modularity of the method and avoid duplication with other methods
already available for OpenFOAM®. This will reduce maintenance efforts and enhance
the usefulness of the developments to others. The oceansFoam source code is distributed
via the software publication [SPA] and a public git repository (https://git.geomar.de/
open-source/oceandfoam.git).

2.7.1 Usage

ocean4 Foam provides the solver applications oceanPimpleFoam and oceanSimpleFoam. These
applications require a number of additional input files, compared to the basic structure shown
in Figure 2.4. The following fields need to be defined:

mixingRatio transported passive scalar

p_rgh modified kinematic pressure

ph_rgh modified kinematic hydrostatic pressure (only calculated at initialization)
P kinematic pressure (only for post-processing)

salinity absolute salinity

T conservative temperature

U velocity

Additionally, fields for the turbulent diffusivity of T, salinity, and mixingRatio must be
defined. The names for these fields can be defined with the controls for the turbulent scalar
flux model. Depending on the choice of turbulence model, additional fields need to be defined
as in standard OpenFOAM® cases. Run-time selection of the turbulent scalar flux model is
controlled via the file constant/scalarFluxProperties. Listing 2.4 gives an example of this file.
As for all non-hydrostatic OpenFOAM® solvers, the (constant) gravitational acceleration
and a reference height can be defined through the files constant/g and constant/hRef. A
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number of oceanFoam-specific settings can be made in the constant/transportProperties file.
Listing 2.5 gives an example of this file for an ocean4Foam case. Additionally, the ocean/-
Foam solvers can be controlled via the system/fvSolution file. Listing 2.6 shows the relevant
part of this file. The above description and examples demonstrate the specific settings
necessary to set up an OpenFOAM® case for running the oceansFoam solvers. To include
further functionality of oceanFoam, such as modified boundary conditions or turbulence
models, the respective libraries have to be included in the system/controlDict file. This
is achieved by adding the line 1ibs (ocean4Foam 04FTurbulence 04FWaves O4FInterfaceTracking) ;
(see Listing 2.2), to add the basic capabilities, turbulence modeling, the waves2foam adapter,
and the ALE interface tracking capabilities, respectively. Further information about the
installation and usage of oceanFoam is provided with the source code in the form of readme
files, tutorials, and descriptions in the source files. Additional usage examples are provided
with the data publications accompanying the journal publications [JPB] and [PPA].
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© W N U A W N =

GOl ot g R R R R R R A R A R W OW W W W W W WW W NNNNNNNNE R e e e e e e
R = O © N e Ok WN R O ®K AR DN RO ® OO0 A ®N RO © O NG AWN R O

[liocccccoocococoococoooscoocossoo=o o fd ofifcccccccccocococcocococcocoococooooooooooo *\
| ========= |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / 0 peration | Version: v2412 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
Vocoooocooosconooccococconcocoocococoncooococsocoosconooocnooccoooccnooo oD */
FoamFile
{
version 2.0;
format ascii;
class dictionary;
location constant;
object scalarFluxProperties;
}
J/ * % *x >k ok ok >k k >k ok >k *k >k *k >k *k * * * *x * *x * *x * *x * *x * *x * *x *x *x *x x //
T
{
scalarFluxModel SGDH; // SGDH scalar flux model for T
DtName alphat; // Name of the turbulent diffusivity field
writeDt yes; // Write switch for turbulent diffusivity
sigma_t 0.85; // Turbulent Prandtl number
}
mixingRatio
{
scalarFluxModel GGDH; // GGDH scalar flux model for mixingRatio
writePhiU yes; // Write switch for turbulent flux
Cl1 0.15; // Model coefficient
// For SGDH submodel:
DtName Dt; // Name of turbulent diffusivity field (dummy)
sigma_t 0.9; // Turbulent Prandtl number (dummy)
}
salinity
{
scalarFluxModel Kenjeres; // Kenjeres (2005) model for salinity
writePhiU yes; // Write switch for turbulent flux
sigmatVariance 0.75; // Turbulent Prandtl number for
// salinity variance field ’salinity2’
RVariance 0.5; // Turbulence scale ratio for ’salinity2’ eqn
DVariance DVariance [0 2 -1 0 0 0 0 ] 1e-9; // Diffusivity of ’salinity2’
beta -7.37033e-4; // Haline contraction coefficient
CO 0.15; // Model coefficients
Ci1 0.6,
C2 0.6;
C3 0.6;
ca 1.5;
// For SGDH submodel:
DtName Dt; // Name of turbulent diffusivity field (dummy)
sigma_t 0.9; // Turbulent Prandtl number (dummy)
}

// >k 3k 3k 3k 3k 3k 3k 3k %k %k %k 3k 5k 5%k %k %k %k %k %k %k %k >k >k >k >k >k %k %k % 3k 3%k 3k > % % >* % % %k > > >k >k >k %k %k %k 3k 3k 3% 3% % % % % % % %k %k %k %k %k %k %k %k %k % % % k k //

Listing 2.4: Example of ocean4Foam input file constant/scalarFluxProperties.
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© 0 N O U A W N e

D I T T S S S o Y e S ot
@R = O © ® NG A W RN = O

© 0 N e G s W N R

W oW W W W N NNNNNNNNNE R R s R e e e e
A O R0 = O © ® N O OR W N RO © KN oA W N = O

—ffocoocooooocooooc—oooccooocs oo oo o= oo *\
| |
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / 0 peration | Version: v2412 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\fococoooooocooooocooooconooccooosooooooooooooocooo oo oo oo oo oo oooooooooSooooooooo */
FoamFile
{
version 2.0;
format ascii;
class dictionary;
location constant;
object transportProperties;
}
// * % % % % % * % * * * % X X kx *x *x % % % % * % % * * * * *x X x x *x *x *x *x [/

transportModel CorrectableNewtonian; // transportModel for variable viscosity

D_salinity 1le-9; // Molecular diffusivity of salinity
D_mixingRatio 1e-9; // Molecular diffusivity of mixingRatio

rho_0 rho_0 [1 -3 0 0 0 0 0 ] 1025; // Boussinesq reference density
[/ Rk ok ok ok o ok K ok o ok ok o oK K o ok K ok ok K o oK K ok ok K ok oK K K oK K koK kK K kK KKK KKK KR K KKK Kk K Kk R Rk kR Rk [/

Listing 2.5: Example of oceandFoam input file constant/transportProperties.

2 o @ oficccococococococooooooococoooocoooooos *\
| ========= |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / 0 peration | Version: v2412 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\ficcocccoccocooooooccoocccoco oo oo oo oo oo oo oo oo o o oo oo oo oo oo oo oo ooooooooo oo oo */
FoamFile
{

version 2.0;

format ascii;

class dictionary;

location system;

object fvSolution;
}

// % % % % % % * % * * * * % % % x *x % % % % * * % * * * * * *x x x x x *x x [/
PIMPLE

{
momentumPredictor yes; // Switch for momentum eqn predictor step
turbOnFinalIterOnly yes; // Include turb. model in PIMPLE loop?
nOuterCorrectors 6; // Number of PIMPLE loops
nCorrectors 2; // Number of PISO loops
nNonOrthogonalCorrectors 1; // Number of non-orthogonality corrector loops
// *** ocean4Foam-specific settings x*x
constantSalinity no; // Switch off dynamic salinity
constantT no; // Switch off dynamic Temperature
hydrostaticInitialisation numerical; // Hydrostat. initialization type...
// ...analytical(file)/numerical/none
nHydrostaticCorrectors 20; // Number of hydrostatic loops
phrghSolutionFequencie -1; // Frequency for solving hydostat...
// ...pressure during run (-1 off)
}
/7L ]

Listing 2.6: Example of ocean4Foam input file system/fvSolution.
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Chapter 3

Modeling buoyant oceanic flow in
the context of AU

This chapter discusses advances in modeling buoyant oceanic flow in the context of AU
throughout the work of this thesis. Following a brief review of the AU modeling problem, as
well as previous work in the field, contributions to model development from the publications
[JPA] and [JPB] will be discussed, along with additional, previously unpublished results.
Finally, a discussion of advances in the understanding of buoyant plumes from AU, through
the application of the new models, will be presented.

3.1 The AU modeling problem

As stated in Section 1.4, AU is in an early stage of technology development, where numerical
modeling can be a valuable and effective tool for quickly assessing technical concepts and
gaining process understanding. To be effective in contributing to an overall assessment of
AU as a marine CDR measure, a numerical model must be able to provide, or contribute
to, answers to a number of key questions:

e Can deep ocean water be upwelled to the surface ocean on large scales?
e How effectively (at what cost) can deep ocean water be upwelled?
e What are the large-scale effects on temperature, salinity, and nutrient concentrations?

To assess whether and at what cost deep ocean water can be transported to the surface
ocean against its tendency to stay in hydrostatic equilibrium, a model has to resolve the
hydrostatic balance. To assess the effectiveness of the overall process, a numerical model
for AU must also predict whether the upwelled water permanently remains in the surface
ocean beyond the initial upwelling process or sinks back down, as indicated by Kirke (2003).
To answer the above key questions, the nature of the AU modeling problem thus requires
the use of a non-hydrostatic numerical model, which must be able to resolve the upwelling
process as well as mixing of the upwelled water into the surface ocean.

3.2 Previous work

Non-hydrostatic ocean models typically operate on geophysical scales, resolving processes
like coastal upwelling, gravity currents on coastal shelves, and internal wave propagation
(Marshall et al., 1997; Fringer et al., 2006; Kanarska et al., 2007; Lai et al., 2010). Due to the
use of structured grids and/or coordinate transformations, these models are typically unable
to explicitly resolve engineering structures such as AU pipes. Non-hydrostatic technical CFD
models, on the other hand, are well-suited to modeling flow on the scale of AU devices and
have been previously used to model buoyant jets and plumes (Kheirkhah Gildeh et al.,
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2021; Bordbar et al., 2024; Fan et al., 2015). Typically, such models are referred to as non-
isothermal or compressible CFD models. However, for oceanic applications of such methods,
with both temperature and salinity influencing the flow, only a limited body of work exists
(Williamson et al., 2009; Scanlon, 2018). A brief review of previous applications of Open-
FOAM® for oceanic flow problems is given in Section 2.7. The contributions reported in this
chapter enable RANS-based modeling of non-hydrostatic flow with dynamic temperature,
salinity, and passive scalar transport.

3.3 Contributions to model development for buoyant
oceanic flow

Throughout the course of this thesis, the oceanFoam toolbox [SPA] for finite volume CFD
modeling of buoyant oceanic flow has been developed. A description of the numerical
methodology and a derivation of the mathematical model are presented in Chapter 2 of
this thesis. A first version of the oceanFoam method was published in Contribution [JPA].
This first version still carried the variable density in all terms of the fundamental equations
and solved a compressible form of the continuity equation. Later, the method was simplified
through the consistent application of the oceanic Boussinesq hypothesis (Young, 2010) (see
Section 2.1.4). Due to its incompressible form, the oceanic Boussinesq set is easier to solve
numerically and eliminates sound waves from the solution, which can introduce numerical
instability. The final version of the ocean4Foam method, with Boussinesqg-type fundamen-
tal equations, as presented in Section 2.7, was originally published in Contribution [JPB].
Due to its efficient Boussinesq approach and the pressure-based non-hydrostatic solution
process, the new method is applicable to a wider range of oceanic flows on the scale of mil-
limeters (e. g., internal flows in AU pipes [JPB]) to kilometers (e. g., far-field mixing of AU
plumes [JPA]). The oceanjFoam method is thereby well-suited to fulfill the thesis objectives
formulated in Section 1.5.1.

Contribution [JPA] identifies a number of limitations of the proposed method at the time
of publication and proposes corresponding future work. The following areas of future work
are named in the publication:

1. Evaluation of turbulence modeling approaches

2. Implementation of open boundary conditions for free in- and outflow

3. Evaluation of turbulent scalar flux modeling approaches

4. Inclusion of natural mixing processes (e.g., through currents and waves) in the model

While points 2 and 4 will be addressed in Chapter 4, later work on points 1 and 3 has not yet
been published and is therefore presented in the following. Advances in the understanding of
AU through the previously described developments are discussed at the end of this chapter.

3.4 Additional advances in RANS turbulence modeling
approaches for buoyant plumes

RANS modeling of turbulence and turbulent fluxes has been introduced in Section 2.3, and
the linear eddy-viscosity hypothesis has been introduced, which models the Reynolds stresses
using

_ 2 2
—u'u' =y (Vu+ (Vu)') — s (Voa) I — Tk (3.1)

A key drawback of linear eddy-viscosity turbulence models is that they neglect any anisotropy
of the turbulence beyond the anisotropy of the mean strain rate tensor. In stratified and
buoyant flows, gravity effects can cause considerable anisotropy, which is not captured by
the linear eddy viscosity hypothesis. (E.g., a stable density stratification suppresses verti-
cal turbulence while horizontal turbulence remains largely unaffected.) In ocean modeling,
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where the anisotropy of turbulence is typically extreme, different approaches are often used
to model horizontal and vertical turbulence. In technical simulations of buoyant and strat-
ified flows, a single model is generally applied for turbulence in all geometrical directions.
In this case, turbulence anisotropy can only be fully captured by models that either resolve
the turbulent motions entirely (DNS) or partially (LES), or by approaches that model the
components of the Reynolds stress tensor individually, such as Reynolds stress models or
algebraic stress models. Also, non-linear eddy viscosity models (see Section 2.3) at least
theoretically offer a means of accounting for additional anisotropic effects on turbulence
beyond the linear eddy viscosity assumption.

The effect of inadequate modeling of buoyancy effects on turbulence is well understood
(Launder, 2005; Hanjali¢, 2002). In the context of AU, Kogawa et al. (2013) have reported
considerable differences between the trajectories and spreading rates of an AU plume when
modeled with LES and a linear eddy viscosity turbulence model. While the work of Kogawa
et al. (2013) highlights the importance of adequate turbulence modeling for buoyant oceanic
flow in the context of AU, they also point out that the computational cost of LES models
can be prohibitive when AU is studied on larger scales. In the present work, advanced
RANS eddy viscosity modeling approaches are thus explored. As RANS models do not have
to resolve the turbulent length and time scales numerically, they have considerably lower
discretization requirements and thus incur lower computational costs.

3.4.1 Buoyancy adaptations for eddy viscosity turbulence models

Buoyancy adaptations for RANS eddy viscosity models have been widely studied. A com-
prehensive review of literature and key concepts of the different proposed adaptations has
been presented by Van Maele and Merci (2006). In this thesis, the adaptations of Van Maele
and Merci (2006) have been implemented and tested for modeling buoyant jets in a stratified
ambient.

In the following, the buoyancy adaptations will be described and tested on the example
of the k-¢ turbulence model (Launder and Spalding, 1974). This simple model is chosen for
the present study over more modern models, such as the k-w SST model (Menter, 1994), to
highlight the relative effect of the buoyancy adaptations. All adaptations presented in the
following are equivalently applicable to other turbulence models. The k-e¢ model calculates
the kinematic eddy viscosity v; as ,

v = C,LI% . (3.2)
Here, C, is a model constant, which is typically set to 0.09. As can be seen from Equa-
tion (3.2), the k-e model defines v; based on the turbulent kinetic energy k and its dissipation
rate €, as the scale-defining variable. The transport equations for these quantities read

k
a+V-(uk)—V-(<V+Vt)Vk>:Gk—e (3.3a)
ot Ok
% L v. (@) -V SV we) = G- S (3.3b)
ot ‘ e ) V) T T TR '
Here, Gy, is the shear production term
Gy =Vu: 7, , (3.4)

where : represents the double dot product and 7} is the turbulent kinematic viscous stress
tensor! (see Equation (2.16)). The model constants Cy, Cs, o, and o, take values of 1.44,
1.92) 1.0, and 1.3, respectively.

The buoyancy modifications of Van Maele and Merci (2006) are implemented based on
an additional production term due to the turbulent buoyancy flux

1 N
G,=—g-u'p . (3.5)
Po

1 Equation (3.4) typically contains the full Reynolds stress tensor. However, the additional term —2/3 Ik

can be omitted for incompressible flow, since Vu : (—2/3Ik) = —2/3kVu:I = —2/3kV-uw=0.
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This term can be derived from the closure equations for the Reynolds stresses. It is directly
added to the right-hand side of Equation (3.3a), while for Equation (3.3b) the additional term
reads C1¢/k C3 max(Gp,0). The constant C5 takes a value of 0.2 by default. As suggested
by Van Maele and Merci (2006), the production term is only applied to the € equation if the
stratification is unstable (i.e., if G, > 0).

Two models for turbulent buoyancy flux u/p’ in Equation (3.5) were implemented, based
on the Simple Gradient Diffusion Hypothesis (SGDH) and the Generalized Gradient Diffu-
sion Hypothesis (GGDH) (see Equations (2.18) and (2.19)). The SGDH formulation reads

Vi

Gy =— Vp-g. (3.6)
Po Ot

A first implementation of this source term was already presented in Contribution [JPA].
The GGDH formulation reads
3 Uy

__° u'u - .
Gy = 2p00tk(uu Vp)-g, (3.7)

where the Reynolds stresses are calculated using the eddy viscosity hypothesis (see Equa-
tion (2.16) on p. 15). The factor o, takes a value of 0.85 by default. Since Equation (3.7)
tends to become numerically unstable in the laminar limit (i.e., when both v; and & tend
to zero), a stabilization was developed, which forces the term to zero in laminar regions by
multiplying it with min(¥+/», 1), where v is the molecular viscosity.

A modular implementation of the additional source terms was achieved using Open-
FOAM®’s fvoptions functionality (see Listing 2.1), such that the buoyancy modifications
can be applied to different RANS turbulence models in OpenFOAM®.

In the following, the effect of the turbulence modification will be tested, and the modified
model will be validated against experimental data. Modern measurement methods, such as
high-resolution Particle Image Velocimetry (PIV) and Laser-Induced Fluorescence (LIF),
enable detailed, non-intrusive measurements of velocity and temperature fields, as well as
turbulence characteristics, in experimental studies of buoyant flow. Such high-quality exper-
imental datasets allow for a separate calculation of the turbulent fluxes of temperature and
momentum and thus enable validation and tuning of numerical methods to a degree that has
previously not been accessible (see e.g., Xu and Chen (2012)). Unfortunately, the number
of available experimental datasets on buoyant plumes in a stratified ambient is still limited.
The studies of Xu and Chen (2012) and Mirajkar and Balasubramanian (2016) only consider
the initial region of a buoyant jet and plume. Gharavi et al. (2020) study weakly buoyant
jets interacting with cross-flow and the free water surface. Chen et al. (2021) provide high-
quality results from a heated jet, discharged into an ambient fluid stratified by salinity and
ethanol. While these results would be generally of interest for the present validation studies,
the interaction of the salinity-ethanol stratification with the thermal jet adds an additional
complexity to this dataset, making the results difficult to reproduce numerically. It was thus
chosen to resort to older studies of salinity-based jets in a salinity-stratified ambient from
Fan (1967), which rely on photographs of dyed jets as the main result. Case 1 from Fan
et al. (2015) was chosen, which is a 45° downwards inclined jet into a stagnant tank with a
linear salinity stratification. Table 3.1 provides the details about this case setup. Here, Dy,
Uy, and pg are the initial diameter, velocity, and density of the jet, while p, and 9r/a- are
the ambient density at the nozzle depth (0.11m) and the ambient density gradient, respec-
tively. Use of the symmetry of the problem is made, such that only a half jet is studied.
The resulting computational domain has a width of 0.535m, a length of 2.26 m, and a depth
of 0.61m. Adaptive mesh refinement? is used to adjust the spatial discretization to the
spreading jet, starting from a coarse initial mesh, which is only refined in the vicinity of the
nozzle. The calculation is run until a simulated time of 120s is reached. Figure 3.1 shows
the modeled jet trajectory and boundaries (represented by the 1% dilution contour) along
with the experimental jet boundaries from Fan (1967). Additionally, the velocity magnitude
(normalized by the initial jet velocity Up) and the turbulence intensity along the jet center-
line are shown. Results are shown for a standard case without buoyancy production term in

2 Adaptive mesh refinement is discussed in Chapter 4.
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Table 3.1: Validation case details

Jet Parameters Ambient
Dy Uo Po Poo 9p/0z
[m)] [/s]  [k&/m?®] | [ke/m®]  [ke/m]

6.86 x 1073 0.214  1008.7 ‘ 1000.4 —25.01

the turbulence model as well as with the SGD (Equation (3.6)) and GGDH (Equation (3.7))
buoyancy production term. As shown in Figure 3.1, the standard OpenFOAM® implemen-
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Figure 3.1: Results for buoyant jet in stratified ambient. Experimental jet boundaries from
Fan (1967), as well as modeled jet trajectories and boundaries (1% dilution contour) for
different buoyancy sources in the k-e¢ turbulence model. Lower plots show jet centerline
velocity, normalized by initial jet velocity (left), and centerline turbulence intensity (right)
from the modeling results.

tation, which omits the buoyancy production term, leads to excessive spreading of the jet,
especially in the stratified far field. Both the SGDH and GGDH buoyancy source terms yield
a more realistic reproduction of the jet boundaries. From the lower plots in Figure 3.1, it
can be seen that the buoyancy terms lead to a significant reduction of the turbulence levels
in the far field, while the initial jet region remains largely unaffected. As a consequence,
the centerline velocities are higher when the buoyancy terms are applied. Only minor differ-
ences are found between the results obtained with the SGDH and GGDH buoyancy source
terms. Generally, the GGDH term leads to slightly lower turbulence levels in the stratified
far field. While the reduction in turbulence levels due to the buoyancy source terms leads to
less turbulent diffusion and thus a more realistic spreading of the jet, it also yields slightly
higher terminal jet heights. As the terminal jet height is generally overestimated by the
modeling results, the trajectory predicted by the standard approach appears more realistic
in the present case. More detailed studies are needed to establish whether the apparent
inability to simultaneously predict both correct trajectories and vertical spreading of the
jet is owed to the computational setup or, in fact, a direct consequence of using the linear
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eddy viscosity hypothesis, which reproduces shear-based but not buoyancy-based turbulence
anisotropy. In general, the considerable improvement in the prediction of the spreading of
the jet justifies the use of both versions of the buoyancy source term. Due to its better
numerical stability, the SGDH source term (Equation (3.6)) is used in the following.

3.4.2 RANS modeling of turbulent scalar fluxes

Different models for the turbulent scalar fluxes have been introduced in Section 2.3. It has
also been discussed that the Algebraic Flux Model (AFM) of Kenjeres et al. (2005) can be
simplified to yield the GGDH, while the GGDH can be simplified to the SGDH by assum-
ing perfect isotropy. While it may be argued that the first simplification for the GGDH
is consistent with the use of the linear eddy viscosity hypothesis, the assumption yielding
the SGDH clearly represents an additional simplification to the linear eddy viscosity hy-
pothesis. A combination of linear eddy viscosity turbulence models with advanced modeling
approaches for the turbulent scalar fluxes is thus a natural first step towards increasing the
fidelity of turbulence modeling for non-hydrostatic applications. Such advanced approaches
generally include modeling of the scalar fluxes with GGDH (Daly and Harlow, 1970) or AFM
(Kenjeres et al., 2005; Younis et al., 2018) approaches, as well as SGDH approaches with
non-constant turbulent Prandtl numbers (Kays and Crawford, 1993; Reynolds, 1975).

The capability to exchange scalar flux models at runtime has been implemented as a new
functionality in oceansFoam to replace the hard-coded SGDH approximation typically used
throughout OpenFOAM®. In the following, different scalar flux models that have been
implemented using the new oceanFoam scalar flux modeling capability will be described
and applied.

The SGDH and GGDH are briefly reintroduced here. They model the turbulent scalar
flux as

- Vi —
—u/'¢ = —Vo (3.8)
Ot

and L
W = Oy VG, (3.9)

respectively, where oy is the turbulent Prandtl number and C is a constant. For the AFM
approach of Kenjeres et al. (2005), the full equation reads

— - - — 1— 2 —

—u'¢' = Cor <01 uu Vo + CoVu - ¢p'u + Cs @2 g) —Cy <ku’u’ — 31) -¢'u’ . (3.10)
Here, 7 = max(¥/e, 64/v/c) is a characteristic time scale and S is the expansion coefficient of
the fluid with respect to the transported quantity ¢. This term is only relevant for active
scalars (i.e., for temperature and salinity)?. Different values for the coefficients Cj through
C}y, which have been proposed in the literature, are given in Table 3.2. The variance ¢’2 is

Table 3.2: Coefficients for the Kenjeres et al. (2005) scalar flux model

Reference  Cj &) Cy (O3 C4

Kenjeres et al. (2005) 0.15 06 06 06 1.5

Shams et al. (2014) 0.2 025 0.6 2.5 0.0

Chai et al. (2020) 0.15 0.5 0.1 0.6 0.0

Kenjeres and Hanjali¢ (2000) 0.2 1.0 0.6 0.6 0.0

modeled by the additional transport equation

047 _ _ L
gt +v-(¢7u) - v (<D¢2 + ;;;) qu'?) — 22U -V

In the present implementation of ocean/Foam and throughout this work, the turbulent scalar flux models
are derived for each scalar individually, i. e., without considering any interaction. This simplification is
often made in ocean modeling to avoid having to model turbulent covariances, such as ©’S) (Burchard
and Bolding, 2001).
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where the diffusion coeflicient Dyo and the turbulent Prandtl number og2 are 1 x 1079 and
0.75, respectively. The momentum-to-scalar turbulent time scale ratio R is set to 0.5 by
default.

Younis et al. (2018) propose a different algebraic flux model. Their model, while not
being directly derived from the second moment closure equations, aims to capture the same
physical phenomena with a formulation that is explicit in —w/¢’. This model reads

. = R T = R ko
—u'¢) =4 ?V(/)-i-Cg zu’u’~V¢+Cg = (W (Vu+ (Va)')) -Ve+Cy zﬂg @2 . (3.12)

Again, Equation (3.11) can be used as the scalar variance equation. The coeflicients for
this model are given in Table 3.3. The sign of Cy is reversed with respect to the original
publication of Younis et al. (2018), as it is imperative that buoyancy acts against the mean
gradient transport in stable stratification. This is also consistent with the Kenjeres et al.
(2005) model.

Table 3.3: Coefficients for the Younis et al. (2018) scalar flux model

Reference (4 Cy Cs Cy
Younis et al. (2018) 0.01 0.19 -0.06 0.07

While algebraic flux models represent a high-fidelity approach and thus offer a high degree
of generality, their complexity increases the computational cost of the overall computation,
especially when additional transport equations for scalar variances have to be solved. As a
simple alternative approach, the SGDH can be used with a non-constant formulation for the
turbulent Prandtl number o;. Such formulations for o; are typically made based on some
knowledge about the specific flow problem, whereby their applicability is limited compared
to algebraic flux models. A wide variety of turbulent Prandtl number models have thus
been proposed in the literature for different applications (Reynolds, 1975; Combest et al.,
2011). In Contribution [JPB] of this thesis, the Prandtl number model of Kays and Crawford
(1993) and the Kenjeres et al. (2005) algebraic flux model (with the original coefficients)
are validated against DNS data for heat transfer in a pipe flow. Both models are found to
accurately reproduce the heat transfer in the pipe as well as the velocity and temperature
profiles, while a standard SGDH approach with a constant turbulent Prandtl number was
unable to correctly reproduce both the heat transfer and the DNS temperature profiles at the
same time, even when the constant o; value was tuned to the problem. For the application
to AU plumes in a stratified ambient, no sufficiently general o; model is known to the author.
The non-constant Prandtl number approach is thus not pursued in this chapter.

In the following, the presented scalar flux models will be applied to the previously in-
troduced validation case for a buoyant jet in a stratified ambient. All scalar flux models
are tested in combination with the k-e¢ turbulence model, combined with the SGDH-based
buoyancy adaptation (Equation (3.6)). The SGDH case uses a turbulent Prandtl number
of oy = 0.9, while C; = 0.15 is used in the GGDH case?. The standard coefficients from
the original publication are used for the Kenjeres et al. (2005) model. Figure 3.2 shows
the modeled jet trajectory and boundaries (represented by the 1% dilution contour) along
with the experimental jet boundaries from Fan (1967) as well as the centerline velocity and
turbulence level for the numerical simulations (lower plots). The effect of the different scalar
flux models on the jet trajectory and spread can be seen from Figure 3.2. The difference
between the SGDH and GGDH cases is small, with no significant effect on the spread of
the jet and only a minor difference in the trajectory. The algebraic flux models show more
pronounced differences from the standard SGDH case. The Younis et al. (2018) model pre-
dicts a slightly lower terminal height of the trajectory, which is likely driven by increased
turbulence during the rising phase of the jet (x &~ 0.2m). The Kenjeres et al. (2005) model
predicts a more curved trajectory and a wider jet, despite generally lower turbulence levels
at the jet centerline. Generally, the Younis et al. (2018) model appears to agree best with

4 In the isotropic limit (u/w’ = 2/3kI), the GGDH with C; = 0.15 reduces to the SGDH with ¢ = 0.9,
such that the chosen coefficients are consistent throughout this study.
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Figure 3.2: Like Figure 3.1 but for different scalar flux models.

the experimental shape of the jet. It remains to be discussed whether the better perfor-
mance of the Younis et al. (2018) model in the present study is due to the inclusion of
buoyancy effects in its formulation. This seems unlikely, as a comparison of the coefficients
between the Younis et al. (2018) and Kenjeres et al. (2005) models shows that the buoyancy
term receives a lower weight in the Younis et al. (2018) model. The Kenjeres et al. (2005)
model should thus show a stronger buoyancy effect. Instead, it can be shown that, when
employed in combination with a linear eddy viscosity turbulence model (i.e., when w/u/ is
calculated using Equation (3.1)), the Younis et al. (2018) model reduces to the SGDH with
o= C,(Cy + 2/3C5) " &~ 0.66 in the limit of perfect isotropy and no buoyancy influence.
The superior performance of the Younis et al. (2018) model is thus likely explained by in-
creased gradient-based salinity transport rather than buoyancy effects. It is known from the
literature that lower turbulent Prandtl numbers are beneficial for the prediction of jets (see
e.g., Tominaga and Stathopoulos (2007)).

The jet trajectory is governed by the balance of buoyancy (i.e., salinity in the present
case) and momentum diffusion. It is thus not surprising that the trajectory is affected by the
choice and calibration of the scalar flux model as well as the turbulence model itself. While
the present results show that a significant improvement in the prediction of turbulence in
buoyant and stratified flows can be achieved by using buoyancy-adapted turbulence models,
and some further improvement is possible through the use of higher-accuracy scalar flux
models, further room for improvement still remains. Further studies and more detailed
validation data are required to be able to separately assess and calibrate models for turbulent
momentum and scalar fluxes. Modern measurement techniques enable a separation of these
effects from experiments. Also, high-fidelity simulations, such as DNS and LES, can be
employed to obtain the required data. Thus, while the present study serves to highlight
general differences in the results obtained with the various modeling approaches, future
work is required to allow for a complete assessment in the context of buoyant and stratified
oceanic flows.
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3.5 Application to AU

This section provides a discussion of applications of oceanFoam’s buoyant oceanic flow
modeling capabilities in the realm of techno-economic feasibility and effectiveness assessment
for AU throughout this thesis. Mainly, advances from the thesis contribution [JPA] are
discussed.

In Contribution [JPA], a large propeller-driven upwelling device is studied. The device
concept broadly follows the idea of Vitdez et al. (2016), who first proposed a large propeller-
driven AU device powered by a floating wind turbine. The device was conceptualized as
an AU prototype for field tests in the Guinea Dome region in the tropical North Atlantic,
where nutrient-rich deep ocean water naturally rises to depths above 100 m and is thus easily
accessible for AU. The device dimensions are chosen based on a number of prior calculations,
assuming an energy input of 500 kW. The pipe has a diameter of 10 m and a bottom depth
of 75m. Based on propeller theory, it was estimated that a flow rate of 155m°/s can be
achieved by the device. Several studies are carried out in Contribution [JPA] to assess the
dynamics of the nutrient-rich plume generated by the device and optimize its potential for
elevating nutrient concentrations in the mixed surface layer. Previous CFD modeling studies
of buoyant plumes in the context of AU have been carried out by several authors (Fan et al.,
2015; Williamson et al., 2009; Kogawa et al., 2013). While these publications invariably study
AU plumes in cross-flow, studies of a pure AU plume have not previously been documented?®.
As will be discussed in Chapter 4, the consideration of cross-flow is generally realistic for AU
devices. Nevertheless, some basic principles of AU plume dynamics can better be studied
on pure plumes. In Contribution [JPA], the extent to which the effectiveness of the studied
AU device is impaired by re-sinking of the cold upwelled water out of the mixed surface
region is thus quantified in the absence of additional environmental effects. The publication
describes the general flow dynamics, which include a fountain-like buoyant flow with features
of Raleigh-Taylor instability close to the device and a return to a purely stratified flow in the
far field. The horizontal spreading of a concentrated layer of deep ocean water at the bottom
of the mixed surface layer is identified as the main fertilizing effect of the studied device on
the mixed surface layer. Further research is needed to assess how the nutrients are mixed into
the surface ocean from this layer. Previous studies on AU for mariculture projects explicitly
alm to maintain the upwelled water in a confined plume with high nutrient concentrations,
rather than dispersing it throughout the mixed surface layer (Fan et al., 2015). As a confined
plume also exhibits a stronger re-sinking tendency, the goals of confining the plume and
preventing re-sinking are contradictory, and an optimal balance must be found (Fan et al.,
2015). In the context of CDR, where a large-scale fertilization is encompassed, mixing of
the plume should generally be maximized.

In addition to assessments of the re-sinking and fertilization effects of the proposed
AU device, Contribution [JPA] describes two geometric variant studies, featuring different
shapes and depths of the pipe outlet. While all studied variants lead to similar general plume
dynamics, interesting new conclusions for the device design are drawn. The studies indicate
that, while turbulent mixing is generally important to reduce the re-sinking tendency of the
upwelled water, the shear-based turbulence production at the device outlet is possibly less
important than the buoyancy-based production during the re-sinking process itself. The
study also finds that device designs that support a large spreading radius of the upwelled
water along the free surface before the re-sinking occurs are generally beneficial. This finding
supports a theoretical analysis of Vitdez et al. (2016), who propose that the upwelled water
should be dispersed to a certain radius at the free surface to avoid re-sinking below the
mixed layer depth.

Overall, Contribution [JPA] contributes to the assessment of the technical feasibility and
effectiveness of AU devices by studying the buoyant plume dynamics from a large propeller-
driven AU device without cross-flow. While the device achieves a significant fertilization
effect on the mixed layer in all studies, it is generally found that not all of the upwelled

5 Technically, Soloviev (2016) shows results of a simplified CFD model for a pure AU plume from a

specific device. As these results are presented without any documentation and have little generality,
they are not discussed here.
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nutrients are retained in the mixed surface layer, thus likely limiting the effectiveness of the
device in the absence of additional environmental effects. Further studies are required to
generalize these results with respect to propeller-driven upwelling.
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Chapter 4

Modeling of free-surface and
cross-flow effects

Ocean models typically treat short-period free-surface waves in a phase-averaged manner,
thus accounting for statistical properties of the wave field rather than individual wave mo-
tions. In marine and coastal engineering, on the other hand, phase-resolved models are
widely used to study wave dynamics and wave-structure interactions in great detail, often
only modeling time frames of a few wave periods. High-fidelity modeling of some real-world
processes, such as scour around offshore structures or wave influences on buoyant plumes,
requires both phase-resolved dynamics and long modeled time frames. A common feature
of such processes is that the process of primary interest is not the wave motion itself, but
another process that evolves on a longer timescale under the direct influence of the wave
dynamics. When high-fidelity free-surface modeling approaches are used for such cases,
the computational effort required can be prohibitive. There is thus a need for simplified
free-surface modeling approaches. In Contribution [PPA], such a simplified approach is pre-
sented and combined with the oceandFoam method, presented in Section 2.7. An Arbitrary
Lagrangian-Eulerian (ALE) Interface Tracking (IT) approach is chosen, which significantly
reduces the computational demand for free-surface wave simulation, when compared to
the standard Volume Of Fluid (VOF) interface capturing approach implemented in Open-
FOAM®. ALE-IT methods model the free surface by dynamically moving the boundary of
the fluid domain, which represents the free surface, while the computational mesh is fixed in
space at the sea-floor or around engineering objects (e.g., AU pipes). Throughout the fluid
domain, the mesh is stretched to accommodate the free-surface motion while maintaining ac-
ceptable mesh quality. With VOF methods, on the other hand, the free surface is obtained
by modeling a two-phase flow, resolving both the water and air phases on a fixed mesh.
Figure 4.1 schematically depicts the two approaches. The key advantage of the ALE-IT ap-
proach, that the air flow and the sharp interface do not need to be resolved, can clearly be
seen from this simple schematic, as well as its key disadvantage, that free-surface motion is
limited by the ability of the computational mesh to deform. In Contribution [PPA], the new
approach is verified and validated against theory and experiments for free-surface waves.
The capabilities of the approach are then demonstrated through an advanced application to
wave effects on an AU plume under the combined influence of waves and cross-flow.

In the following, the individual contributions made by this work will be outlined briefly
and discussed in relation to the prior state of knowledge and development, before discussing
lessons learned for the techno-economic feasibility and effectiveness of AU.

41



VOF ALE-IT

Figure 4.1: Schematic depiction of the Volume Of Fluid (VOF) approach and the Arbitrary
Lagrangian-Eulerian (ALE) Interface Tracking (IT) approach for free-surface modeling.

4.1 Previous work on ALE-IT modeling of free-surface
waves

As such, the ALE-IT method does not represent a new approach for free-surface modeling in
CFD simulations. A comprehensive summary of early works in the field has been presented
by Floryan and Rasmussen (1989). An early application to wave propagation was presented
by Huerta and Liu (1988). Also recently, ALE-IT methods have been developed and applied
for wave modeling (Ferrand and Harris, 2021; Wang and Ozgokmen, 2018), as the discretiza-
tion requirements and computational costs of VOF models can still be prohibitive for large
three-dimensional applications. Wang and Ozgokmen (2018) apply an ALE-IT method to
phase-resolved simulations of Langmuir circulation, taking advantage of the possibility to
apply wind stress boundary conditions on the free-surface boundary. Ferrand and Harris
(2021) develop an ALE-IT methodology for the CFD framework Code_ Saturne and apply
it to wave propagation problems. For OpenFOAM®, an ALE-IT methodology has been
developed by Tukovi¢ and Jasak (2012). However, this method has primarily been applied
to surface-tension-dominated flows, such as gas bubbles and liquid droplets. The author is
only aware of a single application of this method to wave propagation, considering only a
simple two-dimensional case (Bai et al., 2020).

4.2 Advancement of the ALE-IT method for OpenFOAM®

The ALE-IT method described in Contribution [PPA] is based on the standard Open-
FOAM® ALE-IT method, first published by Tukovié¢ and Jasak (2012). The source code
was initially published as part of the foam-eztend project and introduced to OpenFOAM®
with release v1912. As the method was developed for surface-tension-dominated flow prob-
lems, it had to be adapted in several regards to be applicable to free-surface wave modeling.
Problems with parallel inconsistency led to numerical artifacts at the processor boundaries,
which had to be eliminated. Additionally, the least squares fitting algorithm, which trans-
fers face-centered control point motion at the free surface to the mesh points, had to be
corrected, and scaling was introduced to accommodate small free-surface motions relative
to the scale of the computational domain. The implemented time discretization scheme was
adapted, as described in Contribution [PPA], to improve consistency and accuracy for large
time step sizes. Finally, the efficiency of the method was improved by introducing new,
displacement-based (as opposed to velocity-based) mesh motion solvers and reducing the
motion interval for the distortion of the internal mesh to once per time step. On subsequent
(PIMPLE) iterations of the solution algorithm (see Figure 2.2), only the free-surface points
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are moved'. As the new motion solver calculates the mesh motion based on the displacement
with respect to a fixed reference position, drifting of the mesh due to error accumulation in
the cyclic motion over long time periods is avoided.

To be able to apply the ALE-IT method as an optional module within the oceanFoam
framework, mesh motion capabilities first had to be implemented for the oceansFoam solvers.
Since OpenFOAM® presently only provides insufficient wave-generation and absorption
capabilities, an adapter for the widely used waves2foam toolbox (Jacobsen et al., 2011) was
developed, which allows for a modular use of this toolbox with any OpenFOAM® solver
through the fvoptions class. In sum, the described adaptations enable three-dimensional
engineering applications of the ALE-IT method in free-surface wave modeling.

4.3 Verification, validation, and performance assessment

CFD methods that replicate physical wave tanks in their ability to study free-surface waves
and their interaction with structures are often referred to as numerical wave tanks. Such
methods must be able to accurately reproduce specific sea states, model realistic wave prop-
agation, and avoid unphysical wave reflection from the boundaries of the computational
domain. Contribution [PPA] assesses the capabilities of the oceandFoam method to act
as a numerical wave tank when combined with the modified ALE-IT extension and the
waves2foam toolbox. The assessment criteria for numerical wave tanks set up by Windt
et al. (2019) are followed. A full discretization convergence study is carried out for a simple
two-dimensional case with a monochromatic sea state. Based on this study, standard tempo-
ral and spatial discretizations are defined for the new ALE-IT method as well as a standard
VOF solver. This procedure allows for a comparison of the relative discretization require-
ments and computational performance of the two methods. It is found that the ALE-IT
method has less restrictive discretization requirements, which lead to a lower computational
demand for a comparable accuracy in reproducing the wave field. For a two-dimensional
test case, the ALE-IT setup is found to require about 80 % less computation time than the
comparable VOF setup. This result validates the goal of this work to provide an effective
modular free-surface modeling technique for engineering problems with simple free-surface
shapes, such as wave effects on submerged structures and plumes.

4.4 Adaptive mesh refinement

Studies of jets and plumes in stagnant environments or steady cross-flows deal with a tem-
porally expanding region of interest. For such problems, adaptive spatial discretizations are
particularly useful, as they allow for a sufficiently fine discretization of the region of interest
at all times, while the background mesh can remain coarse. Static meshes, on the other
hand, must be refined in all areas that may become regions of interest during the calcula-
tion time. Static meshes are thus associated with a significantly higher computational cost
and require prior knowledge about the flow field. With the introduction of mesh motion
capabilities in the context of the ALE-IT method, OpenFOAM®’s standard adaptive mesh
refinement capabilities are also available in the ocean4Foam framework. However, to ap-
ply adaptive mesh refinement to the cases presented in Contribution [PPA], a significantly
modified methodology had to be introduced. Standard OpenFOAM® does not provide dy-
namic processor load balancing capabilities in combination with adaptive mesh refinement.
Since any isotropic refinement step in a three-dimensional hexagonal mesh leads to an 8-
fold increase in the cell count, a significant imbalance of processor cell counts can occur if
the decomposition of the mesh is not adapted in parallel computations. Also, the standard
OpenFOAM® adaptive mesh refinement library offers little flexibility with respect to the
refinement indication function (i.e., the function indicating which cells need to be refined
or unrefined). The adaptive mesh refinement developments in this thesis are thus based on

1 Note that the option to include the mesh motion into the PIMPLE loop must be used when employing

ALE-IT to allow for an iterative solution process to satisfy both the RANS equations and the free-surface
boundary conditions.
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the blastAMR library (Heylmun et al., 2023), which offers a more general implementation
of load-balanced adaptive mesh refinement for OpenFOAM®. The blastAMR library was
updated as part of this work to allow for its use with current versions of OpenFOAM® .
(Version v2412 is used in [PPA].)

While OpenFOAM® generally allows for the combination of mesh topology changes
(i.e., refinement and unrefinement) and motion, a combined use of ALE-IT capabilities and
adaptive mesh refinement is not possible by default. While implementing this capability,
an incorrect function of combined topology changes and mesh motion was discovered when
used in conjunction with second-order time discretization schemes. The problem could be
attributed to the use of the cell volumes on the old time level (i.e., from the previous
time step) in second-order time discretization schemes for moving meshes. When the mesh
is simultaneously refined and distorted, the volumes of refined cells cannot be correctly
reconstructed on the old time level. The problem was finally alleviated by implementing a
refinement procedure that includes moving the mesh back to its position on the old time
level, refining as appropriate, storing the mesh volume, and restoring the new mesh position.
This way, the volume of the new (refined or unrefined) cells on the old time level can be
calculated accurately to avoid any continuity errors. Additional modifications to the ALE-IT
methodology, the mesh motion solver, and OpenFOAM®’s finiteArea methodology (which
is used for field operations in the free-surface plane by the ALE-IT method) had to be
introduced to enable simultaneous operation with adaptive mesh refinement. In sum, the
implementations and adaptations enable the combined use of adaptive mesh refinement and
ALE-IT free-surface modeling in the oceanFoam framework.

The new capabilities are presently subject to two limitations: First, refinement of the cells
directly adjacent to the free surface is not possible, as topology changes of the free-surface
boundary faces are not presently supported by OpenFOAM®’s finiteArea methodology.
Second, the adaptive load-balancing capabilities provided by the blastAMR library cannot
be used in combination with the ALE-IT method. In Contribution [PPA], adaptive load
balancing is thus only used for applications without waves, while the wave cases had to be
stopped regularly to balance the processor load. While these limitations should be addressed
in the future to increase the generality of the method, they did not severely affect the
applications considered throughout this thesis.

4.5 Application to AU

In Contribution [PPA], a study of a wave-driven upwelling pipe subject to cross-flow and
waves is presented. The deep water plumes from both moored and free-floating AU devices
are typically influenced by cross-flow. While moored AU devices are subject to the full force
of the surrounding ocean currents, free-floating devices move with the currents, in princi-
ple. However, since the surrounding currents typically change significantly in direction and
strength over the pipe depth of 200 m to 1000 m, the surface outlet of the pipes will real-
istically also experience cross-flow in the case of free-floating deployments. The prediction
of cross-flow effects on upwelling plumes is thus of great relevance for the assessment of
AU technology. Only the uppermost surface region is influenced by direct effects of wave
motion. AU devices with deeper surface outlets can thus possibly avoid direct wave effects.
However, since the orbital wave motion contributes significantly to mixing in the surface
region, surface waves can play a role in keeping upwelled nutrients suspended in the mixed
surface layer and thus aid the upwelling process.

The AU device studied in Contribution [PPA] has a pipe diameter of 1.9m. The top of
the pipe is located at a depth of 5m, while the bottom depth is 200m. These dimensions
were chosen to represent a wave-pump prototype deployment reported by GEOMAR (2022).
The upwelling rate of the device is assumed to be 510m°/n. This was roughly confirmed
by the results from the GEOMAR field test? and is in line with previous assumptions

2 While a final report on the test conducted by GEOMAR has not yet been issued, a review of the
available data suggests that the upwelling rate during the field trial, which was conducted south of the
Canary Islands, was about 600 mS/h in waves with a significant height of 1.6 m and a dominant period
of 10s.
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of Oschlies et al. (2010) and Jiirchott et al. (2023). In the oceandFoam calculations, the
upwelling pipe is fixed in space and upwells cold deep ocean water at a constant rate. In
Contribution [PPA], two cases are studied, examining the effects of cross-flow and combined
cross-flow and waves. In this section, the study from Contribution [PPA] will be extended
with previously unpublished results for a purely wave-affected AU plume, a case with twice
the assumed upwelling rate, and a case with a stagnant environment (no cross-flow or waves).
As in the original study, a cross-flow velocity of 4.1 ¢m/s and a monochromatic sea state with
a wave height of 2m and a wave length of 100 m are considered. Figure 4.2 visually shows the
different upwelling plumes after a time of 1 h. As can be seen, the environmental conditions

stagnant current

waves current 2X AU-Rate

waves-current

Figure 4.2: Plume from wave-driven AU
device after 1h of operation in different
environmental conditions and different up-
welling rates. Cross-flow velocity is 4.1 cm/s.
The waves are monochromatic second-order

Stokes waves with a wave height of 2m and
a wave length of 100m. The standard up-
welling rate is 510m°/n (i.e., 2xAU-Rate
means 1020 m*/n).

have a significant influence on the spreading and re-sinking behavior of the AU plumes.
Both cross-flow and waves act to reduce the terminal depth of the plume, while stronger
upwelling (2x AU-Rate) increases the re-sinking tendency. Under wave influence, the plume
tends to separate into a part that directly remains in the free-surface region and a part with
a more typical buoyant plume behavior.

A key question in assessing the plume in the context of AU is, to what extent the upwelled
water sinks below a given depth. In Contribution [PPA], a vertical histogram analysis is
thus carried out to evaluate the concentration of upwelled water throughout the modeled
water column. Figure 4.3 shows the result of this study for all modeled cases. The histogram
analysis generally confirms the visual impression from Figure 4.2. Only under wave mixing,
significant amounts of upwelled water are retained in the immediate surface region (above
20m). In a stagnant environment, the plume is strongly confined, with over 50 % of the
upwelled water at depths between 40 and 45m. The modeled cross-flow of 4.1¢m/s leads
to significantly more vertical spread of the plume and a smaller terminal depth, with 50 %
of the upwelled water retained above 30 m. With higher upwelling rates (2x AU-Rate), the
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plume sinks deeper in the same cross-flow, indicating a lower relative efficiency in bringing
deep ocean nutrients to the surface. Based on the temperature and salinity profile used
in the calculations, the mixed layer depth is 24 to 33m 3. For the considered case, it can
thus be concluded that under the effect of waves, most of the upwelled water is retained in
the mixed surface layer, where it is subject to further natural mixing, and the contained
nutrients are fully available for primary production. The considered cross-flow effect alone
leads to part of the upwelled water (up to 75 %) being retained in the mixed surface layer,
while without any environmental effects, the upwelled water almost entirely settles below the
mixed layer depth. A duplication of the upwelling rate results in significantly less upwelled
water retained in the mixed layer, both in relative and absolute terms.

Following (Hug, 1997), a length scale for the final sinking depth of a buoyant plume in

cross-flow can be defined as B

lb:@7

(4.1)

based on the cross-flow velocity Uy, and the buoyancy flux B = Qg%, where @ is the
volume flux of the plume, g is gravity, and p and pg are the density of the background flow
and plume, respectively (Huq, 1997). As can be seen from Equation (4.1), the final sinking
depth of an AU plume in a cross-flow scales with the upwelling rate and the density offset of
the upwelled water. This suggests that an upper limit for flow rates from AU devices exists
if the final sinking depth of the AU plume has to remain inside the mixed surface layer for
a given cross-flow scenario.

In general, the present results are in line with the assessment for AU devices in pure
cross-flow reported by Fan et al. (2015). Fan et al. study cases with a sharp density
interface representing the bottom of the mixed surface layer, aiming to create an AU plume
with minimal dilution (to support mariculture within the plume) that does not penetrate
the density interface in a cross-flow. To the best of the author’s knowledge, no numerical
investigations of wave effects on vertical negatively buoyant plumes (such as AU plumes)
have previously been reported. A limited body of work exists on wave effects on positively
buoyant plumes (Bordbar et al., 2024) as well as negatively buoyant inclined jets, which
are studied in the context of sewage outfall modeling (Ferrari et al., 2018). Ferrari et al.
(2018) also cite references on horizontal jets and non-buoyant jets. While these references
invariably report increased dilution due to the influence of waves, Ferrari et al. find that
waves may act to reduce the dilution of negatively buoyant inclined jets. The present results
show a considerable increase in dilution as a result of wave action. A key difference between
the present study and the studies of Ferrari et al. (2018), lies in the location of the outlet,
which is placed in the direct vicinity of the free surface, here, whereas in the experiments
of Ferrari et al. (2018) the outlet is located near the bottom. This interpretation suggests
that AU devices with deeper surface outlets may be subject to the negative wave dilution
effects reported by Ferrari et al. (2018). Other interpretations, based on the fact that AU
plumes are vertical (not inclined) and have a much lower initial momentum than the jets
studied by Ferrari et al., are possible. Wave effects and combined wave and cross-flow effects
on the mixing of AU plumes have been studied experimentally by Liu et al. (2003), finding
increased dilution of the AU plume through both waves and cross-flow, as observed in the
present study. However, while Liu et al. (2003) conclude that the individual effects of waves
and currents on plume dilution do not accumulate to a combined effect, some accumulative
effect in terms of the settling depth of the upwelled water is clearly visible from the present
results.

As this discussion indicates, further studies are required to fully understand environ-
mental effects on AU plumes and negatively buoyant plumes in general. Nevertheless, the
present results allow for some general conclusions for the techno-economic assessment of AU
devices, beyond demonstrating the capabilities of the new numerical method. These general
aspects will be further discussed in Chapter 5.

3 (Calculated using a 0.03 kg/m3 criterion with a reference depth of 10m and a 0.2°C criterion with the

same reference depth, respectively.
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Figure 4.3: Histogram analysis of upwelled deep water concentration over the water column
after 1h of operation. Cases with stagnant environment (black), pure current influence
(red), pure wave influence (blue), current and waves (green), and current with increased
upwelling rate (orange). Concentration is analyzed in 2m depth bins and normalized by the
total amount of upwelled deep water. Lines give quantiles of upwelled deep water retained
above a given depth.
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Chapter 5

Techno-economic feasibility and
effectiveness studies for AU

This chapter is split into two parts. Section 5.1 provides a complete demonstration of how
the methods developed throughout this thesis can be used to evaluate technical options for
AU and inform an overarching assessment process, on the example of buoyancy-driven AU
through Stommel Upwelling Pipe (SUP) systems. This part summarizes original work from
the publications [JPB], [JPC], [JPD], [CPA], and [PPB]. The second part of this chapter,
Section 5.2, provides a synthesis of the current state of knowledge about all technical options
studied in this thesis by discussing results from both previous work and advances throughout
all contributions of this thesis.

The term techno-economic feasibility is widely used in integrated assessments (e. g., Baatz
et al., 2025) of CDR measures. The term combines two assessment dimensions that are
closely related to the technical development of CDR options. In this thesis, questions of
techno-environmental feasibility assess whether an AU implementation concept is physically
and technically possible. Questions of economic feasibility assess whether a technically
feasible AU concept is a viable (and desirable) option in terms of its cost-benefit structure.
The dimension of economic feasibility is generally not explored in absolute terms in this
thesis. Nevertheless, aspects related to the benefits and costs of different technical AU
options are discussed, which go beyond a mere technical feasibility assessment. Contributions
to absolute cost estimates for AU devices have been made in the framework of a case study
published in Contribution [JPD]. However, such estimates are subject to large uncertainties
due to the low technological readiness of AU. Questions related to the assessment dimension
of effectiveness in this thesis assess how well a technical AU concept supports the overall
CDR process.

5.1 Performance prediction for Stommel’s perpetual salt
fountain and its potential in the context of AU-based

CDR

In large parts of the global oceans, both temperature and salinity are higher at the surface
than in the deep ocean. Driven by evaporation, the high surface salinity acts to destabilize
the ocean’s density stratification, thus increasing its potential energy budget. As a con-
sequence of the second law of thermodynamics, the ocean will generally tend to decrease
its potential energy through natural processes. This can be observed in the salt-fingering
process, a double-diffusive convection process through which high-salinity surface water is
transported downwards while exchanging heat. A similar process was proposed by Stommel
et al. (1956) to drive AU. If a vertical pipe were inserted into the ocean and filled with
deep ocean water once, the water in the pipe would be able to exchange heat but not salt
with its surroundings. The (initially cold) deep ocean water in the pipe would thus heat up

49



and eventually become buoyant with respect to its surroundings due to its low salinity, thus
initiating a convective upward flow in the pipe. The flow would drag new deep ocean water
into the pipe and thus sustain the process. The convection in the pipe would run without
any energy input for as long as it acts to stabilize the ocean stratification, i.e., as long as
the salinity of the surface water is still higher than that of the deep ocean water. This
AU concept was initially proposed by Stommel et al. (1956). Johnson and Decicco (1983)
extend the technical concept by introducing a more efficient counterflow design, where one
or multiple upwelling pipes are placed in an outer shell in which downwelling is established
based on the same principle. This concept can be scaled up by adding more upwelling
pipes, thus increasing the flow rate. The different device types are depicted in Figure 5.1.
Model predictions of the potential of SUP systems have been published by Groves (1958),

single SUP counterflow SUP  shell-and-tube type SUP

Deep Ocean Water

Figure 5.1: Basic types of SUP systems. Adapted from Kemper et al. (2025). CC BY 4.0.

Hinman (1966), and Johnson and Decicco (1983), and first field tests have been reported
by Maruyama et al. (2004). However, as explained in Contribution [JPB], these previous
efforts did not yield sufficient reliability of SUP performance predictions to enable a rigorous
assessment of their potential as an enabling technology for large-scale AU in the context of
CDR. In line with the dual focus of this thesis on numerical model development and appli-
cation in the context of AU, two main contributions have been published in an effort to close
the existing knowledge gaps with respect to SUP systems as a potential enabling technology
for AU.

The first publication constitutes Contribution [JPB] of this thesis. An early version of
this work was presented at the 2023 International Conference on Computational Methods in
Marine Engineering (MARINE) and is published in Contribution [CPA]. To overcome the
previously high uncertainty in performance predictions for SUP systems, rigorous verifica-
tion, validation, and model intercomparison efforts were carried out. For efficient studies of
several types of SUP systems, a one-dimensional reduced-order method was developed and
implemented. The method is published in the software publication [SPB] and is described
in detail in Contribution [JPB]. As in the respective publications, the method will be re-
ferred to as the SP1D (short for Stommel-pipe one-dimensional) method in the following.
Basic concepts of the method were adopted from Groves (1958) and Johnson and Decicco
(1983) and implemented as a flexible Python package, which allows different types of SUP
systems to be studied under arbitrary temperature and salinity conditions. The method
can be used via a graphical user interface or in batch mode. To assess the predictive ca-
pabilities of the new reduced-order method, comprehensive model validation efforts were
carried out using both the new SP1D method and the oceandFoam method. As the ocean/-
Foam method is largely based on first principles (i.e., conservation of mass, momentum,
and energy), a predictive validation for SUP systems can be performed, i.e., the method
can be expected to predict the performance of SUP systems correctly, provided it is able to
capture the individual relevant pipe flow phenomena correctly. In turn, the SP1D method
is based to a higher degree on empirical assumptions and must thus be validated in an
application-specific manner, i. e., against data for actual SUP systems. At present, suitable
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data for such a validation are not available. The only experimental datasets were provided
by a set of experiments with very low upwelling velocities (Maruyama et al., 2004; Tsub-
aki et al., 2007) (2.45mm/s and 7.5 mm/s, respectively). As can be seen from the results of
Contribution [JPC]|, such a point of operation is unsuitable for a general validation of the
SP1D method. Since the available experimental data are additionally influenced by strong
disturbances due to waves and a considerable inclination of the pipes by cross-current, a
validation of the SPI1D method against the data of Maruyama et al. (2004) and Tsubaki
et al. (2007) was not pursued. Instead, a comprehensive model intercomparison between the
SP1D method and the oceanjFoam method was carried out following a rigorous verification
and predictive validation of the oceanjFoam method against theory and DNS data for the
relevant pipe-flow phenomena. In Contribution [JPB|, a model intercomparison for different
SUP types across various ocean conditions, geometries, and pipe flow regimes is presented.
Additionally, with the assumption of no heat transfer through the outer wall of counterflow
and shell-and-tube type SUP systems, a central simplifying assumption of the SP1D model
is critically reviewed based on a comparison with oceanFoam results. A similar compar-
ison study between SPI1D and ocean/Foam is also presented in the conference publication
[CPA] to evaluate the upscaling model for shell-and-tube type SUP systems implemented in
the SP1D method. In sum, the performed verification, validation, and model intercompar-
ison efforts enable performance predictions for SUP systems with a previously unattained
level of confidence and sophistication. Additionally, Contribution [JPB] for the first time
points out the importance of mixed-convection flow and related transition and relaminar-
ization phenomena for SUP systems, thus advancing the understanding of the involved flow
physics.

Having validated the SP1D method in Contribution [JPB|, Contribution [JPC] focuses
on the application of the method to assess the potential of SUP systems as an enabling
technology for AU in the context of CDR. Advances published in this publication include the
first published global assessment of suitable ocean conditions for SUP systems, the first study
on seasonal and small-scale spatial variability of SUP performance using instantaneous (non-
averaged) ocean data, and a comprehensive study on upscaling and optimization of shell-
and-tube type SUP systems to achieve practically relevant flow rates for AU. Generally, the
results presented in Contribution [JPC] underline the potential of SUP systems as a technical
concept for AU. The global assessment primarily indicates potential for high upwelling flow
rates near the subtropical ocean gyres, with the highest potential in and around the South
Atlantic Gyre. It is further found that, to achieve upwelling flow rates comparable to
other technical concepts (e.g., wave-driven upwelling devices), shell-and-tube type systems
are required. The fact that SUP systems heat the deep ocean water during upwelling is
identified as one of the key advantages of this AU concept. The statistical results from the
performance variability study suggest that the upwelled water from SUP systems has a lower
tendency to sink back down, compared to other AU approaches. When designed accordingly,
SUP systems can upwell deep ocean water buoyant with respect to the surroundings at the
surface outlet. Besides the reduced re-sinking tendency, the heating of the upwelled water
implies that large-scale AU deployments based on SUP systems would not significantly cool
the surface ocean, and in turn, would not lead to enhanced heating of the interior ocean.
Increased ocean heat uptake has previously been reported as a major side effect of AU when
wave-driven upwelling devices were deemed the most likely technical concept (Oschlies et al.,
2010; Jiirchott et al., 2025).

The results published throughout the work of this thesis thus suggest that the cumulative
climate impact of AU has to be reevaluated, including SUP systems as a possible enabling
technology. Such a reevaluation is pursued in Contribution [PPB]. Here, a parameterization
for SUP systems in an Earth system model of intermediate complexity is developed in the
form of a polynomial fit through global SUP performance data obtained with the SP1D
method. Simple indicators, such as temperature and salinity at the sea surface as well as
their differences between the surface and the pipe’s source depth, are used as parameters
in this meta-model. The SUP performance is dynamically calculated during runtime of the
Earth system model to capture climate feedbacks and saturation effects on SUP-based AU.
The simple model implementation assumes a perfect heat exchange inside the SUP pipes,
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such that no heat is upwelled or downwelled. Simulations are run for three shell-and-tube
type pipe designs (with 303m, 643 m, and 1103 m source depth) under two future COq
emission scenarios (RCP 2.6 and RCP 8.5). A maximum potential approach is investigated
by assuming a dense deployment of SUP systems (1 pipe/km? and 10 pipes/km?) wherever
they produce upwelling. The runs extend from year 2025 to 2100. Significant upwelling
(up to 0.45m%/s) is obtained, especially with the longer pipe designs, which are additionally
found to be less affected by seasonal performance variations. As SUP systems upwell low-
salinity water to the surface ocean, large-scale deployments impair their own efficiency over
time. In the simulations, a moderate decline in the SUP performance is observed, which can
be attributed to this saturation effect. A termination effect on the climate system due to
interior ocean heating, as reported for wave-driven AU, is not observed. As the simulations
are based on the simplistic assumption of perfect heat exchange inside the SUP devices, this
result has to be confirmed with more sophisticated calculations. However, from a potential-
energy perspective, it seems plausible that wave-driven AU systems, which increase the
ocean’s potential energy budget, lead to increased upper ocean mixing, while SUP systems,
which reduce the ocean’s potential energy budget, should have an opposed effect. In fact,
the results show a global increase in ocean stratification stability due to the SUP operation,
which leads to reduced ocean heat and carbon uptake and a decline in the overturning
circulation. In terms of the cumulative climate impact of AU, it is found that, while the
provision of nutrients from the deep ocean increases primary production in the surface ocean,
the net effect on atmospheric CO4 levels is positive (i.e., increasing atmospheric COq) due
to outgassing of upwelled carbon from the interior ocean. Also, ocean deoxygenation is
identified as a likely side effect. While the results of Contribution [PPB] thus suggest that
SUP-based AU likely has low potential as a standalone CDR measure, it remains a significant
result that many potential side effects that have previously been considered inherently linked
to AU can, in fact, be reversed based on the choice of AU technology. This knowledge will
be useful in developing future specialized AU-based CDR measures, such as deployments in
high-potential regions or combinations of AU with additional CDR measures. A combination
of AU with macroalgae farming and sinking has shown significant CDR potential in a study
by Wu et al. (2023) and in a case study presented in Contribution [JPD] of this thesis.

As the present work on SUP-based upwelling shows, targeted AU technology not only
optimizes the techno-economic performance of AU deployments but also affects the overall
effectiveness and desirability of such measures. The applications thus successfully demon-
strate the approach of this thesis in informing the overall assessment of AU-based CDR
measures through research and model development on the technical level.

5.2 Assessment of proposed technical options for artifi-
cial upwelling

In line with the thesis motivation to unify and extend the knowledge about different technical
AU options, this section synthesizes current knowledge about the techno-economic feasibility
and effectiveness of different concepts and advances through the contributions of this thesis.

Three technical concepts are studied in this thesis: wave-driven upwelling, propeller-
driven upwelling, and SUP-based upwelling. Air-lift upwelling, where an upwelling flow is
initiated by an injection of air at the source depth, is not studied. As in the project work
of this thesis, here the focus will be on large-scale open-ocean implementations of AU as a
marine CDR measure.

5.2.1 Wave-driven upwelling

Large-scale AU for the purpose of carbon removal was initially proposed by Lovelock and
Rapley (2007). Following their proposal, many early works on AU-based CDR have, im-
plicitly or explicitly, considered wave-energy-driven upwelling devices (Dutreuil et al., 2009;
Oschlies et al., 2010). Such devices had already been proposed earlier for AU in different
contexts (Isaacs et al., 1976; Liu, 1999; Kirke, 2003; Kithil, 2006). Typically, wave-driven
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upwelling devices consist of a rigid or flexible pipe, a float, which is excited into motion by
the wave action, and a no-return valve, which restricts the flow in one direction.

A wide range of device sizes has been proposed. An equally wide range of flow rate
predictions exists based on mathematical models of various levels of complexity (Liu and
Jin, 1995; Kirke, 2003; Kithil, 2006; Fan et al., 2016) as well as model experiments (Fan
et al., 2016; Zhou et al., 2019). Proposed flow rates range from 5m°/n (Fan et al., 2016)
to 1.8 x 10* m*/n (Kirke, 2003). A comprehensive review of previous work is presented by
Koweek (2022). Koweek identifies a gap between predicted flow rates and values achieved in
field trials. Based on his review, Koweek proposes a flow rate of 180 m°/h and a bottom depth
of 500 m as near-term technology limits. This is in agreement with the results of Fan et al.
(2016), who propose a range of 5 to 360 m”/h based on a mathematical model, which they
validated against model experiments. Throughout this thesis, no efforts have been made to
improve the flow-rate predictions for wave-driven AU systems.

Compared to other technical AU concepts, the technology readiness for wave-driven
AU devices is relatively high. Even though many prototype tests have ended in structural
failure of the devices (White et al., 2010; GEOMAR, 2022), the literature generally supports
the technical feasibility of large-scale wave-driven AU for carbon removal. Regarding the
economic feasibility of the concept, the literature and study of previous projects suggest
that wave-driven upwelling devices can be designed simply and produced and deployed at a
relatively low economic cost compared to other AU concepts. This assessment is primarily
driven by the fact that wave-driven AU devices have previously been constructed using
flexible pipe material, which greatly simplifies the deployment process. Nevertheless, the
high periodic structural loads on these systems will likely necessitate regular maintenance,
which would incur considerable operational costs.

Throughout the wave-driven upwelling process, the deep ocean water does not undergo
significant heating and is thus discharged at the surface with a low temperature close to that
at the pipe source depth. This constitutes the re-sinking problem, which has been previously
discussed in Chapter 4. Earlier proposals to resolve this problem included transferring the
upwelled water to a nearby shallow region or natural confinement (Kirke, 2003), which is
obviously impracticable in the context of large-scale AU in the open ocean. The dynamics
of deep water plumes from AU devices have previously been studied by Fan et al. (2015),
Williamson et al. (2009), Kogawa et al. (2013), and Liu et al. (2003). In the context of this
thesis, calculations of plumes from wave-driven upwelling devices under the effect of waves
and cross-flow have been studied. It was found that these natural effects can contribute
significantly to keeping the upwelled water suspended within the mixed surface layer, where
it is expected to be available for primary production. The re-sinking problem generally
leads to reduced effectiveness of wave-driven AU in supporting primary production in the
surface ocean. However, the results of this thesis suggest that its effect might not be as
pronounced as previously suggested (Kirke, 2003) in a real ocean environment. Wave-driven
AU thus remains a potential enabling technology for large-scale AU. Due to the effect on
ocean heat uptake (Oschlies et al., 2010; Jiirchott et al., 2025) and other direct physical
effects (Kwiatkowski et al., 2015), it appears likely, however, that the AU process does not
lead to a desirable overall climate impact profile when wave-diven AU devices are used.

5.2.2 Propeller-driven upwelling

A propeller-driven upwelling device has been continuously operated for multiple years in
Japanese waters to enhance local primary production (Ouchi, 2009). The device was first
deployed in the year 2000 and upwelled up to 1.2m%/s of deep ocean water from a depth of
about 200m. To reduce re-sinking and dilution of the plume, the water was mechanically
mixed with surface water and released at the bottom of the mixed surface layer. The
substantial device was driven by a 115kW diesel generator. Propeller-driven upwelling is
also performed to improve the water quality in commercial fish farms. However, the current
technology is not suitable for the large source depths required for nutrient upwelling in
the context of CDR. Viudez et al. (2016) were the first to propose a large propeller-driven
upwelling device, powered by a dedicated renewable energy source (e.g., a floating wind
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turbine).

In principle, the results obtained for wave-driven upwelling can be directly transferred
to propeller-driven upwelling, as both concepts provide a forced-convection flow of deep
ocean water to the surface ocean without significant heating during the upwelling process.
However, in the context of this thesis, propeller-driven upwelling devices have been assumed
to be considerably larger in scale compared to wave-driven devices. This assumption was
made based on concepts proposed in literature (Viadez et al., 2016) and on the practical
consideration that propeller-driven devices require more maintenance due to their higher
technical complexity, which would likely favor the deployment of a small number of large
devices. From a fluid dynamics perspective, large devices are less desirable, as the large
upwelling plumes produced by these devices profit less from the favorable interaction with
the natural mixed layer processes. As shown in Chapter 4 of this thesis, the efficiency in
permanently providing nutrients to the ocean’s mixed surface layer can be significantly im-
paired by re-sinking of the upwelled water without the effect of natural mixed layer processes.
While re-sinking can be limited through the geometric design of the device (as studied in
Contribution [JPA]) or through mechanical mixing with surface water (as pursued by Ouchi
(2009)), a limited effectiveness in terms of enhancing primary production must still be ex-
pected even when the upwelled deep ocean water settles at the bottom of the mixed layer
(Pan et al., 2015).

Due to its high technical complexity and maintenance requirements, along with a po-
tentially impaired effectiveness in permanently providing nutrients to the mixed surface
layer suggested by the results of this thesis, propeller-driven upwelling is likely not techno-
economically competitive with other AU options for large-scale AU deployments in the open
ocean. It might, however, be competitive for coastal AU applications, where maintenance
and energy supply are less problematic and smaller devices can be realized.

5.2.3 Buoyancy-driven upwelling

Initially described by Stommel et al. (1956), buoyancy-driven upwelling has previously ob-
tained little interest as a technical concept in the context of large-scale AU for carbon
removal. Single SUP pipes, even when more efficient counterflow designs are used (see
Figure 4.2), only achieve minor upwelling flow rates and will thus likely not be used in
practical implementations. Upscaled shell-and-tube type SUP systems were initially pro-
posed by Johnson and Decicco (1983). The modeling results presented throughout the work
of this thesis (especially Contribution [JPC]) confirm that these systems can achieve flow
rates comparable to wave-driven upwelling devices and thus have a comparable technical
potential for driving AU. The economic potential of SUP systems can be evaluated based on
their technical complexity when compared to other AU options. In principle, SUP systems
could be viewed as the technologically simplest AU option, based on the fact that, except
for the pipe (and some installation to initially prime the flow), they require no functional
elements. Unlike wave-driven upwelling pipes, the pipes of SUP systems do not have to
transmit any functional loads and just have to withstand the environmental forces. How-
ever, since considerable upwelling flow rates can only be achieved with shell-and-tube type
SUP systems, the geometrical complexity of such devices has to be considered. Due to this
geometrical complexity, it seems less likely that upscaled SUP systems could be constructed
from flexible material, as typically proposed for wave-driven AU pipes. Upscaled SUP sys-
tems would thus likely have a much higher cost for construction and deployment, while the
maintenance cost could be lower when compared to wave-driven AU. The relative economic
feasibility of Stommel-pipe upwelling thus likely depends on future developments of low-cost
implementation approaches for shell-and-tube type SUP systems. The effectiveness of SUP
systems in supporting AU as an overall CDR concept is seen as superior to that of other
technical approaches, based on the results of this thesis (especially Contribution [PPB]).
This assessment is primarily driven by the fact that the water upwelled by SUP systems is
heated, resulting in less re-sinking tendency and the avoidance of global temperature side
effects.
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Chapter 6

Conclusions and outlook

Following the dual objective of this thesis in model development and application in the field
of AU, the conclusions and outlook from the present thesis are divided into two parts. The
first part presents conclusions from the development work conducted throughout this thesis,
while the second part draws conclusions from the modeling efforts carried out in the context
of this thesis with the objective of unifying and extending the knowledge about AU-based
marine CDR measures.

6.1 Model development

Throughout this thesis, oceanjFoam, a new toolbox for modeling oceanic flow in Open-
FOAM® | has been developed. The oceanFoam toolbox provides solvers and methods for
modeling buoyant and stratified flows of seawater with dynamic temperature, salinity, and
passive scalar transport. Advanced turbulence modeling options are available to improve
the predictive capabilities of RANS turbulence models for buoyant and stratified flow appli-
cations. Optional, computationally efficient free-surface modeling capabilities are provided
through a modified ALE interface tracking approach. Phase-resolved free-surface wave gen-
eration and absorption are enabled through an adapter for the widely used waves2foam
toolbox of Jacobsen et al. (2011). Adaptive mesh refinement capabilities with dynamic pro-
cessor load balancing are provided through an updated and extended fork of the blastAMR
library (Heylmun et al., 2023). A new method has been developed to allow for combined
free-surface modeling with adaptive mesh refinement.

Throughout the original work of this thesis, the capabilities of the oceanjFoam toolbox
have been subject to various verification and validation efforts. The basic non-hydrostatic
flow and turbulence modeling capabilities have been validated against experimental data
for a buoyant jet in a stratified ambient in Chapter 3 of this thesis. The free-surface wave
modeling capabilities have been rigorously verified and validated against both theory and
experimental data as part of the work reported in Contribution [PPA], and the performance
of the ALE interface tracking approach has been compared to other free-surface modeling
approaches, finding a substantial advantage in the computational efficiency. Rigorous ver-
ification and validation efforts against theory and DNS data for mixed-convection flow in
vertical pipes and annular sections have been reported in Contribution [JPB].

All development efforts have been conducted with the aim of maximizing the future use-
fulness of the methods by making them modular, expandable, and customizable. The ocean/-
Foam toolbox, including the ALE interface tracking library and the waves2foam adapter, is
published via the software publication [SPA] and maintained via a public git repository (see
Section 2.7). The adaptive mesh refinement capabilities are maintained via a public fork of
the blastAMR git repository.

While the oceanFoam toolbox has been successfully applied for various studies through-
out the course of this thesis, it is still subject to a number of limitations that hamper its
general applicability as an engineering-scale ocean modeling system and should be addressed
as part of future work. The applicability of the ALE interface tracking library is limited with
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respect to wave interaction with surface-piercing structures and shores. Only vertical struc-
tures and shores can be handled at present. Also, no model is implemented to parameterize
wave breaking and stabilize the mesh deformation in the case of breaking waves. The ap-
plicability of the ALE interface tracking approach to wave interaction with realistic coastal
zones is thus limited. Additional limitations exist regarding the implemented boundary con-
ditions. The present implementation of a hydrostatic open boundary allows for free inflow
and outflow through the boundary, based on the local hydrostatic conditions with respect
to an initially defined reference pressure profile. Transient changes in the density profile at
the boundary are accepted through a mixed Dirichlet-Neumann formulation for the pressure
boundary condition. However, this formulation likely reflects internal gravity waves in the
stratified fluid. A non-reflective boundary, or a relaxation zone approach, should be imple-
mented in the future to avoid internal wave reflection. Free-surface boundary conditions for
wind shear and heat flux, as well as source terms for radiative forcing, have not yet been
implemented. Finally, the turbulence modeling capabilities should be further extended with
additional methods for geophysical flows.

While the applications of the oceanjFoam toolbox presented throughout this work demon-
strate its suitability for a wide range of studies in the context of AU, only few studies in
a more general context of oceanic flow modeling have been shown. Additional tests and
validation studies should thus be conducted. Especially, the method should be validated
for stratified flow on larger spatial and temporal scales, and it should be ensured that vari-
ations in mixed-layer depth can be reproduced, as well as geophysical boundary-layer flow
characteristics.

Due to its generality and modularity, the ocean4Foam toolbox can be applied across a
wide range of oceanic flow modeling problems. While the focus on AU applications through-
out this thesis has led to the development and validation of relevant features in this context,
the author hopes that future applications will lead to a further extension and diversification
of the toolbox, such that eventually full functionalities for a versatile engineering-scale ocean
modeling system become available.

6.2 Flow modeling for AU

It has been the motivation of this thesis to unify and extend the knowledge about different
technical options for AU and their effects, with the aim of supporting assessments of the
techno-economic feasibility and effectiveness of AU-based CDR measures. Several studies in
this thesis have investigated the dynamics of deep water plumes from AU. Detailed studies
on the plume of a large propeller-driven upwelling device have been presented. The studies
reveal that the efficiency of the device is impaired by the tendency of the upwelled water
to sink back below the mixed surface layer. While further studies have shown that wave
and current influences act to reduce the re-sinking of the upwelled water, propeller-driven
upwelling devices are likely to benefit less from these influences due to their large prospective
scale and upwelling flow rates. Geometric variant studies have shown that the shape of the
device outlet has a limited effect on the device’s effectiveness in transporting deep ocean
water to the mixed surface layer, despite notable effects on turbulent mixing near the outlet.
Studies on plumes of smaller wave-driven upwelling devices showed a strong influence of the
environmental wave and current conditions. While generally, the effectiveness of wave-driven
upwelling devices must thus be seen as strongly case-dependent. The results indicate that a
significant amount of the upwelled deep ocean water is retained in the mixed surface layer
under realistic conditions, provided that upwelling rates are small.

In addition to the studies on AU plume dynamics, numerous studies on buoyancy-driven
upwelling, based on Stommel Upwelling Pipes (SUP), have been conducted throughout this
thesis. As little work had previously been carried out on this AU concept in the context of
CDR, a wider approach towards techno-economic feasibility assessment was taken, in line
with the goal of a unification of the knowledge about different AU options. A one-dimensional
reduced-order model (SP1D) was developed to enable efficient evaluations of large sets of
pipe geometry variations and environmental conditions. Based on this approach, reliable
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and general information on the potential of SUP systems for AU was provided. It was found
that, given suitable ocean conditions, upscaled SUP systems can provide upwelling flow
rates comparable to those of wave-driven AU devices. A key advantage of these systems is
that the upwelled water is heated during the upwelling process. Re-sinking and unwanted
cooling of the surface ocean can thus be largely avoided. A parameterization of SUP-based
AU in an Earth system model was developed to study the cumulative climate effects of this
AU concept in a maximum-potential scenario. It was found that, while some unwanted side
effects of other AU concepts could be avoided, the intervention did not lead to a global
oceanic CO5 uptake from the atmosphere when deployed as a standalone CDR measure
and led to new, unique side effects on the climate system. While previously, AU has often
been considered to be directly connected to upper ocean cooling and mixing (Dutreuil et al.,
2009; Oschlies et al., 2010; Jiirchott et al., 2025), the results published in the context of
SUP upwelling show that differences regarding the technical implementation have direct
consequences for the global potential and impacts of AU-based marine CDR, measures. The
present work can thus be seen as an example of a reliable simulation-based parameterization
of such technical differences across modeling scales, which informs overarching assessments
of the techno-economic feasibility and effectiveness in the context of CDR.

The above conclusions summarize how the knowledge about different technical options
for AU has been extended and unified through the development and application of numerical
models throughout this thesis. As technologies progress from a concept stage towards proto-
types and specific deployments, high-fidelity numerical modeling will become an increasingly
valuable tool for reducing the need for complex field tests and providing much-needed pre-
dictions for their potential impacts and outcomes. The applications in this thesis have
focused on the assessment of general technical concepts for AU devices. While more general
results can still be obtained by extending the presented studies in the context of AU, future
applications will likely encompass more specific technical questions arising from real-world
applications and field trials.

This thesis has shown that to assess technical climate interventions in a wider context,
scales between technical and geophysical modeling must be bridged by suitable modeling
and parameterization efforts. In a time when geophysical and global impacts of human
technology can no longer be overlooked, responsible and timely development of marine CDR
measures requires synchronized research and development across disciplines and scales. The
author thus hopes that the present work strikes a balance between specific and targeted
advancement of CDR technology and its overarching interdisciplinary assessment as a means
of addressing human-induced climate change.
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Artificial Upwelling (AU) of nutrient-rich Deep Ocean Water (DOW) to the ocean’s sunlit
surface layer has recently been put forward as a means of increasing marine CO»
sequestration and fish production. AU and its possible benefits have been studied
in the context of climate change mitigation as well as food security for a growing
human population. However, extensive research still needs to be done into the feasibility,
effectiveness and potential risks, and side effects associated with AU to be able
to better predict its potential. Fluid dynamic modeling of the AU process and the
corresponding inorganic nutrient transport can provide necessary information for a better
quantification of the environmental impacts of specific AU devices and represents a
valuable tool for their optimization. Yet, appropriate capture of all flow phenomena
relevant to the AU process remains a challenging task that only few models are able to
accomplish. In this paper, simulation results obtained with a newly developed numerical
solution method are presented. The method is based on the open-source modeling
environment OpenFOAM. It solves the unsteady Reynolds-Averaged Navier-Stokes
(RANS) equations with additional transport equations for energy, salinity, and inorganic
nutrients. The method aims to be widely applicable to oceanic flow problems including
temperature- and salinity-induced density stratification and passive scalar transport. The
studies presented in this paper concentrate on the direct effects of the AU process on
nutrient spread and concentration in the ocean’s mixed surface layer. Expected flow
phenomena are found to be captured well by the new method. While it is a known
problem that cold DOW that is upwelled to the surface tends to sink down again due to its
high density, the simulations presented in this paper show that the upwelled DOW settles
at the lower boundary of the oceans mixed surface layer, thus keeping a considerable
portion of the upwelled nutrients available for primary production. Comparative studies
of several design variants, with the aim of maximizing the amount of nutrients that is
retained inside the mixed surface layer, are also presented and analyzed.

Keywords: artificial upwelling, computational fluid dynamics (CFD), RANS, OpenFOAM, oceanic flow, scalar
transport, buoyancy-affected flow, stratified flow
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1. INTRODUCTION

In view of a continuing growth in human population, compliance
with planetary boundaries is increasingly becoming the central
challenge of our time. Past human resource consumption has
lead to a state, where marine fish stocks are largely overexploited
(FAO, 2018) and mere reduction of greenhouse gas emissions
is no longer sufficient to meet international climate goals
(Lawrence et al., 2018). In the search for ways to mitigate these
consequences of resource overconsumption, Artificial Upwelling
(AU) of nutrient-rich Deep Ocean Water (DOW) to the ocean’s
sunlit surface layer has recently been proposed (Kirke, 2003;
Lovelock and Rapley, 2007).

By bringing DOW to the ocean’s surface, AU aims to
replicate processes that occur in natural upwelling systems. Here,
the supply of inorganic nutrients stimulates a high primary
production, thereby providing the basis for highly efficient
food chains, which make natural upwelling systems some of
the world’s richest fishing grounds (Roels et al., 1977). So far,
it has not been shown whether AU can effectively replicate
important features of natural upwelling systems. Nevertheless,
AU is seen as a possible way of increasing fishery yields in
less productive oceanic regions. As such, AU could promote
food security for a growing human population (Kirke, 2003)
and reduce pressure on natural fish stocks. Further, it has been
pointed out that an increased primary production induced by
AU could act as a driver for the biologic carbon pump, a process
that naturally extracts CO, from the atmosphere (Lovelock
and Rapley, 2007). This has led to a discussion on whether
AU can contribute to future climate change mitigation efforts
(Lovelock and Rapley, 2007; Oschlies et al., 2010; Williamson
etal., 2012; Bauman et al., 2014; Pan et al., 2015; GESAMP, 2019).
Despite its potential, a wide range of ecological responses and
biogeochemical consequences of AU remain largely unstudied to
date. Responsible use of AU on a large scale demands thorough
understanding and accurate quantification of all environmental
and ecological impacts associated with this process.

Numerical modeling of the involved fluid dynamic processes
plays an important role in this context. Numerical models
provide information for the technical design and optimization
of AU systems. Additionally, the detailed information on the
associated spread and concentration levels of nutrient-rich DOW
can be used as a basis for biological model calculations and thus
contribute to the quantification of environmental and ecological
impacts of specific AU devices. Numerical methods based on the
Reynolds-Averaged Navier-Stokes (RANS) equations are capable
of accurately predicting both small-scale flow phenomena inside
the AU device and large-scale far-field phenomena. They thus
represent a valuable tool for assessing the AU processes with
high accuracy.

A number of hydrodynamic studies on AU are reported in
literature. Several publications deal with artificial upwelling by
utilizing the energy of ocean waves. A first overview of the topic
was given by Kirke (2003). Beyond pointing out the potential of
the use of DOW for increasing fish stocks, Kirke also mentions
the problem that the cold DOW, when artificially upwelled,
generally tends to sink back down due to its high density and thus

does not remain available for primary production. Liu and Jin
(1995) apply a simple mathematical model to calculate upwelling
volumes of a wave-driven device. They find that a flow rate of
0.95 [m>/s] could be obtained with their device in a typical sea
state off the Hawaiian islands. Similar calculations are presented
by Soloviev (2016), who additionally applied a numerical model
that is not specified in detail. Both of these studies do not model
nutrient transport.

The air lift method proposed by Liang and Peng (2005)
has also been studied. Here, artificial upwelling is achieved by
pumping air into the ocean at a certain depth. Thereby a flow
of air bubbles is created which transports DOW to the surface.
A RANS-based numerical model for this type of upwelling was
presented by Meng et al. (2013). Here, it is found that the applied,
simplified model was able to accurately predict the dispersed
flow and achieve a satisfactory agreement with experimental data.
Some authors have reported results of sea trials with air lift AU
systems (Fan et al., 2013; Pan et al., 2019).

Other publications deal with a device referred to as perpetual
salt fountain, which was initially proposed by Stommel et al.
(1956). Here, the opposing effect which a decrease in temperature
and salinity with depth (i.e., a typical open ocean depth profile)
has on water density are used to drive a self-sustaining upwelling
process in a long ocean pipe. Once the pipe is filled with DOW,
temperature differences between the pipe- and surrounding
water diminish over time while salinity differences remain and
account for a positive buoyancy of the DOW in the pipe. Results
of sea trials with this device are reported in Maruyama et al.
(2004) and Tsubaki et al. (2007). Maruyama et al. (2004) also
apply a RANS-based numerical model to predict the flow inside
their device. However, they do not apply any turbulence model
but use turbulent diffusion data from their experiment in the
calculations. Williamson et al. (2009) extend this work to studies
of near-field mixing in crossflow at the device outlet, using a
commercial RANS code. Williamson et al. find that the flow
can be characterized into a region with high turbulent diffusion
local to the pipe outlet and a second region further downstream
with very little diffusion. They further point out the problem
of turbulence anisotropy in buoyancy-affected flows, which also
plays a role in the present paper. Finally, Williamson et al. find
that, given the small observed diffusion, the outlet depth of their
device is too large for the pumped DOW to be mixed into the
ocean’s surface layer.

Fan et al. (2015) propose a simple mathematical model for
the optimization of forced upwelling in a pipe. To maintain
high nutrient concentrations for mariculture inside a confined
DOW plume, Fan et al. aim to minimize dilution of the plume.
They find that the plume trajectory and the DOW concentration
inside the plume are highly dependent on several technical
parameters, like flow rate, pipe diameter, and outlet depth as well
as environmental influences, like current speed and stratification
strength. A validation of their mathematical model against
steady-state RANS CFD data is also provided in Fan et al. (2015)
along with some validation of the CFD model.

The present paper reports of AU simulations with a new
RANS solution method. The development of the new method
is based on Computational Fluid Dynamics (CFD) methods
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available within the open-source framework OpenFOAM, namely
the buoyantPimpleFoam solver and the thermophysical and
turbulence modeling libraries. A transport equation for salinity
is added to the buoyantPimpleFoam solver, the thermophysical
modeling library is extended to correctly reproduce the physical
properties of seawater, and a simple modification is introduced
into the k-wSST turbulence model to better capture turbulence
effects for buoyancy-affected flows. Thus, a numerical method for
small-scale oceanic flow is created which, due to its open-source
basis, allows for flexible adjustment and extension to specific
modeling problems, like AU. For the simulations presented in
this paper the method is further extended with a transport
equation for nutrient concentration, which enables a direct
quantification of the nutrient transport introduced by the
AU device.

The remainder of this paper is structured as follows. First, the
applied method and the underlying equations will be described.
Then, the results of some studies carried out with the new
method will be presented and discussed. Finally, conclusions
from the presented work will be drawn before finishing with
recommendations for necessary future extensions.

2. NUMERICAL METHOD

The method presented in this paper solves the RANS modeling
problem for buoyancy-affected oceanic flow. The mathematical
model and its numerical solution will be outlined briefly in
this section.

At present, the method incorporates a single-phase (i.e.,
water) only and does not model influences of deformation of the
water surface. This approach was chosen because early studies
indicated that the influences of the water surface on the general
flow were very small, while accurate modeling of free surface
motion would have been associated with high computational
cost. Also, this approach enabled a more direct control over
the heat transfer processes at the surface than a multiphase
simulation using the volume of fluid method.

2.1. Momentum and Mass Equations

A flow of a Newtonian fluid in an Eulerian reference frame is
considered. To account for density fluctuations, Favre averaging
is used instead of the more common Reynolds averaging.
In the following, Favre-averaged quantities are marked by an
overtilde, while Reynolds averaging is indicated by an overscore.
The conservation equations for momentum and mass, in their
conservative form, can thus be written as

9 (ou) e ( ~ 2 ~>

+ V. (puu) =V - | 2ueS — e (V-u) 1
ot 3 (1)

2 _
— 3V (Pk) - VP + g
and
0 v i =0 @
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In Equations (1) and (2), u is the Favre-averaged velocity,
p is Reynolds-averaged pressure and p, p. and g are

Reynolds-averaged density, effective dynamic viscosity and the
gravitational acceleration vector, respectively. The tensor I
represents the unit matrix, and § is the mean strain rate tensor,
which is defined as

~ 1 ~ -

=3 (vi+ ') 3)
Boussinesq’s linear eddy viscosity theory is applied in Equation
(1) to model the effect of turbulence. The effective dynamic
viscosity consist of the molecular and eddy viscosities as follows

Me =+ . 4)

The eddy viscosity ¢ and the turbulent kinetic energy k have to
be modeled by turbulence closure models as discussed in section
2.4. For convenience, a modified pressure p* = p + %ﬁk is
introduced. Also, in Equation (1) the main hydrostatic impact is
subtracted from p* yielding

i =F —08 7, )

where r is the position vector with respect to a reference position.
The pressure and buoyancy terms in Equation (1) can then be
restructured as follows

~ VP +pg= Vb —(g-1)VP. (6)
With these changes, the implemented momentum equation reads
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2.2. Energy Equation

A conservation equation for energy needs to be solved to
account for buoyancy effects. Here, potential enthalpy, i.e., the
enthalpy that a parcel of water would have if adiabatically
and without salt exchange raised to the sea surface, is used as
energy variable. As pointed out by McDougall (2003), a simple
conservation equation for potential enthalpy is, to a high degree
of accuracy, equivalent to the first law of thermodynamics in the
ocean, The conservation equation for potential enthalpy per unit
mass h reads

9 (ﬁﬁ) N N
TR AL (puh) —v. (ochh) . )
Here, o, is the effective thermal diffusivity
e I Ht K
=— 4+ =4 —. 9
¢ Pry,  Pr Pr + p ©)

As for the momentum equation, the turbulent fluctuations
are modeled as additional diffusion by applying the gradient
diffusion hypothesis. In Equation (9) « is thermal conductivity,
¢p is specific heat capacity and Pr and Pr; are Prandtl number
and turbulent Prandtl number, respectively. Throughout this
study a value of 1 was used for Pr,. For ¢, a constant
value of 3991.867 957 11963 [//kek] was used, as suggested by
IOC et al. (2010). « 1is calculated from the thermophysical
model (see section 2.4).
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2.3. Scalar Transport Equation

Scalar transport equations have to be solved for salinity and
nutrient concentration. By again applying the gradient diffusion
hypothesis, the conservation equation for these quantities reads

)
ot

>

+V - (plig) = V - (5D V)

(10)

where ¢ is salinity or nutrient concentration. The effective
diffusion coeflicient D, is defined as
It

D, = D,
‘ ﬁsnt—i_

(11

where D is the molecular diffusivity in [#°/s] and Sn; is the
turbulent Schmidt number. For Sn;, a value of 1 was used
throughout this study. D was set to 1 x 1072 [m?/s] for both,
salinity and nutrients. This represents a typical value for mass
diffusion in water (see e.g., Zhang et al., 2004; Thorpe, 2007).

2.4. Thermophysical Model for Seawater
The flow behavior of any fluid is tightly coupled to its physical
properties, which in turn depend on the state of the fluid and
its composition. In the OpenFOAM framework this relation is
replicated by a thermophysical model. In its standard version,
the thermophysical model calculates fluid properties based on
pressure and temperature. This functionality was extended here,
to include the influence of salinity. For the present study, the
modeled fluid properties are:

e Viscosity
e Thermal conductivity «
e Density p.

To model p based on temperature, salinity, and pressure, the
75term polynomial of McDougall et al. (2003) was used. This
is part of the widely used TEOS-10 (IOC et al., 2010) standard.
By including pressure dependence in the calculation, the full
compressibility is captured in the system of equations. Since the
time steps for the applications considered here are small (about
1 x 107! [s]), acoustic modes do not need to be filtered from
the system, as often done in ocean models (Griffies and Adcroft,
2008). For p and «, the pressure-independent polynomials of
Sharqawy et al. (2010) and Nayar et al. (2016) were implemented.

2.5. Turbulence Model for

Buoyancy-Affected Flow

In Equations (7), (8), and (10) the turbulent fluxes are expressed
in terms of the turbulent viscosity i, by means of the eddy
viscosity and gradient diffusion hypotheses. Eddy viscosity
turbulence models are concerned with determining ;. This is
usually achieved by solving one or more transport equations
for different turbulence variables. Numerous approaches have
been presented in the past, of which the standard k-¢ model
(Launder and Spalding, 1974) and the k-wSST model (Menter,
1994) are the ones most widely used for industrial applications.
For the present study, the k-wSST model was chosen with a
simple modification. This model is known to provide a more
realistic approximation of the turbulence level in stagnation

regions. Within this study, it also proved preferable for cases
where a jet of DOW meets the water surface. The k-wSST model
and its application for buoyancy-affected flow will be presented
here briefly.

The k-wSST model describes 1y as a function of turbulent
kinetic energy k and its specific dissipation rate . The
transport equations for these two quantities, as implemented in
OpenFOAM, read

apk >
Pr Ly V. v
i (puk) ((u + oxper) V) 12)
= Py — ppke
and
dpw e
TS + V. (puw) — V- (( + opit) Vo)
(13)
P w
=Dy L —ppwt +2(1— F)p222 (VK- Vo) .
123 ]

Here, Py is the shear production term, 8* is a model constant,
and oy, 0, B and y are blended between values reproducing k-
o (Wilcox, 1988) (subscript 1) and k-e (Launder and Spalding,
1974) (subscript 2) model behavior, using the wall distance
dependent blending factor F;. The turbulent dynamic viscosity
is calculated by

ﬁalk
max (ala), \/872F2) ’

where a; is a model constant, /S, is the vorticity magnitude and
F, is an additional blending function based on the wall distance.

Within the present study a considerable overprediction of
vertical diffusion was observed for the standard OpenFOAM
implementation of the k-wSST model. This problem can be
accounted to the inadequate representation of buoyancy effects
on turbulence and is often treated by adding additional terms
to Equations (12) and (13) (Van Maele and Merci, 2006). A
simple approach was recently presented by Devolder et al. (2017)
following the work of Van Maele and Merci (2006). This
approach was adopted for the present work. The formulation of
the buoyancy term, which is added to Equation (12), reads

Mme = (14)

M
pSny

g (Vo). (15)
Here, the turbulent Schmidt number Sn; is set to 0.85, to be in
line with Van Maele and Merci (2006) and Devolder et al. (2017).

As stated by Van Maele and Merci (2006), the simple
approach implemented here cannot be expected to provide a fully
realistic capture of turbulence effects in buoyancy-affected flow.
Namely, an overprediction of vertical turbulent diffusion in stably
stratified flow must still be expected as shown by several authors
(Stankov et al., 2001; Worthy et al., 2001; Van Maele and Merci,
2006). However, the implemented approach was seen to provide
a much-needed improvement over the standard OpenFOAM
implementation of the k-wSST model. Since the implementation
of a more sophisticated buoyancy treatment method was outside
the scope of this study, the shortcomings of the present approach
were accepted.
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2.6. Solution Method

The set of equations described above has to be solved by a
numerical solution method. To do so, the partial differential
equations have to be approximated by algebraic equations at a
finite number of locations in space and time. The flow domain
(i.e., the fluid volume for which the equations are to be solved) is
discretized by a large number of small volumes (cells) and the
equations are solved for each of these volumes. Using Gauss’s
theorem, the divergence in the conservation equations can be
calculated by considering the flux across the boundaries of each
volume. This discretization method is known as the finite volume
method. By further applying suitable discretization methods for
the remaining differentials and integrals, a system of algebraic
equations, containing the contributions from all cells, is created
for each of the governing equations. These algebraic systems of
equations are still both coupled and non-linear. For example, the
momentum (Equation 7) contains the unknown eddy viscosity,
pressure, and density. By taking these values from a previous
solution (e.g., a previous iteration or a previous time step) and
treating non-linearities in a similar manner, the coupled system
of non-linear equations can be solved by iteratively solving linear
systems of equations until the difference between the current and
previous solution becomes small, and with it the error of the
previously explained approximation.

Here, OpenFOAMs PIMPLE algorithm is employed for the
iterative solution process. The PIMPLE algorithm represents a
combination of the well-known SIMPLE (Patankar and Spalding,
1972) and PISO (Issa, 1986) algorithms. A pressure equation
is formulated based on the continuity equation (Equation
2)!. Including the necessary additional equations for salinity
and nutrients, the implemented PIMPLE algorithm can be
summarized by the following steps:

. Solve momentum equation

. Solve salinity equation

. Solve potential enthalpy equation

. Calculate density based on new
salinity and temperature

. Solve pressure equation

6. Correct velocity and density based

on new pressure

7. Solve turbulence equations

8. Solve nutrient transport equation

9. Advance to next time step.

B W N =

PIMPLE
loop

9]

PISO
loop

The steps of the PIMPLE loop (1-6) are repeated for a set number
of times, or until a converged solution for the time step is reached.
Also, one or two additional PISO loops (Steps 5 and 6) are
usually included.

The following schemes are used for the discretization of
the equation system. Linear interpolation is used to obtain cell
face values from the cell centered data. Likewise, all gradients
occurring in the equations are calculated by linear interpolation.
For the divergence terms, the limittedLinear scheme is applied,
which generally uses linear interpolation but limits toward

"The derivation of the pressure equation is not discussed here for brevity. For more
information please refer to standard literature (e.g., Ferziger et al., 2020).

FIGURE 1 | AU system concept and main dimensions.

upwind interpolation in regions with strong gradient changes.
For the temporal derivative, the second-order backward scheme
is used for all equations except for the nutrient and salinity
transport equations, where the implicit Euler scheme is used to
ensure boundedness.

3. RESULTS
3.1. AU Application

The simulations presented in this paper concentrate on forced
upwelling in a pipe, powered by a large propeller at the pipe
inlet. Prior to the present project, the main dimensions of a
prototype system had been optimized in a dedicated study. It was
found that a large-diameter pipe in combination with a single
propeller ensures a maximum energy efficiency of the system. A
diameter of 10 [m] was recommended as a compromise between
efficiency and technical feasibility. The prototype simulated in
this paper is designed for field studies in the center of the Guinea
Dome region, close to 10°N, 22°W. In this region, with a water
depth of 4,000-5,000 [m], nutrient-rich DOW naturally rises to
depths above 100 [m]. A depth of 75 [m] is thus sufficient for
the DOW inlet of this specific device. The device is intended to
be deployed free-floating and powered by a renewable energy
source, providing 500 [kW] of electric power. The estimated
volume flow rate is 155 [°/s]. Since the pipe will be made from an
elastic material, a positive pressure inside the pipe is desirable to
prevent it from collapsing. Thus, the propeller is installed at the
device inlet. A schematic of the device is shown in Figure 1 along
with its main dimensions. With larger inlet depths the same type
of device can be deployed in other ocean regions, however, in this
paper, the results concentrate solely on the Guinea Dome region.
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FIGURE 2 | Depth profiles for in situ temperature (A), absolute salinity (B),
NO3-N (C) and PO,4-P (D) in the deployment region. Data taken from
Krahmann (2016).
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FIGURE 3 | Density change Ap introduced by the temperature (red) and
salinity (blue) profiles in Figure 2.

Figure 2 shows depth profiles of in situ temperature, absolute
salinity, PO4-P and NO3-N for the deployment region. The data
was taken from Krahmann (2016). As can be seen in Figure 2,
high nutrient concentrations are already found at depths smaller
than 100 [m] in the example region. The water column in this
region is stably stratified due to large temperature and salinity-
induced changes in water density. The mixed layer depth (MLD)
is 21.8 [m]?. Figure 3 depicts the counteracting effects of salinity
and temperature on density in the modeled region. Here, profiles
of the absolute density change Ap introduced by temperature and
salinity are shown for depths up to 200 [m]. Ap is calculated
with respect to a standard potential density of 1026.49 [k¢/m?].
It can be seen from Figure3 that, especially in the surface
region, temperature has a much stronger influence on density
than salinity.

Expected Flow Phenomena

The vertical density gradient has important impacts on the
general flow field created by the AU device. Stratified flow
exhibits the tendency to return to a stable stratification once
disturbed. This will generally dampen out vertical velocities
that are not driven by buoyancy forces. Thus, when artificially

2The MLD was established using a 0.03 [kg/m?] potential density criterion with a
reference depth of 10 [m].

pumped to the surface, the cold DOW, after having dissipated
its upwards directed momentum, starts sinking downwards again
due to its high density. Williamson et al. therefore characterize
the flow as a weak fountain (Williamson et al., 2009). During the
process, the density difference between the pumped DOW and
the surrounding surface water is decreased by mixing as well as
water surface heat transfer. Thus, the DOW does not sink to its
original depth but creates a layer in the upper region of the water
column, which spreads horizontally as more water is pumped up
by the AU system. Consequently, the flow close to the AU system
can be characterized as buoyant flow (i.e., the main flow direction
is aligned with the direction of gravity) with forced convection,
while in the far field the flow fulfills the characteristics of stratified
flow (i.e., the main flow direction is normal to the direction
of gravity).

Simulation Setup

The geometry of the AU system is idealized to a cylindrical
shape for the simulations. All structural elements or construction
details are thereby neglected, which is appropriate considering
the early development stage of the system. A cylindrical shape
was also chosen for the flow domain (i.e., the water volume which
is modeled in the simulations). Use was made of the symmetry
effects in the sense that only a quarter of the cylindrical flow
domain was modeled. This allows for a significant reduction of
the overall count of computational cells without compromising
the three-dimensional resolution of the flow. The necessary
radius of the cylindrical flow domain was actively studied. Since
the influence of the AU system spreads over time, the size of
the flow domain critically influences how long the simulation
can run before an unwanted interaction of the flow with the
outer boundary can occur. Eventually, a radius of 480 [m] was
chosen, which kept the computational burden acceptable and
enabled simulated times of 10,000 [s] with no visible outer-
boundary effects. Equally, a depth of 200 [m] was chosen for
the flow domain. A heat transfer boundary condition is used at
the top boundary of the flow domain to model sensible heat flux
through the water surface. The air temperature is assumed to be
the same as the initial water temperature at the water surface. A
sensible heat transfer coeflicient of 13.5 [W/m?K] was derived from
work of Komori et al. (2011). The propeller, which is driving the
AU device, is modeled as a momentum source inside the lower
part of the pipe. Here, the desired flow velocity of 1.969 [m/s]
is uniformly prescribed. It has to be noted that this approach
does not realistically model the complex flow field behind a
propeller. However, since full modeling of the propeller and its
influences was not feasible within this study, it was decided that
this approach was most general and sufficiently accurate to not
have an influence on the general behavior of the AU system. All
simulations were started from an initial state of zero velocity
with temperature and salinity profiles as depicted in Figure 2.
To represent the nutrient concentration, a Nutrient Index (NI)
was defined. Its initial value is calculated based on the NOj-
N profile (see Figure 2) divided by its value at the device inlet
depth (i.e., 75 [m]). The initial NI value (i.e., before the start of
the AU operation) is thus close to zero at the water surface and
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FIGURE 4 | Schematic of the simulation setup with Boundary Conditions (BC)
and mesh details.

reaches one at 75 [m] depth®. The simulation setup is depicted
in Figure 4 along with the applied boundary conditions and the
computational mesh.

Discretization

The flow domain was discretized using an unstructured,
polyhedral mesh. The mesh was gradually refined toward the
water surface region as well as the pipe inlet and outlet. The
boundary layer region inside the pipe was refined with prism
layers to maintain a dimensionless wall distance (y*) between
30 and 100. An average grid edge size? of about 1.5 [m] and a
time step size of 0.125 [s] were used for all studies presented
in this paper. The described geometry is thus discretized by 9.3
million cells. This discretization was chosen based on experience
and sensitivity studies carried out for similar problems. On a
dedicated cluster® about 100 [s] of Computation Time (CT) were
needed per second of Simulated Time (ST).

3Since the nutrient concentration is still increasing with depth below the device
inlet, NI values greater than one are common at depths greater than 75
[m], indicating that the nutrient concentration here is higher than the initial
concentration at the device inlet.

4The basic grid edge size is calculated as \/ %

>Two dual CPU nodes were used for most of the studies presented. The nodes
were based on AMD EPYC 7302, 16 Core Processors. FDR InfiniBand was used
for distributed computations.
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FIGURE 5 | NI on a vertical slice through the flow domain after 5.000 [s] (ST).

3.2. Basic Study

The aim of this first study is to establish whether the described
numerical method is able to plausibly capture and quantify
the expected flow effects corresponding to the AU process and
the mixing of DOW and surface waters. This is studied here,
using the previously described case setup. Figure 5 shows typical,
graphical results for NI on a vertical slice through the flow
domain after 5,000 [s] of simulated time (i.e., 1.39 [hrs]).

The expected fountain-like flow close to the pipe outlet can
be observed in Figure 5. The jet of DOW spreads on the free
surface to a patch of about 130 [m] diameter before the cold
DOW starts to sink due to its high density. Once the DOW has
sunk to its depth of neutral buoyancy, the flow becomes almost
purely horizontal and a layer with increased NI values is created,
which can also be observed in Figure 5. Since the fountain-like
flow feature close to the device is comparably small, changes in
the NI-depth profiles need to be analyzed to be able to quantify
the large-scale effect of the AU device. For this analysis a region of
study between a 150 and 330 [m] radius around the AU system is
defined, thus excluding the fountain-like flow feature local to the
device as well as the outer part of the domain, where the nutrient-
rich layer does not fully develop within the simulated time span.
Figure 6 shows average NI depth profiles for this region of study.
Depth profiles for multiple points in time, after the start of the
AU process, are depicted. The previously described layer creation
process can be observed in Figure 6. The strongest changes in
the depth profile due to the AU operation take place within a
confined depth range of 10-40 [m]. In this region, the nutrient
concentration is increased due to the influence of the nutrient-
rich layer, which is initially created at a depth of about 30 [] and
expands in height over time. Between 40 and 70 [m] depth the
initial nutricline is lowered slightly due to the extraction of the
DOW below. After 7500 [s] the depth profile becomes temporally

Frontiers in Marine Science | www.frontiersin.org

78

January 2022 | Volume 8 | Article 804875

Contribution [JPA]

@) |


https://creativecommons.org/licenses/by/4.0/deed.en

Kemper et al.

Flow Modeling of Artificial Upwelling

|
1

I
1
!
1
I
|
1
|
I
|
1
|
I
1
|
I
|
1
|
1
|
1
|
I
1
|
|
1
1
1
I
|
1
|
1
1

0 0.1 0.3

t=0[s] — t=2500][s] — t=5000 [s]
— t=7500[s] — t=10000 s]

0.2

FIGURE 6 | NI depth profiles for different points in time (ST). Profiles are
averaged over a radius of 150-330 [m] around the AU system.

stable, indicating that by this point the nutrient-rich layer is fully
developed throughout the region of study.

It is not within the scope of this study to establish to which
extent the upwelled nutrients in the nutrient-rich layer can be
utilized for primary production. The change of the average NI
value inside the mixed layer of the studied region is thus taken
as measure for the upwelling efficiency of the AU device. From
the depth profiles shown in Figure 6 it can be calculated that
the average NI inside the mixed surface layer is raised from an
initial value of 0.0064 to 0.0402 after 10 000 [s]. This corresponds
to NO3-N values of 0.14 and 0.85 [#mol/I], respectively.

3.3. Variant Studies

Having shown the general ability of the described model to
capture and quantify the flow effects relevant to the AU process,
comparative studies between device variations are possible. In
a first study, three design variants were chosen, which were
expected to exhibit different flow characteristics at the outlet
of the AU system. The investigated variants are depicted in
Figure 7. The first variant, referred to as Cylinder, represents the
basic cylindrical geometry as described in the previous sections.
Here the flow at the outlet of the AU system is characterized
by its impingement on the surface. The second variant, referred
to as Funnel, features a funnel-shaped outlet with a maximum
diameter of 30 [m]. Also, a body (gray shaded area in Figure 7)

Cylinder Funnel Slotted

<

FIGURE 7 | Tested design variants for the AU system.

is installed inside the Funnel to make sure the flow follows the
funnel surface (i.e., avoid flow separation). The flow for this
variant is characterized by the horizontal decay of the momentum
introduced by the AU system. The third variant, referred to as
Slotted, represents a pipe that is closed at the top, such that the
outflow occurs through multiple horizontal slots on the upper
part of the pipe. Five slots are arranged over the top 10 [m] of the
pipe. A width of 0.125 [m] was chosen for the slots such that the
total area of all slots equals 1/4 of the pipes cross-sectional area.
The outflow for this variant is characterized by five planar jets.
For all three variants a flow velocity of 1.969 [/s] inside the pipe
was specified.

Figure 8 shows the results of the variant study after 10 000 [s]
(ST). Averaged NI depth profiles are shown in Figure 8A. Again
only the region between a radius of 150 and 330 [m] around the
AU system is analyzed. As can be seen from this figure, a similar
nutrient-rich layer is created by all device variants. It can further
be seen from Figure 8A that, between 20 and 40 [m] depth, the
Funnel variant reaches higher NI values than the other variants,
while inside the mixed surface layer (i.e., above the MLD) the
Cylinder variant reaches slightly higher values. For the Slotted
variant, the nutrient-rich layer seems to be slightly narrower,
which leads to smaller NI values inside the mixed surface layer.

Again, the increase of the Average NI inside the mixed layer of
the studied region is taken as measure for upwelling efficiency.
Figure 8C shows the average mixed layer NI in the analyzed
region for all device variants. Here, the superiority of the Cylinder
variant becomes clearly visible.

To understand the origin of the different performances of
the device variants, the amount of turbulent mixing created by
these variants must be considered. Figure 8B shows the Average
mixed layer eddy viscosity ratio vi/v over the radial distance
from the device center. This figure shows that turbulence is
created near the device outlet and decays with larger distances
to the device. The strongest turbulent mixing is found at some
distance from the device outlet, where the DOW starts to sink
down due to its high density. It becomes evident from Figure 8B
that, while the Slotted variant reaches the highest eddy viscosity
ratios, the Cylinder variant creates overall more turbulence, by

maintaining higher values at greater radii. The Funnel variant

Frontiers in Marine Science | www.frontiersin.org

Contribution [JPA]

@)y |

January 2022 | Volume 8 | Article 804875

79


https://creativecommons.org/licenses/by/4.0/deed.en

Kemper et al.

Flow Modeling of Artificial Upwelling

>

-10°

depth [m]

mixed layer NI values based on depth profiles in (A).

0 0.1 0.2 0.3 0.4 0 25 50 75 100 125 150
NI [-] radius [m)]
C
p— (3 38 - 103 — initial profile
. 4021072 —  Cylinder
5 . 723.17 -1072 —  Funnel
2.22 10— R o
0 1 2 3 4 5
mmixed layer[_] 1072
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produces generally lower eddy viscosity ratios, when compared
to the Cylinder and Slotted variants, but maintains its maximum
values over a relatively large range of radii.

For the Cylinder variant, the widest spread of DOW along the
surface is achieved before the sinking occurs. This is reflected in
Figure 8B in high eddy viscosity ratios further away from the AU
system. For the Slotted variant, the horizontal momentum decays
close to the device due to the high turbulence levels. Here, the
sinking of the DOW occurs over a smaller region, close to the
device. Finally, the Funnel variant produces a more confined jet of
DOW with an intermediate spread along the water surface. Here,
the peak in the eddy viscosity ratio at the maximum spreading
radius along the free surface is less pronounced.

In a second variant study, different depths of the device outlet
were tested for the Cylinder shape, and the influences on the
DOW layer formation and nutrient enrichment in the mixed
surface layer were studied. In addition to the standard version,
with an outlet depth of 5 [m], two versions with outlet depths of
2.5 and 7.5 [m] were studied. Again, depth profiles and mixed
surface layer average values after 10000 [s] (ST) are analyzed
to establish the influence of the device outlet depth on the
nutrient-rich layer.

In Figure 9, the differences between the studied versions, in
terms of nutrient enrichment, are much smaller than the ones
observed in the previous variant study. As can be seen from
Figure 9A, slightly higher NI values in the mixed surface layer
are reached by the 2.5 [m] outlet depth variant. This is reflected
in higher average values in Figure 9C, respectively. Figure 9B
again shows the radial profile of the average mixed layer eddy
viscosity ratio vi/v. Here, much larger differences than for the NI
depth profiles (Figure 9A) are observed. When compared to the
other variants, the 2.5 [m] outlet depth variant reaches a slightly
greater spreading radius of the DOW along the water surface

and much larger eddy viscosity ratios during the sinking phase
of the upwelled DOW. The 7.5 [m] outlet depth variant shows
the lowest eddy viscosity ratios.

4. DISCUSSION

The results presented in this paper show that RANS-based flow
simulations with the newly developed numerical method provide
valuable insight into the AU process. The numerical method has
been successfully applied to studies of an AU device, including
general flow phenomena and the relative performance of several
design variants.

4.1. Basic Study

The expected flow behavior can clearly be observed in the results
of the first study. In the device near field, the flow that Williamson
et al. (2009) describe as a weak fountain is reproduced. At larger
distances from the device, the flow becomes purely horizontal
and a distinct layer containing the upwelled DOW is created.
This was expected based on the stable stratification of the water
column and has been described by Fan et al. (2015), who
conducted flow simulations for a similar device in crossflow.
The fact that, in all cases presented here, the nutrient-rich
layer extended into the mixed surface layer can be seen as
an unexpected result of this study. While Kirke (2003) states
that DOW, when pumped to the surface, tends to sink below
the mixed layer and thus becomes unavailable for primary
production, the results of this study suggest that the horizontal
spreading of the nutrient-rich layer still leads to a considerable
increase in the mixed layer nutrient concentration despite the
initial re-sinking of the DOW. In fact, the horizontal spreading of
the nutrient-rich layer appears to be the main process by which
the mixed layer is fertilized through the proposed AU system.
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Since the horizontal spreading process is associated with very
little vertical mixing, it can be assumed that the nutrient-rich
layer can spread over large horizontal distances.

Within the region where the nutrient rich layer fully developed
during the simulated time (i.e., between a radius of 150 and
330 [m] around the AU system) the average mixed layer NO;-
N concentration was increased ba a factor of 6.3, from an initial
value of 0.14 to 0.85 [umol/i]. These values in the same order
of magnitude as those observed in natural eastern boundary
upwelling regions (Chavez and Messié, 2009). The results thus
seem encouraging enough to motivate further research on the
concept of forced upwelling.

4.2. Variant Studies

The presented variant studies show the effect of different device
outlet configurations on the local and global flow characteristics
and the intended mixed layer nutrient enrichment. Generally,
the importance of turbulent mixing for nutrient enrichment
in the mixed surface layer is highlighted by the results. All
variants show the same general flow features which have already
been described for the basic study. It was expected that strong
turbulence introduced by the device as high up in the water
column as possible would enhance mixing between the upwelled
DOW and surface waters, and thus lead to a higher efficiency
of the AU system. However, the strongest turbulent mixing was
generally observed at some distance to the device, during the
sinking phase, which follows the initial upwelling and spreading
of the DOW along the water surface. This suggests that shear-
based turbulence production at the device outlet is less important
than expected. The results of both variant studies show that a
greater spread of the DOW jet along the surface leads to more
effective mixing during the sinking phase. High turbulence levels
near the device outlet, on the other hand, decrease the spread

of the DOW jet, and thus the device efficiency, as observed for
the Slotted variant. While the importance of turbulent mixing
is confirmed by these results, they reveal that the design should
be optimized for convective spreading of the nutrients along the
water surface rather than for shear-based turbulent mixing local
to the device outlet.

Throughout the studies presented here, the standard Cylinder
variant with an outlet depth of 2.5 [m] achieved the strongest
mixed layer nutrient enrichment with about 7 times the initial
nutrient concentration.

It is noteworthy that the idea to maximize the dilution of the
upwelled DOW contrasts with the approach of Fan et al. (2015),
who aim to minimize dilution and thus maximize the nutrient
concentration in the DOW plume. This is explained by the
fact that Fan et al. aim to increase nutrient concentrations only
local to a mariculture project within the DOW plume, whereas
here the intention is to fertilize the mixed surface layer over a
large area.

4.3. Limitations

While the results presented in this paper show the
applicability of the newly developed method for AU
simulations as well as its ability to provide insight into
function principles and the effectiveness of AU devices, the
significance of the results, in absolute terms, is still limited
by simplifications made during both model development and
experiment design.

It has to be noted that the eddy viscosity ratios observed
in Figures 8B, 9B are significantly higher than the values
typically obtained in engineering simulations. The high values
mainly result from the coexistence of shear- and buoyancy-
based turbulence production in the sinking region. While strong
turbulence is a typical feature of the Raleigh-Taylor instability
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observed in this region, it yet has to be established whether
the magnitude of the effect is realistically captured by the
turbulence model.

Based on the second variant study, it may be assumed that
a variant with an even smaller outlet depth than the ones
studied here might perform even more desirable. It has to be
noted, however, that the water surface is fixed in the simulations
presented here. Thus, any water surface deformation due to the
operation of the AU system is neglected. This simplification is
expected to have an increasing influence as the outlet depth of the
device decreases. It may thus impair the validity of simulations
with very shallow outlet depths.

It also has to be noted that, since the same flow rate was
taken for all variant studies, these studies do not consider the
implications of the different variants on the necessary propeller
shaft power to obtain the specified flow rate, which would be the
limiting factor for upwelling volume in a realistic setting. This
was chosen with the intention to first obtain an understanding
of the implications of local design changes on the flow, before
optimizing the AU system as a whole.

The results presented in this paper rely on a single set of
depth profile data for a very specific ocean region. Since the
efficiency in bringing nutrients to the ocean’s mixed layer might
depend strongly on the stratification in the deployment region,
the presented results can not be generalized.

Further, in this paper the amount of permanent nutrient
enrichment in the mixed surface layer was estimated by
calculating the mean NI value above the initial MLD inside
a region where the nutrient-rich layer was fully established
within the simulated time (i.e., between a radius of 150 [m]
to 330 [m] from the device center). It has to be noted that
this method of estimating the amount of permanent mixed
surface layer nutrient enrichment is based on simplification. It
is assumed that all nutrients which permanently settle above
the initial MLD can be further spread throughout the mixed
surface layer by natural processes and thus remain available
for primary production, while all nutrients which settle below
the MLD are lost. While this assumption enables a simple
comparison of device variants, it does not adequately reflect the
physical processes in the ocean’s surface region. In particular,
this calculation method does not take into account any changes
to the MLD due to AU. These changes cannot be evaluated
without considering natural forcing effects which balance the
perturbation in the water column caused by the AU device
over time.

Finally, the total spatial extend and timescales of the device
influence are not captured by the simulations presented here due
to the limited availability of computational resources.

4.4. Conclusions

Flow simulations of AU have been carried out with a newly
developed numerical method. The method is based on numerous
modifications to the open-source framework OpenFOAM, which
have been described in this paper. The capabilities of the new
model have been demonstrated in several studies. The newly
developed numerical method was able to reproduce expected
flow phenomena and allow a first quantification of the local

nutrient enrichment potential in the affected region, as well
as comparative studies for device optimization. The spreading
of the nutrient-rich layer, which is created by the device,
was identified as the main large-scale nutrient enrichment
effect. The results suggest that device variants should be
optimized for a large convective spread of the DOW jet along
the water surface to achieve more permanent mixed layer
nutrient enrichment. With a growing interest in ocean-based
solutions to the emerging challenges of our time, the role of
efficient modeling of these solutions is becoming increasingly
important. The presented results should provide the reasoning
for continued modeling efforts to improve the understanding of
AU.

4.5. Future Work

To be able to obtain more general results from the proposed
numerical method, some improvements have to be made:

1. The implemented buoyancy modification for the k-wSST
turbulence marks a simplified turbulence modeling approach
for the AU flow problem. A separate study should be carried
out on the applicability of different turbulence modeling
approaches to stratified, oceanic flow. Different formulations
of the buoyancy terms for the k-wSST turbulence model and
other approaches should be taken into account.

2. The simulations presented in this paper were stopped after
10000 [s] (ST) to avoid boundary effects due to the spatial
limitation of the flow domain. A boundary condition that
allows free in- and outflow through the boundary would
enable longer simulated times with spatially confined flow
domains and should therefore be implemented.

3. Throughout this study, a value of 1 was invariably used for
the turbulent Prandt]l and Schmidt numbers. The use of the
gradient diffusion hypothesis with global constant Pr; and Sn;
values is generally criticized by Combest et al. (2011). Different
constant values and other alternatives should be evaluated and
compared against data.

. The numerical model should further be extended with realistic
modeling approaches for natural mixing in the mixed surface
layer to be able to model the effect of these processes on mixed
surface layer nutrient enrichment.

Finally, after careful verification and validation of the
improved numerical method, studies on greater spatial and
temporal scales should be undertaken to fully determine the
influence of the proposed AU device on its environment.
In particular, the horizontal extent of the nutrient-rich
layer and its spreading rate should be studied, along
with the question what fraction of the nutrients in the
nutrient-rich layer can eventually be utilized for primary
production.
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ARTICLE INFO ABSTRACT

Dataset link: 10.5281/zenodo.14394656 Due to the typical temperature and salinity structure in wide parts of the global oceans, a self-sustaining,
convective up or downflow within a vertical pipe can be established. This concept was introduced by Stommel

Ié:)r,‘b”;;d]‘;ioxi de Removal (CDR) et al. (1956) as the perpetual salt fountain. Recently, Stommel Upwelling Pipe (SUP) systems are gaining new
Artificial upwelling interest as possible enabling technology for large-scale implementations of artificial upwelling of nutrient-rich
Perpetual salt fountain deep ocean water to the ocean surface. This process is currently actively researched as part of several marine
Stommel upwelling pipe Carbon Dioxide Removal (CDR) approaches. Despite multiple studies conducted over the past decades, no
Computational fluid dynamics (CFD) method has yet been proposed to reliably predict performance and thus enable quantification of the potential
Mixed convection of Stommel Upwelling Pipe (SUP) systems for artificial upwelling. In the present work, two performance

prediction methods for SUP systems are introduced, one method based on the Reynolds-Averaged Navier—
Stokes (RANS) equations and a one-dimensional method based on pipe flow equations. This twofold approach
overcomes the limitations of previous studies and enables reliable performance estimation for a wide range of
SUP setups. Both numerical methods are described in the present work, and their predictive capabilities are
proven through rigorous verification, validation, and model intercomparison. The respective model assumptions
are critically reviewed. Our results reveal key aspects of SUP performance and provide the basis for a reliable
evaluation of the potential of SUP systems for artificial upwelling.

1. Introduction will continue without any external energy input (except ambient heat).
Stommel et al. (1956) were the first to describe this effect, naming it

In many ocean regions, the surface waters have both higher tem- the perpetual salt fountain. The effect is conceptually linked to double-
peratures and a higher salinity than the deep ocean water. With regard diffusive convection, a well-known feature in oceanic flow, with the
to density, the temperature effect, which stabilizes the stratification difference that here, the diffusion of salt is not only smaller than the
of the water column, outweighs the destabilizing salinity effect. When heat diffusion but entirely suppressed due to the presence of the pipe

viewing these ocean regions as a thermodynamic system, it is apparent
that the system could be moved to a lower energy state if the salinity
could be transferred to the deep ocean, or equally, the relatively fresh
deep ocean water could be transferred to the surface, independent
of its temperature. Such a transfer should thus run as a spontaneous
process, i.e., without any energy input to the system. If a vertical
pipe is deployed in such an ocean region and filled with deep ocean
water once, the cold water in the pipe will eventually be heated
by the surrounding water while retaining its low salinity. The water
column inside the pipe will thus become buoyant with respect to the
surrounding water, and a convective upward flow in the pipe will open-ocean mariculture (Wu et al., 2023), and interventions for hurri-

be initiated. Once a steady state of this process is reached, the flow cane (Kithil, 2006) and drought mitigation (Ricke et al., 2021). Most

wall. It is worth noting that in the same ocean regions, Stommel’s effect
can also be used to drive downwelling instead of upwelling if the pipe
is initially filled with surface water instead of deep ocean water. Since
its publication, several device concepts have been proposed on the basis
of this principle. In the present work, we will summarize these device
concepts under the term Stommel Upwelling Pipe (SUP).

Engineered transport of deep ocean water to the surface ocean
is known as artificial upwelling. This process has been studied in
numerous contexts, including enhancement of fish stocks (Kirke, 2003),
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Nomenclature
General
P Pressure [N/m?]
o Volume flow rate [“\3/5]
Sy Absolute salinity [g/kg|
e} Conservative temperature [°C]
p Density [kg/m?|
_ Gr*
Bo Buoyancy parameter = Re3A25 P08 [-1
(0-0,,)D3
Gr Grashof number = gﬁ# [-
v
g/i402
Gr* Heat flux-based Grashof number = —* (-]
KV
Np Diameter-based Nusselt number = % [-1
Pr Prandtl number = % -1
Re Reynolds number = % [-1
Ri Richardson number = 2% [—]

Re2

ocean4Foam method

D

Diffusivity of Salinity [mz/s

g Gravity vector [m/s?|
I Unit matrix [-]
k Turbulent kinetic energy [mz/sz]
p;h Modified kinematic pressure = i?—y r+ %k [mz/sz]
r Position vector w.r.t. water surface [m]
S Strain rate tensor = % (Vi+ (Vi)r) [1/5]
t Time [s]
u Velocity vector [my/s]
yt Dimensionless wall distance [-]
A Thermal diffusivity “\2/5
v Kinematic viscosity mz/s
T Deviatoric part of kinematic Reynolds stress tensor [mz/sz]
o, Turbulent Prandtl number [-]
Subscripts
bo Constant reference quantity
b Effective quantity = ¢ + ¢,
b, Quantity modeling turbulence effects
Superscripts
P Reynolds-averaged quantity
o7 Transpose of tensor ¢
SP1D method
A, Pipe cross-sectional area [m?]
cr Darcy pipe friction factor [-]
Cp Heat-transferring circumference [m]
< Specific heat capacity [I/kgK]
D Pipe diameter [m]
Dy, Hydraulic pipe diameter [m]
g Gravity [m/s?]
h Convection heat transfer coefficient [W/m2 s
L Pipe length [m]
n Number of inner pipes of satSUP systems
q Heat flux [W/m?]
s Pipe wall thickness [m]
U Overall heat transfer coefficient across pipe wall [W/m?K]
w Pipe velocity [m/s]
z Vertical pipe coordinate (positive down) [m]
B Volume expansion coefficient [1/K]
K Thermal conductivity [W/mK]
Subscripts and averaging
) Averaged quantity over the pipe length
be Quantity w.r.t. external diameter of inner pipe
b; Quantity w.r.t. inner pipe
Drop Quantity at upper pipe end
Bpottom Quantity at lower pipe end
b, Quantity w.r.t. the shell of ¢cSUP or satSUP systems
Docean Quantity w.r.t. the surrounding ocean
Duall Quantity of pipe wall material
Abbreviations
CDR Carbon Dioxide Removal
RANS Reynolds-Averaged Navier-Stokes
SGDH Simple Gradient Diffusion Hypothesis
SUP Stommel Upwelling Pipe
sSUP single SUP
cSUP counterflow SUP
satSUP shell-and-tube type SUP
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proposals target deep ocean water for its high inorganic nutrient con-
centrations, which are utilized to enable biological primary production
in the surface ocean. Recently, artificial upwelling has received new sci-
entific interest due to its potential to enhance oceanic CO, uptake and
thus act as a marine Carbon Dioxide Removal (CDR) measure. Artificial
upwelling can either represent a standalone CDR measure (Lovelock
and Rapley, 2007; Dutreuil et al., 2009; Yool et al., 2009; Oschlies et al.,
2010; Keller et al., 2014; Jiirchott et al., 2023) or be used to support
CDR in the context of open-ocean macroalgae farming (Koweek, 2022;
Wu et al.,, 2023). While the salt fountain effect was initially intro-
duced as a curiosity rather than a practical engineering concept for
artificial upwelling (Stommel et al., 1956), SUP systems have several
advantageous properties for driving large-scale deployments of artifi-
cial upwelling. Based on the fact that no external energy supply is
required to drive SUP systems and their construction can be comparably
simple (no moving parts), SUP systems could represent an enabling
technology for large-scale upwelling-based CDR in the open ocean,
provided they have the potential to upwell significant volumes of deep
ocean water.

Several authors have tried to quantify and demonstrate the potential
of SUP systems. A first effort to quantify possible flow rates has been
undertaken by Groves (1958). Groves studied a simple ocean profile
using an analytical method. He analyzed his results in the context of
fish-farm fertilization but concluded that SUP-based fertilization with
deep ocean water was not likely to be economically interesting due to
the low flow rates. Hinman (1966) extended Groves’s calculations, with
the addition of vertical heat transfer and a numerical implementation.
Even though Hinman found the effect of vertical heat transfer to be neg-
ligible, he found considerably larger upwelling flow rates than Groves
by using different ocean depth profile data and pipe setups. Johnson
and Decicco (1983) proposed a new type of SUP device, where down-
welling, based on the salt fountain principle, is established in a number
of tubes running through an outer shell, where upwelling is established.
The aim of this counterflow arrangement was to obtain a more uniform
temperature difference across the pipe wall throughout the device and
thus enhance the heat transfer efficiency. Using a simplified analytical
model, Johnson and Decicco showed that their concept could be up-
scaled to achieve flow rates of 1.32m°/s. A first successful prototype test
of Stommel’s concept was reported by Maruyama et al. (2004). Using a
flexible 0.3 m diameter, 280 m long pipe, Maruyama et al. were able to
achieve an upwelling flow rate of 1.7x10~*m*/s. In a further field exper-
iment, upwelling of 5.3 x 104 m*/s was achieved (Tsubaki et al., 2007).
The results of Maruyama et al. (2004) were subsequently extended
with numerical simulations, using a Reynolds-Averaged Navier-Stokes
(RANS) equation model in laminar mode and with a fixed uniform eddy
viscosity. As the laminar model simulations resulted in poor agreement
with the observations, Maruyama et al. (2004) suggest that wave action
on the surface buoy of their system might have caused turbulent flow
in the pipe. Studies of Zhang et al. (2006) strengthen this explanation.

Based on the above literature review, three types of proposed SUP
systems are defined in the present work. The three types are schemat-
ically shown in Fig. 1. In the following, they will be referred to as
single SUP (sSUP), counterflow SUP (cSUP), and shell-and-tube type
SUP (satSUP). While strictly the cSUP concept marks a special case of
a satSUP system with a single inner pipe, it is treated as a separate
concept throughout this work for its special geometric properties. It
should be noted that in contrast to Johnson and Decicco (1983), who
initially proposed this device type, in the present work, the inner pipe
of cSUP and satSUP systems is the upwelling pipe, while downwelling
is considered in the outer shell. This allows a more direct comparison
between the system types.

Table 1 summarizes the previous studies on the performance of SUP
systems. As can be seen here, sSUP and satSUP systems of varying sizes
have previously been studied, mostly using simple one-dimensional
pipe flow models and typically resulting in upwelling velocities be-
tween 0.1m/s and 0.2m/s. A substantial discrepancy between the SUP
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Table 1
Results of previous studies on SUP systems.
Study Pipe dimensions (L x D) [m] Concept Method Region AS, [e/ke]® Upwelling velocity [m/s]
Groves (1958) 600 x 0.2 sSUP 1D model n.a. 0.5 0.175
Hinman (1966) 175 -600x 0.2 - 0.4 sSUP 1D model generic 05-1.7 0.163 — 0.336
Johnson and Decicco (1983) 500 x 0.1/500 x 0.05% satSUP 1D model Florida/Chile 1.0/0.5 0.116/0.037
Maruyama et al. (2004) 280 % 0.3 sSUP Experiment Mariana Trench -0.3 2.45% 1073
Tsubaki et al. (2007) 300 x 0.3 sSUP Experiment Mariana Islands 0.1 7.5% 1073

2 Here, the inner pipe dimensions are given as a reference even though Johnson and Decicco propose the upwelling flow to be on the shell side.

b Salinity difference between pipe top and bottom depth.

single SUP
(sSUP)

counterflow SUP
(cSUP)

shell-and-tube type SUP
(satSUP)

P 5 210

Deep Ocean Water

Fig. 1. Basic types of SUP systems.

performance from model predictions and experimental observations is
evident in Table 1. This discrepancy, despite perhaps being mostly
driven by the choice of deployment region for the field experiments,
introduces a large uncertainty to the overall range of expected SUP
performances and, thus, to the present understanding of the potential
of these systems for artificial upwelling. At the same time, the low
upwelling velocities and the large disturbances (due to waves) in the
field experiments mean that the corresponding data cannot be used
to validate new SUP performance prediction methods in a meaningful
way. To overcome this situation and provide reliable SUP performance
predictions in the absence of full-scale validation data, the present work
focuses on a combination of model validation studies for individual
well-studied flow phenomena essential to SUP performance, as well
as model intercomparison efforts for different SUP types and ocean
conditions. We introduce a new one-dimensional pipe flow model and
a RANS model for SUP simulations. While the RANS model enables
high-fidelity studies of arbitrary SUP geometries and also allows for val-
idation with respect to specific flow phenomena, the one-dimensional
model is directly based on pipe flow theory and enables extensive
studies due to its low computational cost. The consistency of both
models in predicting key aspects of SUP performance is demonstrated
in this work, and some remaining model uncertainties are evaluated
and quantified.

As the flow in SUP systems is partly driven by a global pressure
gradient and partly by natural convection, it is inherently prone to
mixed-convection effects. To the authors’ knowledge, such effects have
not been considered in previous SUP studies, despite their potentially
significant impact on SUP performance predictions. Throughout this
work, special emphasis is thus put on the correct reproduction of
mixed-convection effects on SUP performance.

The remainder of this work is structured as follows: First, two
numerical methods for predicting SUP performance are described in
Section 2 and validated, where possible. Additionally, common SUP
geometries and ocean profiles are defined for the subsequent studies.
In Section 3, results from studies on several aspects of SUP perfor-
mance are presented, discussed, and compared between both methods.
Conclusions from the results are drawn in Section 4.

88

2. Numerical methods

In this section, two numerical methods for SUP systems are in-
troduced, namely a RANS model, which will be referred to as the
ocean4Foam (04F) method (Kemper, 2024, version a5f80c2c), and a
one-dimensional model, which will be referred to as the SP1D (short
for Stommel-Pipe one-dimensional) method (Kemper and Mense, 2024,
version db0309a3). Preceding implementations of both methods have
been described by Kemper et al. (2023) as a work in progress. Here,
the revised model equations of both methods are described in detail,
and their discretization and solution are outlined. Verification and
validation of the ocean4Foam method is carried out as indicated in
Section 1. Finally, a benchmark case setup consisting of geometry
information and ocean data is defined.

2.1. The ocean4Foam method

The RANS model used in this work is developed as part of the
ocean4Foam toolbox. It implements the oceanic Boussinesq set of RANS
equations (Young, 2010), using the Open-FOAM® environment. The
oceanic Boussinesq approximation was described by Young (2010) as
three steps:

1. The exact density p in the momentum equation is replaced by
a constant reference density p, everywhere but in the buoyancy
term.

2. The incompressible continuity equation V - u = 0 is used.

3. An equation of state of the form p = f (S_A O,Py+pog - r) is

used, where © is the conservative temperature of McDougall
(2003), S_A is absolute salinity, P, is the reference pressure at
the water surface, p, is a constant reference density, g is the
gravitational acceleration vector, and r is the position vector
with respect to a reference position at the water surface.

The oceanic Boussinesq set of RANS equations, as implemented in the
ocean4Foam method, reads:

My @a) =v.-T -V +g (L -
5 TV (um) =V -3 Vpgh+g<p0 1)
V.u=0
P =\ N
v (u@) =v. (W@ - @u) 1)
oS, —\ _
—A4V- (us,,) =v. (DVSA - SAu)

P=f<SA,@»Po+Pog"') .

In Eq. (1), ¢ is time and u is the velocity vector. The tensor z*

denotes the deviatoric part of the effective, kinematic Reynolds stress
tensor

TS -t (V)T @

where v, is the effective viscosity, which includes laminar diffusion
and the modeling of turbulence effects (v, = v + v,), and S is the
mean strain rate tensor (see nomenclature for details). The modified
kinematic pressure p; » in Eq. (1) is calculated from the static pressure

= _ 1 2 . . -
as py, = EP — g r+ 3k, with k being the turbulent kinetic energy.
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The molecular diffusivities of temperature and salinity are denoted A
and D in Eq. (1), while the terms ©u and S,u represent the respective
turbulent fluxes. Typically, these fluxes are modeled using the Simple
Gradient Diffusion Hypothesis (SGDH), whereby the right-hand side of
the © equation becomes
V-(AV@—@):V~(/16V5)=V~<<A+£>V5> , 3)
t

with ¢, being the turbulent Prandtl number. (The .S, equation is treated
in the same way.) Alternative scalar flux models are available within
ocean4Foam as well as models for non-constant turbulent Prandtl num-
bers. These aspects will be discussed in Section 2.4 along with the
choice of the turbulence model.

The seawater properties are modeled using the method of Mec-
Dougall et al. (2003) for p (following the TEOS-10 standard (IOC et al.,
2010)) and the polynomials of Sharqawy et al. (2010) and Jamieson
and Tudhope (1970) for v and 4, respectively.

The fundamental equations (Eq. (1)) are discretized using the finite
volume method and implemented as a solver using the Open-FOAM®
environment. Open-FOAM®’s PIMPLE algorithm (a transient version of
the well-known SIMPLE algorithm) is employed to solve the coupled
equation set in a pressure-based manner. The following numerical
schemes are used: Gradients are discretized using the Gauss method
with linear interpolation. For the convective terms in the momen-
tum and scalar transport equations, linear upwind and limited linear
schemes are employed, respectively. A pseudo-transient approach is
used for temporal discretization, which was observed to be numerically
more stable and converge to the final solution much faster than a
steady-state simulation process. Due to the use of the pseudo-transient
approach, only converged steady-state solutions are given in this work,
and no data on the initial transient development of the flow inside a
SUP system is generated.

2.2. The SP1D method

The one-dimensional method described in this section is based on
considerations of hydrostatic balance as well as pipe flow formulations
for pressure loss and heat transfer. The method is one-dimensional
in the sense that variations of the field variables are only resolved
along the axial z coordinate (positive down). Consequently, the state
variables conservative temperature (O), absolute salinity (S,), and
pressure (P) at each vertical position represent bulk values, and the
fluid properties are evaluated with respect to these values. The primary
aim of the method is to predict the unknown upwelling velocity w along
with the variation of the state variables for any given SUP geometry and
background ocean profile.

The basic equations of the SPI1D method are equal for sSUP, cSUP,
and satSUP systems. The equations are thus introduced in a generalized
form. Differences between the formulations for different SUP types are
pointed out where necessary and a full description is given in Appendix.

The first equation represents a pressure balance between the hydro-
static pressure head and the dynamic pressure loss for a fully developed
steady-state flow

Z!up+L
/ (pocean (7) -p (2)) dz| . (4)

top

Here, w is the upwelling velocity, ¢, is the corresponding Darcy
pipe friction factor, D, is the hydraulic pipe diameter (see Appendix
for details), and g is the gravitational acceleration. Further, p and p,,,,
are the density of the water inside the pipe and the background ocean,
respectively, while 5 is the average density over the pipe length. The
density of seawater is calculated from the equation of state

p=1 (S0, P). ®

The background ocean values 0,,,,, and Sy ..., are known func-
tions of z. Since the salinity is not changed inside the SUP system, S,
uniformly takes the value of the flow entering the pipe. Knowledge of
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Calculate pyceqn from the background
profile and set initial guesses for ® and w

I

—»’ Update p, ¢p, k, ¢y and Np, based on current solution for ® and w ‘

]

’ Solve Equation (6) for ®, based on current solution for w ‘

o 1

’ Solve Equation (4) for w, based on current solution for @ ‘

converged?

Fig. 2. Flow diagram of the SP1D solution algorithm.

the temperature profile ©(z) inside the pipe would thus enable us to
rearrange Eq. (4) and calculate the unknown upwelling velocity w at
this point. (The hydrostatic pressure is used for P in Eq. (5).)

The temperature profile can be obtained by solving the following
ordinary differential equation over the interval (z,,,. Zyyom ), Using the
known inlet temperature as boundary condition

—A,wpc,(2)0(z) + CLU(2) (0,(z) — B(2)) =0 . 6)

Physically, this equation represents a balance between convective
heat transfer in the axial direction and radial conductive heat transfer
through the pipe wall. Here, A, is the cross-sectional area of the pipe,
C,, is the heat-transferring circumference, ¢, is the heat capacity and
0, refers to the temperature of the fluid on the other side of the pipe
wall. Hence, O, is the background ocean temperature in the case of
a sSUP system, the shell-side value when the equation is solved for
the inner pipe of a cSUP or satSUP system, and the inner-pipe value
when Eq. (6) is solved for the shell-side flow. The coefficient U in Eq.
(6) represents an overall heat transfer coefficient, which incorporates
the thermal resistance of the pipe wall as well as the influence of
the convection on either side of the wall. The three components of U
depend on the respective thermal conductivities k¥ and Nusselt numbers
N (see Appendix for details).

With correlations for the pipe friction factor, the Nusselt number,
and the fluid properties,' the system of Egs. (4) and (6) is closed for a
given pipe geometry and ocean profile (0,.,,, and Sy ,ccqn). For sSUP
systems, only the coupling between Egs. (4) and (6) has to be solved.
This coupling is handled using the iterative process depicted in Fig. 2.
For cSUP and satSUP systems, the two balances (Egs. (4) and (6)) have
to be solved for both the inner pipe? and the shell. As the two sides
are coupled via the temperature difference in Eq. (6), a system of four
coupled equations is obtained. Again, the process depicted in Fig. 2 is
followed to solve this system of equations. The two instances of Eq. (6)
(for the inner pipe and shell) are solved as a coupled boundary value
problem in each iteration, using a collocation algorithm.

Several general points about the previously described set of equa-
tions for SUP systems should be noted: Eq. (6) describes a mere balance
of vertical heat convection and horizontal heat conduction. Other
energy forms, as well as vertical heat conduction, are not considered
here.® Additionally, as for ¢SUP and satSUP systems, Eq. (6) only

1 In this work, the TEOS-10 (IOC et al., 2010) standard is used for p and
¢,, while « is calculated using the method of Jamieson and Tudhope (1970).
2 One representative inner pipe is solved in the case of satSUP systems.
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balances the heat transfer between inner-pipe and shell-side flow, any
possible heat transfer between the shell-side flow and background
ocean (i.e., through the outer pipe wall) is not taken into account. The
negligence of the outer pipe heat transfer for cSUP and satSUP systems
largely simplifies the definition of the equations and enables the generic
formulation for different SUP types. From an engineering point of view,
the negligence of the outer pipe heat transfer can be justified by the
fact that the outer pipe wall will usually have to provide structural
stability to the SUP system and will thus likely have a considerably
higher wall thickness than the inner pipe(s). To quantify the effect of
this simplification, outer pipe heat transfer is studied for a cSUP system
in Section 3.3, using the ocean4Foam method.

2.3. Empirical coefficients for the SP1D method

The empirical coefficients, namely the Nusselt number N and the
Darcy friction factor c, largely affect the solutions of the SP1D method.
Little has previously been published on the correct formulation of the
corresponding correlations for SUP systems. The determination of these
factors is significantly complicated by the fact that the flow can feature
several different flow regimes.

The flow in SUP systems is driven by the interaction of a global pres-
sure gradient and local heating through the pipe wall. These two effects
are conceptually linked to forced and natural convection, respectively.
A classification of the flow regime can be made based on the Richardson
number (Ri = Gr/re?). Flows with Ri < 0.1 are typically viewed as
forced convection, while flows with Ri > 10 correspond to natural
convection. Richardson numbers between these values are associated
with mixed convection. For flow in vertical passages and pipes, mixed-
convection effects are known to scale with the dimensionless buoyancy
parameter Bo (Jackson and Hall, 1979), which is defined as

Gr*

Bo = R pros )

Here, Gr* is the heat flux-based Grashof number, Re is the Reynolds
number, and Pr is the Prandtl number. Fig. 3 shows typical flow pro-
files in a vertical pipe for forced convection as well as different degrees
of buoyancy influence. While natural and forced convection exhibit
defined mean flow, shear, and turbulence production patterns, mixed
convection is characterized by a complex nonlinear interaction of these
patterns with corresponding changes in laminar-turbulent transition
behavior, heat transfer, and wall friction (Jackson et al., 1989). In
the laminar buoyancy-aided* case of mixed convection, heat transfer
in vertical passages and pipes is generally enhanced (i.e., Nusselt
numbers are observed to be higher than the forced-convection values).
However, in the turbulent buoyancy-aided case, the heat transfer shows
a nonlinear behavior which is schematically depicted in Fig. 4 based
on the model of Jackson et al. (1989). Here, the Nusselt number is
normalized by its forced-convection value such that values below unity
reflect heat transfer impairment, while higher values represent heat
transfer enhancement due to buoyancy effects. As can be seen here,
the heat transfer is significantly impaired when the buoyancy influence
is small, and enhanced as buoyancy effects become dominant. This
nonlinear behavior of turbulent mixed-convection heat transfer is of
great importance for the performance of SUP systems, as will be shown
throughout this work.

In the following, an engineering approach is described to obtain
¢; and N across the entire range of relevant flow regimes. Since

3 Vertical heat conduction in SUP systems has been studied by Hinman
(1966), who found a negligible effect on the overall flow rate.

4 Mixed convection can either be buoyancy-aided (e.g., upward flow
through a heated pipe or downward flow through a cooled pipe) or buoyancy-
opposed (e.g., downward flow through a heated pipe). In this work, only the
buoyancy-aided case is considered, since buoyancy-opposed mixed convection
is not relevant for SUP systems.
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Fig. 5. Flow diagram of Nusselt number calculation for the SP1D method.

empirical correlations are usually only formulated for one combination
of turbulence and convection regime, blending between different for-
mulations or their use outside the intended range of applicability can
hardly be avoided.

2.3.1. Friction factor
The correlation of Morrison (2013) is invariably used for ¢ -1t reads

Re

7 Re
3170
1+ (W)

This correlation is valid for forced-convection pipe flow across the
entire Reynolds number range up to 1 x 10°. A consistent formulation
for mixed and natural convection was not pursued in the course of this
work, due to the lack of established correlations for these flow regimes.

0.165
3170
0.0076 ( ) 6

cp =4 (8)

2.3.2. Nusselt number

The procedure used to calculate the Nusselt number N, is depicted
in Fig. 5. The Nusselt number is determined by first calculating the
laminar and turbulent forced-convection values and then applying the
respective mixed-convection corrections. The laminar and turbulent
values are then blended in the case of transitional flow.

Forced convection. The forced convection value for both the laminar
and turbulent regimes is calculated following Gnielinski (2010a,b) for
cylindrical pipes (sSUP and inner pipe of cSUP) and annular pipes (shell
of cSUP), respectively.
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Table 2
Coefficients for Eq. (9) following Nguyen et al. (2023).
¢ Bo<0.26 ¢ Bo>0.26
a 0.56 1.78
b 0.35 0.50
n 0.56 2.03

Mixed convection correction. In the laminar case, the mixed-convection
correction is calculated following Behzadmehr et al. (2003). While this
correlation was initially proposed for a small Re range, it remains con-
sistent with commonly used formulations for laminar forced convection
and is thus used for the entire laminar range here. For the turbulent
case, Jackson et al. (1989) present a semi-empirical model to describe
the nonlinear behavior of mixed-convection heat transfer. The resulting
correction for the forced convection Nusselt number N, , reads

n

Bo

(HND/ND/ - b)2

Np/Np, = [1—c )

where Bo is the buoyancy parameter (Eq. (7)). The factor ¢ is 8x10* for
cylindrical pipes and 1.25x 10° for annular pipes® (Jackson et al., 1989;
Kim et al., 2002). While Jackson et al. (1989) initially proposed a, b,
and »n to be 1, 0, and 0.46, respectively, Nguyen et al. (2023) recently
proposed a deviation from this simple formulation. Based on extensive
DNS studies, Nguyen et al. (2023) suggest the coefficients given in
Table 2 for Eq. (9). This formulation is used throughout the present
work.

Laminar-turbulent blending. The laminar forced and mixed-convection
formulations are applied when Re < 2300 and Gr* < 5 x 107. The
turbulent formulations are applied when Re > 4000 or when Gr* >
5% 108. In the transition regions, linear blending is applied as suggested
by Gnielinski (1995). As the turbulent formulation is applied across the
entire Re range if Gr* > 5x 108, the Re value used in the calculations is
limited to a minimum of 4000 in these situations to account for the fact
that the Nusselt number becomes independent of Re under low-flow
conditions (Rouai, 1987).

satSUP systems. For lack of specialized correlations, the formulations
for annular pipes are also applied to the shell side flow of satSUP
systems. Kemper et al. (2023) have tested this procedure against RANS
calculations of satSUP systems and generally found good agreement of
the results.

sSUP systems. As the convection outside the pipe wall of sSUP systems
(i.e., in the background ocean) marks an external natural-convection
flow, the corresponding Nusselt number is treated separately. Here, the
well-known correlation of Churchill and Chu (1975) is applied. Note
that the assumption of pure natural convection in the background ocean
is representative of a theoretical situation with no current. Since cross-
flow generally increases the heat transfer from a vertical cylinder, this
is a conservative assumption for sSUP performance.

2.4. Verification and validation

In the absence of full-scale validation data for SUP systems, valida-
tion of SUP performance prediction methods has to be carried out for
well-studied flow phenomena that are relevant to SUP performance.
Such validation efforts can only be carried out for the ocean4Foam
method. In this section, the ocean4Foam method is validated for forced
and mixed-convection flow of seawater in cylindrical and annular

pipes.

5 For annular pipes No/n,, is limited to values greater than 0.75, which
is in line with the experimental results of Kim et al. (2002). For details see
Section 2.4.
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Fig. 6. Grid independence study. Nusselt number over the reciprocal of the radial cell
count N,. ocean4Foam results are given along with a regression analysis and the 1%
error threshold.

A case setup with a simple, two-dimensional pipe mesh is used. The
diameter is 0.15m for the cylindrical pipe, while for the annular pipe,
the inner and outer diameters are 0.15m and 0.26 m, respectively. The
height of the simulated section is 0.15m. To obtain a fully developed
flow field in the section, cyclic boundary conditions are used at the
inlet and outlet for velocity and turbulent quantities. For temperature, a
modified cyclic boundary condition is used, such that a constant mean
value of 15°C is maintained at the inlet. The salinity is constant and
uniform at 35.5 g/kg in the modeled section. A uniform pressure gradient
is applied and automatically adjusted to maintain a set mean velocity
in the pipe, thus controlling the Reynolds number. A uniform heat flux
is applied at the pipe wall. For the annular pipe, only the inner wall
is heated, while the outer wall is adiabatic. This setup allows for the
buoyancy parameter Bo (Eq. (7)) to be systematically varied, which is
done here by keeping Re at a constant value of 8000 and varying the
wall heat flux.

First, a grid independence verification is carried out by systemat-
ically varying the number of cells across the radial dimension (N,).
Throughout this study, a constant cell size is maintained at the pipe
wall(s) (3 = 0.25) for all N, values. This is achieved by applying
different gradual refinements in the radial direction. The study is
performed for forced convection (Bo = 1 x 1077). The results are
shown in Fig. 6 along with a regression analysis and the 1% error
threshold with respect to the extrapolated exact solution (at 1/n, = 0).
As can be seen from the regression analysis, the rate of convergence
closely reflects the theoretical value for a second-order method (i.e.,
an exponent of 2). For all further studies, a value of 50 cells across the
radial dimension (I/n, = 0.02) is chosen for the cylindrical pipe, while
70 cells (1/n, = 0.014) are used for the annular pipe. This choice ensures
discretization errors below 1%, as shown in Fig. 6.

Having verified the numerical setup, the validation study can now
be carried out using different turbulence and scalar flux modeling
approaches implemented in ocean4Foam. As shown by Keshmiri et al.
(2012), the choice of turbulence model can have a significant effect
on the reproduction of heat transfer for mixed-convection flows. Of
several turbulence models examined in their studies, Keshmiri et al.
(2012) found the v2- f model (Durbin, 1991) to achieve the best overall
agreement with LES and DNS results as well as experimental data. With
the k-e-¢,-f turbulence model of Laurence et al. (2005), Open-FOAM®
implements a version of the v?-f model which aims to be code-friendly
and more numerically stable than the original formulation. The k-¢-¢,- f
model is thus tested here along with the well-known k-w SST turbulence
model (Menter, 1994). The turbulent thermal fluxes have been modeled
using the SGDH (Eq. (3)) with a constant turbulent Prandtl number o,
in most previous RANS studies on mixed convection (Keshmiri et al.,
2012; Kim et al., 2008). Models for non-constant ¢, values (Reynolds,
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Fig. 7. Normalized Nusselt number over buoyancy parameter for cylindrical and annular pipe case. Results from the ocean4Foam model using different turbulence and turbulent
thermal flux modeling approaches, along with appropriate empirical correlations as well as DNS data of You et al. (2003). For the cylindrical pipe, the correlations of Jackson
et al. (1989) and Nguyen et al. (2023) are plotted, while for the annular pipe, the correlation of Kim et al. (2002) and a correspondingly modified version of the Nguyen et al.

(2023) correlation are shown.

1975) and other scalar flux modeling options (Daly and Harlow, 1970;
Kenjeres et al., 2005; Younis et al., 2005) have been widely discussed in
the literature for different applications. Recently, Irrenfried and Steiner
(2017) have found o, values from DNS calculations of heated pipe
flow to increasingly deviate from a constant value as molecular Prandtl
numbers exceed unity. These results suggest that for our work, which
uses seawater (Pr ~ 8.2) as the working fluid, non-standard models
for the turbulent thermal flux may have to be used. The SGDH with
o, = 0.9 was thus tested against the variable ¢, model of Kays and
Crawford (1993) (hereafter referred to as KC) and the algebraic flux
model of Kenjeres et al. (2005) (hereafter referred to as AFM). The KC
model gives the turbulent Prandtl number as

1 Vi \? 1
——(c=) [1-exp| ~——— )|, QO
Otoo v C?’ Otoo

where o,,, = 0.85 and C = 0.21. We found that for seawater, the
predicted o, values are in acceptable agreement with the DNS results
of Irrenfried and Steiner (2017). For the sake of brevity, the AFM model
of Kenjeres et al. (2005) will not be explained here in detail. In contrast
to the previously described options, this model is directly derived from
the second-moment closure equations for the turbulent thermal flux Ou
and thus entirely avoids the use of the SGDH.

Fig. 7 shows the Nusselt number predicted by the different model
configurations over a Bo variation from 1x 10~7 (forced convection) to
2 x 107*. The results for the cylindrical pipe are compared against the
correlations of Jackson et al. (1989) and Nguyen et al. (2023) as well
as three DNS data points of You et al. (2003). For the annular pipe, the
correlation of Kim et al. (2002) is given along with a modified version
of the Nguyen et al. (2023) correlation, which was adapted to the an-
nular geometry following Kim et al. (2002). All results are normalized
by the theoretical forced-convection value, which was calculated using
Gnielinski’s correlations (Gnielinski, 2010a,b).

It can be seen that the constant o, results have a significant offset
to the theory and data. The k- SST model is generally found to predict
the heat transfer impairment due to the onset of mixed convection at
higher Bo values than the k-e-¢,-f model. This is consistent with the
poor performance of the k-w SST model found by Keshmiri et al. (2012).
Both the KC and AFM models perform much better than the constant
o, model. Both models predict the correct forced-convection Nusselt
number (within 3% error). For the annular pipe, the heat transfer
impairment is predicted by ocean4Foam to be less pronounced and with
a less sudden onset. This is in line with the experimental data of Kim

- 1 v
ofl=—+ct
2000 v

92

et al. (2002) but not represented by their theory, which Kim et al.
(2002) adopted from the cylindrical pipe. To better adjust the theory to
the data, the correlation for the annular pipe is limited to a minimum
value of 0.75 in the implementation of the SP1D method.

To further demonstrate the validity for the forced convection case
(Bo = 1x1077), w* and ©* profiles across the pipe radius are shown
in Fig. 8. The results are compared against DNS data of Irrenfried and
Steiner (2017) and the theoretical solutions for the viscous sublayer and
logarithmic region.® Only the results for the cylindrical pipe are shown.
Fig. 8 additionally shows results from a calculation with a constant
tuned value of o, = 1.35, which produces the correct Nusselt number.
It is evident from Fig. 8 that both the KC and AFM models, in com-
bination with the k-e-¢,-f turbulence model, ensure correct scaling of
the velocity and temperature across the pipe diameter. The same is not
found to be the case for the tuned constant turbulent Prandtl number.
These results confirm the adequacy of the non-standard thermal flux
models for the present case. For all further calculations in this work,
the KC model is used. While arguably providing less generality, the KC
model provides a numerically more stable and cost-effective alternative
to the AFM approach.

2.5. Benchmark geometry

Benchmark SUP geometries are used for all further studies in this
work. The geometries are developed based on considerations of techni-
cal feasibility, comparability, and good general upwelling performance.
They do not represent optimized setups in any sense. Fig. 9 shows both
setups and their main dimensions. Both setups have a bottom depth of
400 m, a top depth of 5m, and a (inner) pipe diameter of 0.15m. For
the cSUP setup, the outer pipe diameter is obtained from the inner-
to-outer-pipe cross-sectional flow area ratio, which is set to 0.5. The
thickness and thermal conductivity of the (inner) pipe wall were chosen
such that the thermal resistivity equates to s/x,,; = 2x 1073 Km?/w. This
corresponds to a HDPE pipe with s = 1 mm or a steel pipe with s =
90 mm. In the cSUP case, a 20 m separation is introduced between the
ends of the inner pipe and shell to avoid any interference between the
upwelling and downwelling flows. The free ends of the inner pipe are

6 Following Irrenfried and Steiner (2017), the coefficients x = 0.34, B =
0.45, and 6, = 0.9 are used for the logarithmic law of the wall. The function
of Jayatilleke (1969) is used for P.
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Fig. 9. Benchmark geometry for sSUP (left) and c¢SUP (right) system.

assumed adiabatic (i.e., no heat is transferred between the inner pipe
and the background ocean in these areas).

The ocean4Foam calculations are set up using two-dimensional ax-
isymmetrical pipe meshes (i.e., only the axial and radial directions are
resolved). Only the fluid domain inside the pipe is resolved by the
ocean4Foam calculations, whereas the background ocean is considered
through boundary conditions. This choice is consistent for the cSUP
case with adiabatic outer walls, where the flow outside the pipe has no
influence on the convection inside the pipe. For the sSUP case, the effect
of the outside flow on the wall heat transfer has to be parameterized.
For idealized ocean conditions (i.e., no currents or waves), this can be
conveniently achieved by a convective boundary condition on the pipe
wall, which specifies the local wall temperature 6, as

szfe)ocean-"(l_f)ec > 11)

where O is the temperature at the centroid of the grid cell next to the
wall and

1
f=—F. (12)

1+ﬁ
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Here, 6 is the distance from the wall to the nearest cell centroid and
the heat transfer coefficient 4 is calculated from the Nusselt number
using the correlation of Churchill and Chu (1975).” Arguably, the intro-
duction of a Nusselt number correlation for the convection outside the
pipe decreases the model fidelity compared to the option of resolving
the outside flow in the calculation. Kemper et al. (2023) compared both
options (i.e., with and without resolved outside flow) and found very
little difference, indicating that the convective boundary condition for
sSUP systems can be used with confidence.

In sum, the applied boundary conditions are as follows: All pipe
inlets are specified as total pressure inlets, where the hydrostatic back-
ground pressure minus a dynamic contribution (0.5 |u|2) is prescribed,
and the velocity is calculated from the flux (i.e., from the pressure
equation). The transported scalar quantities ©, S,, and turbulence
quantities are specified based on the background ocean profile. All
pipe outlets are specified as pressure outlets, where the hydrostatic
background pressure is prescribed, along with a Neumann boundary
condition for velocity and transported scalar quantities. On all solid
walls, no-slip conditions for velocity are specified together with the
appropriate low-Re values for the turbulence quantities. In the cSUP
cases, the outer pipe wall is adiabatic, and a thermal baffle boundary
condition for @ is applied to the inner pipe wall to take care of the heat
transfer and thermal wall resistance. In the sSUP cases, the previously
discussed convective boundary condition (Eq. (11)) for © is applied to
the pipe wall.

For the ocean4Foam cases, the radial mesh resolution is chosen as
indicated in Section 2.4, and 4500 cells are used across the pipe length.

2.6. Benchmark ocean profiles

The benchmark ocean profiles presented in this section are meant to
provide an overview of different characteristics of possible SUP deploy-
ment regions. The potential of SUP systems is limited by the availability
of suitable ocean (temperature and salinity) conditions. With calm
weather conditions, low seasonality, and low biological productivity,
the subtropical ocean gyres often serve as model regions for artificial
upwelling. To derive the benchmark ocean profiles for this work, the
four large subtropical gyres, North Atlantic Gyre (NAG), South Atlantic
Gyre (SAG), North Pacific Gyre (NPG), and South Pacific Gyre (SPG)
were thus considered. We define the extent of the subtropical gyres
by the areas enclosed by the 1.2 g/kg contour of the salinity difference
between surface and deep ocean water at 400 m depth (i.e., the source
depth of the benchmark SUP geometries). With this definition, four
regions with expectably good SUP performance but different depth
profile characteristics are obtained. Based on annual mean data for
the years 1955 to 2018 from the World Ocean Atlas 2018 (Boyer
et al., 2018), mean depth profiles for all four regions were derived.
The resulting profiles are shown in Fig. 10 along with the extent of the
four regions.

The fact that some of the considered regions are very remote rep-
resents a hurdle for practical implementations of artificial upwelling.
As the scope of the current work is limited to performance prediction,
such feasibility considerations are not further taken into account here.

3. Results and discussion

In this section, both methods presented in Section 2 are used to
predict the performance of SUP systems. The presented studies address
key aspects of SUP performance and demonstrate the predictive capa-
bilities of both methods through model intercomparison. Additionally,
the simplifying model assumption of no heat transfer through the outer
pipe of cSUP and satSUP systems is critically assessed.

7 In the implementation, the boundary condition additionally takes into
account the thermal resistance of the pipe wall, which leads to a slightly
expanded form of Eq. (12).
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400m depth. Annual mean depth profiles for conservative temperature (violet) and
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Fig. 11. Upwelling velocity (w) results from both methods for the sSUP and cSUP
benchmark geometry and all four benchmark ocean profiles from Section 2.6.

3.1. Subtropical gyre study

In this study, results from the two numerical methods are compared
for both benchmark geometries (cSUP and sSUP) introduced in Sec-
tion 2.5 and all four benchmark profiles introduced in Section 2.6.
Fig. 11 shows the upwelling velocity for the cSUP and sSUP sys-
tem, as obtained by the ocean4Foam and the SP1D method. A first
reference of SUP performance in the four subtropical gyre regions
and the agreement between the two methods can be obtained from
Fig. 11. In general, the upwelling velocities are within the range of
previous predictions described in the literature review (Section 1). The
upwelling velocities for the cSUP system are significantly higher than
those for the sSUP system. The results show slightly different dynamics
between the two SUP types. While for the cSUP system, the SAG region
clearly shows the highest potential, the sSUP system performs similarly
in all regions except for the NPG region. These differences are not
surprising considering that the temperature profile inside the sSUP
system is highly dependent on the background profile shape, while for
the cSUP, the temperature profile is decoupled from the background
ocean to a large extent.
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Fig. 12. Temperature (a) and Nusselt number (b) profiles inside the SUP system
(colored) and the background ocean (black) for the SAG case. Results from both
methods are shown for the benchmark sSUP and cSUP systems.

The relative differences between the results from both methods are
within 12% for all cases except the cSUP-NPG case. Also, the qualita-
tive agreement between the two methods is acceptable. Although the
number of cases in this study is limited, the good agreement of the
results can be seen as an indication that the effects of different profile
characteristics and device types are reproduced consistently by both
methods. The larger deviation in the cSUP-NPG case will be further
studied in Section 3.2.

Fig. 12 shows the depth profile of the bulk temperature O as well as
the Nusselt number N, inside the cSUP and sSUP system. The results
are only shown for the SAG ocean profile. A close agreement between
the © and N, profiles predicted by the SP1D and ocean4Foam method
can be observed for both SUP types. The capability of the SP1D method
to reproduce the Nusselt numbers variation inside the sSUP system is
remarkable, considering the simplicity of the empirical N, calculation
(see Section 2.3). For the cSUP system, the SPID method predicts
slightly lower N, values and a stronger thermal entrance effect than
the ocean4Foam method. Despite these differences, the results shown in
Fig. 12 indicate that the basic flow phenomena inside both SUP types
are reproduced consistently by the numerical methods.

3.2. Pipe diameter study

The capability of both methods to realistically reproduce transitions
in the flow regime is evaluated in this study. To study both transitions
between forced and natural-convection-dominated flow, as well as
laminar and turbulent flow, the (inner) pipe diameter is systematically
varied from 0.05m to 0.45m while keeping the other geometric pa-
rameters as described in Section 2.5. Again, all four benchmark ocean
profiles are used, and the study is carried out for both the sSUP and
cSUP systems. The results of this study are presented in Fig. 13, which
shows the flow velocity w (upwelling and downwelling), volume flow
rate Q, and Nusselt number N, over the varied diameter for all four
benchmark regions. The distribution of the considered cases across the
different flow regimes can be seen in Fig. 14, where the results from
the SP1D method are plotted on a Gr-Re chart.

Fig. 13 shows that w, Q, and N, vary significantly with changing
diameter. The upwelling and downwelling velocities generally show
a maximum between (inner) pipe diameters of 0.05m and 0.2m with
a sharp decline below the optimum value, which is associated with
laminarization of the flow. Especially the shell-side flow of cSUP sys-
tems is subject to laminarization, as can be observed in Fig. 14. Above
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Fig. 13. Pipe diameter study results. Bulk velocity (w), volume upwelling rate Q, and average Nusselt number N, over changing diameter. Results from both methods are shown
for the sSUP and cSUP (upwelling and downwelling) benchmark geometry and all four benchmark depth profiles.
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Fig. 14. Chart of flow regimes for the pipe diameter study results. Only the results
of the SP1D method are shown for the sSUP and cSUP (upwelling and downwelling)
benchmark geometry and all four benchmark depth profiles.

the optimum diameter, the flow velocity typically shows a gradual
decline before dropping suddenly. The comparison with Fig. 14 shows
that the sudden drop-off in velocity coincides with the onset of mixed
convection. The velocity drop-off is thus likely the effect of the sudden
onset of mixed-convection heat transfer impairment. At larger diame-
ters, all studied cases show mixed-convection flow, tending to natural
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convection with increasing (inner) pipe diameter. The flow velocities,
as shown in Fig. 13, decrease gradually across this range.

The volume flow rate O consistently increases with the pipe di-
ameter throughout the studied range, with only small effects due to
mixed-convection heat transfer impairment. For Ny, high values are
observed in the turbulent forced-convection range with (inner) pipe
diameters of about 0.1m to 0.2m, followed by a sharp decline at the
onset of mixed convection and a slow recovery throughout the mixed-
convection range. This is in line with the typical behavior described in
Section 2.3.

A remarkable agreement between the SP1D and ocean4Foam results
is observed in Fig. 13. All qualitative effects are reproduced consis-
tently by both methods. Some quantitative differences between the
ocean4Foam and SP1D solutions are observed at high (inner) pipe diam-
eters. The SP1D method consistently seems to predict higher values for
w, O, and N, in these cases. While this effect could not be entirely ex-
plained, it should be remembered that the Nusselt number calculation
for the SP1D method is based on a corrected forced-convection value
(see Section 2.3). It thus seems plausible that the method can exhibit
inaccuracies if the flow tends towards natural convection. As expected
from the validation studies presented in Section 2.4, the point of onset
of mixed-convection heat transfer impairment is in good agreement
between both methods, with only a small deviation being visible for
the cSUP-NPG case at D = 0.15m. It should be noted that this small
difference in the onset of mixed-convection heat transfer impairment
is responsible for the deviation in the upwelling velocity observed in
Section 3.1 for the same case.
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Fig. 15. Influence of outer pipe heat transfer: Bulk velocity (normalized by the value
with no outer pipe heat transfer) over outer pipe thermal resistivity (normalized by the
inner pipe value). Upwelling (solid lines) and downwelling velocities (dashed lines) for
the benchmark cSUP system are given for all four benchmark depth profiles.

3.3. Outer pipe heat transfer

The assumption of no heat transfer with the background ocean
through the outer pipe wall of cSUP systems (i.e., between the shell-
side flow and the background ocean) has been discussed in Section 2.2.
While this assumption plays an important role in formulating the
equations of the SP1D method, it can easily be avoided using the
ocean4Foam method. Here, the same convective boundary condition
as used for the sSUP cases (see Section 2.5) can be applied to get a
simplified model for the outer pipe heat transfer without having to
resolve the background ocean. In this study, the thermal resistivity of
the outer pipe wall is systematically varied from an idealized value of
0 (no resistivity) to 64 times the resistivity of the inner pipe (R;,,., =
2 x 1073 Km?/w). Since the influence is expected to vary based on the
background ocean temperature profile, the study was done for all four
benchmark profiles. The geometry and the thermal resistivity of the
inner pipe follow the benchmark cSUP setup from Section 2.5. The
results of this study are shown in Fig. 15, which depicts the upwelling
and downwelling velocities, normalized by the no-heat-transfer value
from Section 3.1, over the outer-pipe thermal resistivity, normalized
by the inner-pipe value. It can be seen that the downwelling velocities
increase by a factor of up to 2.1 when heat transfer through the outer
pipe is included. The effect on the upwelling velocities is much smaller.
In the NAG and SAG cases, the upwelling velocities increase, while in
the NPG and SPG cases, a slight reduction in upwelling due to outer
pipe heat transfer is possible. This nonuniform effect on the upwelling
velocity is caused by a combination of forced-convection and mixed-
convection effects in the shell-side flow. While the increased Reynolds
number leads to an increased forced-convection Nusselt number, this
increase is balanced by a corresponding decrease in the buoyancy
parameter Bo (Eq. (7)), which tends to decrease the Nusselt number
(see Fig. 7). For the NAG and SAG cases, which generally operate at
lower Bo values, the Re effect dominates and leads to an increased
overall heat transfer efficiency, while for the NPG and SPG cases,
the deteriorating Bo effect is slightly more pronounced. An optimized
choice of the outer pipe diameter would likely lead to a significant
performance improvement in these cases.

Due to the expected structural function of the outer pipe, a higher
thermal resistivity of this pipe seems likely for practical applications.
Additionally, the effect of outer pipe heat transfer can be expected
to decrease for satSUP systems with more than one inner pipe (due
to the lower relative surface area). For realistic applications, it thus
seems likely that the negligence of outer pipe heat transfer does not
lead to an error of more than 10% in terms of the upwelling velocity,
which generally seems to justify this assumption. For setups where the
outer pipe has a low thermal resistivity, and perhaps when an exact
prediction of the downwelling velocity is of interest, the SP1D method
should be applied with care.
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4. Conclusions

In this work, we have introduced and applied two new performance
prediction methods for various types of SUP systems. Both methods
have been described in detail. While the RANS-based ocean4Foam
method is subject to a much lower degree of empirical assumption
and applicable to a wider range of geometries, the one-dimensional
SP1D method runs considerably faster, typically in less than /1000 of
the time required by the ocean4Foam method. The SP1D method thus
allows for extensive studies while the ocean4Foam method enables the
investigation of specialized questions (e.g., Section 3.3).

As suitable validation data for SUP systems is not presently avail-
able, the versatile ocean4Foam method was verified and validated for
forced and mixed-convection pipe flow. Throughout this work, we have
confirmed in several studies that a correct reproduction of mixed-
convection flow phenomena is key for the performance prediction of
SUP systems. By comparing the results from both methods for an
extensive set of cases involving laminar and turbulent flow as well
as forced convection and varying degrees of buoyancy influence, we
were able to show that all qualitative phenomena are reproduced with
remarkable consistency by the ocean4Foam and SP1D methods.

We applied the new methods to cSUP and sSUP systems with
varying pipe diameters in several ocean conditions, generally finding
a higher upwelling performance for ¢cSUP systems. Our results reveal
the key flow phenomena relevant to SUP systems while also providing
an insight into the range of performance of both SUP types across four
subtropical ocean gyres, which are viewed as likely deployment regions
for SUP-based artificial upwelling.

We additionally assessed the model assumption of no outer pipe
heat transfer using the ocean4Foam method. Depending on the deploy-
ment region, this assumption can lead to an over- or underprediction of
the upwelling velocity. While the downwelling velocity can be consid-
erably affected by outer pipe heat transfer, the effect on the upwelling
velocity is unlikely to exceed 10% for realistic pipe geometries.

Being based on a thorough assessment of the involved flow phenom-
ena as well as rigorous verification, validation, and model intercom-
parison efforts, the results presented in this work mark a new level of
confidence in SUP performance prediction. While the presented values
are generally encouraging, the results lack generality for a broader
conclusion on the potential of the SUP concept. Whether SUP systems
represent an enabling technology for large-scale artificial upwelling in
the context of marine CDR has to be assessed based on a broader set
of ocean and geometry data. Further effects like instantaneous (non-
averaged) ocean data, seasonal performance variations, and upscaling
of flow rates should be considered. The authors hope that the present
work can provide new insights and methodologies to inform these
assessments in the future.
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Appendix. Full equations for the SP1D method

The equations of the SPID method were given in Section 2.2 in a
generalized form, as

2

ﬁ w Zyopt+L
cfi D_hL =8 /Z (pocean (z) - p(z)) dz| , a1
—A.wpe,(2)0(2) + CLU(2) (0,,(z) — ©(2)) =0, (A.2)
and
p=r (50, P). (A.3)

For specific types of SUP systems, the terms take the form given in
Table A.3.

For the sSUP system, D, = D + 2s is the outside diameter of the
pipe while N, and N, are the diameter-based Nusselt numbers (with
respect to D and D,) of the convection inside and outside the pipe wall.

Note that cSUP systems are treated as satSUP systems with a single
inner pipe in Table A.3. The number of inner pipes is given by n. For
cSUP and satSUP systems, D; and D, = D + 2s are the inside and
outside diameter of the inner pipe, while D, is the inside diameter of
the shell and D,, represents the hydraulic diameter of the shell. The
Nusselt numbers for the inner-pipe and shell-side flow are N; and
Np;,» respectively (i.e., with respect to the diameters D; and Dy, ).

Further, s and «,,;, are the thickness and thermal conductivity of
the (inner) pipe wall, while «;, «, and «,,,, are the thermal conduc-
tivities of the seawater in the inner pipe, shell, and background ocean,
respectively.

Data availability

The data and methods that support the findings presented in this
work are openly available at the following DOI: 10.5281/zenodo.
14394656.

Table A.3

Definition of the terms in the SP1D model equations for single SUP (sSUP) systems as
well as shell-and-tube type SUP systems (satSUP). Counterflow SUP (cSUP) systems are
treated like satSUP systems with a single inner pipe (n= 1).

sSUP satSUP inner pipe satSUP shell Equation
D? —nD?
D, D D, - (A1)
D,+nD,
A, Ip nZp? Z (D> -nD?) (A.2)
4 4 4 \ o
C, zD nz D, nrD, (A.2)
O Oscean o, 6, (A.2)
1 1 1
U —_— (A.2)
DY (Oufn,) D; Y. (Pu/n,) D, Y (Pufn,)
1 1 1
D,
X (Pnfn,) Npx Mo Yo
1 1 D, + ! ln<&> + ! ln(&)
* 2K pant " ( 3) 2K want D; 2K it D;
1 +L . Dy,
NpeKocean D.Npj,k, D,Npj,k,
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Abstract

Artificial upwelling (AU) of nutrient-rich deep ocean water to the surface ocean has been proposed
to increase ecosystem productivity and enhance CO, uptake. AU is thus considered a marine
carbon dioxide removal option among other potential uses. Due to the typical temperature and
salinity depth profiles in wide parts of the oceans, a self-sustaining up or downflow within a
vertical pipe can be established. This concept was introduced by Stommel et al (1956 Deep Sea Res.
3 152-3) as the perpetual salt fountain. Using a one-dimensional numerical performance prediction
method for Stommel upwelling pipe (SUP) systems, previously developed and verified by Kemper
et al (2025 Appl. Ocean Res. 160 104624), several studies on the potential of the SUP concept for
AU are reported in the present work. A global assessment of the AU potential of SUP systems is
presented, and the spatial and temporal variability of their performance is discussed. Additionally,
an overview of upscaling and optimization design considerations for SUP systems is given based on
a parametric study. Our results show that considerable parts of the global oceans are suitable for
SUP-based AU of nutrients. The highest potential is found in the subtropical ocean gyres. We
further find a significant seasonal pattern in the upwelling velocity. Upscaling of SUP systems to
achieve practically significant flow rates for AU is found possible.

Nomenclature s pipe wall thickness (m)
U overall heat transfer coefficient across

Symbols pipe wall (W (m*K)™")
P hydrostatic pressure (N mfz) w pipe velocity (m 5—1)
Q volume flow rate (m’s™") z vertical pipe coordinate (positive
Sa absolute salinity (gkg™") down) (m)
© conservative temperature (°C) . thermal conductivity (W (mK) ")
P density (kg m73)
Np diameter-based Nusselt number = %D

(—)
Ac pipe cross-sectional area (mz) SAubscripts and averaging
cr Darcy pipe friction factor (—) ¢ averaged quantity over the pipe length
Gy heat-transferring circumference (m) bi quantity w.r.t. inner pipe
& specific heat capacity (] (KgK) _1) Orop quantity at upper pipe end
D pipe diameter (m) Poottom quantity at lower pipe end
Dy hydraulic pipe diameter (m) o quantity w.r.t. shell side of counterflow
g gravity (m 5—2) or shell-and-tube type systems
L pipe length (m) Pocean quantity w.r.t. the surrounding
n number of inner pipes of ocean

shell-and-tube type SUP systems Dwall quantity of pipe wall material

© 2025 The Author(s). Published by IOP Publishing Ltd
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Abbreviations

AU Artificial upwelling
CDR Carbon dioxide removal
SUP Stommel upwelling pipe

1. Introduction

In accordance with the Paris Agreement’s goal to bal-
ance anthropogenic sources and sinks of greenhouse
gases in the atmosphere and stabilize the global tem-
perature level, many countries have committed to
reducing their CO, emissions to at least net zero
(Black et al 2021). It is widely agreed within sci-
ence and politics that pathways to achieve these tar-
gets include active CDR from the atmosphere (IPCC
2021). Within the portfolio of possible CDR meas-
ures, several options encompass the use of marine
regions.

AU of nutrient-rich deep ocean water to the
ocean’s sunlit surface layer is being considered as
a marine CDR option, either alone (Lovelock and
Rapley 2007, GESAMP 2019) or in combination with
other CDR measures such as open-ocean macroal-
gae mariculture and sinking (Koweek 2022, Wu et al
2023). By fertilizing ocean regions with currently low
biological productivity, AU concepts typically aim to
enhance oceanic CO, uptake via a natural process
known as the biological carbon pump.

Several authors have studied the climate effects
of AU, partially finding reduced effectiveness due to
the typically high inorganic carbon (Yool et al 2009,
Jiirchott et al 2023) and low iron content (Jiirchott
et al 2024) of the upwelled water as well as substan-
tial side effects on ocean physics (Oschlies et al 2010).
Most studies in the context of CDR have focused on
wave-driven upwelling devices (Lovelock and Rapley
2007). Other technical concepts include mechanical
pumping using offshore wind energy (Viudez et al
2016) or air injection (Liang and Peng 2005) to drive
the flow. The present work will focus on an altern-
ative technical concept proposed by Stommel et al
(1956). Stommel’s AU concept aims to generate a self-
sustaining upwelling flow by using fundamental prin-
ciples of thermohaline convection. In many ocean
regions, surface waters have both higher temperat-
ures and higher salinity than the deep ocean water.
With regard to density, the effect of temperature
predominates and stabilizes the stratification of the
water column. The smaller salinity effect counter-
acts the temperature effect, thus reducing the strati-
fication stability. If a vertical pipe is introduced and
filled with deep ocean water once, the cold water
in the pipe will eventually be heated by the sur-
rounding water while retaining its low salinity. The
water column inside the pipe will thus become buoy-
ant with respect to the surrounding water, and an

] Kemper et al

single SUP counterflow SUP shell-and-tube type SUP

Figure 1. Basic types of SUP systems. Adapted from
Kemper et al (2025). CC BY 4.0.

upward flow in the pipe will be initiated. Once a
steady state of this process is reached, the flow will
continue without any mechanical forcing. Stommel
et al (1956) called this effect perpetual salt fountain.
It is worth noting that Stommel’s effect can also be
used to drive downwelling instead of upwelling if the
pipe is initially filled with surface water instead of
deep ocean water. Since its publication, several device
concepts have been proposed based on this principle
(Stommel et al 1956, Johnson and Decicco 1983).
In the present work, all these device concepts are
summarized under the term SUP. Three SUP types
are considered: A simple upwelling pipe, a counter-
flow pipe, where upwelling based on the salt foun-
tain effect is established in the inner pipe and down-
welling in the outer pipe, and an upscaled counterflow
pipe with a shell-and-tube setup. The three types are
referred to as single SUP, counterflow SUP, and shell-
and-tube type SUP. A schematic overview is given in
figure 1.

SUP systems combine several advantageous prop-
erties for AU: they do not require an external energy
supply. They are technologically simple in the sense
that they do not require any moving parts in their
construction. Upon exiting the system at the surface,
the deep ocean water is already heated up to some
extent and thus exhibits a lower tendency to sink
back down, as seen with other AU concepts (Kirke
2003).

A short review of previous efforts to quantify the
performance of SUP systems was performed as part of
recent work by Kemper et al (2025). As previous stud-
ies on SUP performance yielded a wide range of res-
ults with little confidence, two new numerical meth-
ods were introduced, the Reynolds-averaged Navier—
Stokes equation solver ocean4Foam (Kemper 2024)
and the one-dimensional pipe-flow model SPI1D
(short for Stommel-Pipe one-dimensional) (Kemper
and Mense 2024). The predictive capabilities of both
methods were proven through rigorous verification,
validation, and model intercomparison (see Kemper
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et al 2025 for details). Building on these efforts, the
computationally efficient SP1D model is used in the
present work to quantify the global potential of SUP
systems for AU, as well as its variability, and the
potential for upscaling of SUP systems.

2. Numerical method

In this work, a numerical performance prediction
method for SUP systems is used (Kemper and Mense
2024, version 8c679e96). Performance is typically
evaluated in terms of the upwelling velocity w, which
determines the volumetric flow rate and thus the
potential nutrient transport for AU. The numerical
method was described in detail by Kemper et al
(2025), here only a summary of the main equations
and their solution is given, followed by the definition
of the studied pipe geometry.

2.1. The SP1D method

This method solves the two basic equilibria intro-
duced by Groves (1958). It is able to predict the per-
formance for different SUP types. The basic equations
are presented here in a generalized form. Differences
between the formulations for different SUP types are
pointed out where necessary.

The first equilibrium is formulated as a pres-
sure balance between the hydrostatic pressure head
and the dynamic pressure loss. For a fully developed
steady-state flow, this equation reads

Zopt+L
bW
A2 i=g| [ (rn@ 0@ )

Here, w is the unknown bulk velocity, ¢ is the Darcy
pipe friction factor, Dy, is the hydraulic pipe diameter,
g is the gravitational acceleration, and z is the depth
(positive downwards). Further, p and pocean are the
bulk density of the water inside the pipe and the back-
ground ocean, respectively, and p is the average dens-
ity over the pipe length. The density of seawater is cal-
culated from the equation of state

p=f(5,O,P), (2)

where O, S5, and P are conservative temperature,
absolute salinity, and hydrostatic pressure, respect-
ively. The background ocean values © ycean and Sy pcean
are known functions of z. Also, the salinity inside
the pipe is known, as it uniformly takes the inlet
value. Given the (yet unknown) temperature pro-
file ©(z), the velocity w can be calculated from
equations (1) and (2).

To obtain the temperature profile, the second
equilibrium is formulated as a balance between con-
vective heat transfer in the axial direction and radial
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conductive heat transfer through the pipe wall. This
yields the following ordinary differential equation,
which can be solved for the temperature profile over
the interval (ztop, zbomm) , using the known inlet tem-
perature as boundary condition

—Acwpe, (2) O (2)
+GU(2) (Ou(2) —O(29)) =0.  (3)

Here, A, is the cross-sectional area of the pipe, Cy
is the heat-transferring circumference and O,, refers
to the temperature on the other side of the pipe wall
(i.e. the background ocean temperature in the single
SUP case, the shell-side value when the equation is
solved for the inner pipe of a counterflow or shell-
and-tube type system, and vice versa®). Further, ¢, is
the heat capacity of the seawater and U represents an
overall heat transfer coefficient, which incorporates
the thermal resistance of the pipe wall as well as the
influence of the convection on either side of the wall.
Consequently, U depends on the respective thermal
conductivities x and Nusselt numbers Np.

For counterflow and shell-and-tube type systems,
the unknowns w and © have to be calculated for
the inner pipe as well as the shell®. Equations (1)
and (3) thus yield a coupled system of four equations.
With correlations for the pipe friction factor, the
Nusselt number, and the fluid properties, the system
is closed for any given pipe geometry and ocean pro-
file (i.e. Ogcean and Spocean)- An iterative process is
employed to solve the system of equations.

The above equation set contains two empirical
coefficients, ¢f and U. The SP1D method calculates
these coefficients by applying a combination of stand-
ard engineering correlations for pipe flows of vari-
ous flow regimes (laminar and turbulent forced and
mixed-convection flow). The full methodology was
described and validated by Kemper et al (2025).

2.2. The pipe geometry

The present work mainly deals with counterflow
SUP systems. A benchmark geometry is thus defined
for this type of system. Upscaling of the geo-
metry to shell-and-tube type systems is discussed in
section 3.3, while single SUP systems are discussed
in the appendix. The benchmark counterflow SUP
setup is depicted in figure 2 along with the relevant
dimensions. The outer pipe diameter is set based on
an inner-to-outer-pipe cross-sectional flow area ratio
(Ai/A o) of 0.5. The thermal resistivity (R = —-) of

Rwall

5 Note, that for counterflow and shell-and-tube type systems any
possible heat transfer between the shell side-flow and the back-
ground ocean (i.e. through the outer pipe wall) is neglected. This
assumption was evaluated in Kemper et al (2025).

6 One representative inner pipe is considered in the case of shell-
and-tube type systems.
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Figure 2. Benchmark geometry for counterflow SUP
system. Adapted from Kemper et al (2025). CC BY 4.0,
and Kemper et al (2023).

the inner pipe wall is 2 x 107> Km?W~!, which is
representative of a HDPE pipe with a wall thickness of
1 mm. To avoid any direct interaction of the upwelling
and downwelling flows, the ends of the inner pipe and
shell are separated by a depth difference of 20 m. The
dimensions of the system were chosen based on feas-
ibility considerations. They do not represent ideal val-
ues from a performance perspective, as will be seen in
section 3.3.

3. Results

In the following, the method described in section 2
will be applied to study the potential of counterflow
and shell-and-tube type SUP systems for AU. Results
for a single SUP system are given in the appendix. The
data presented in this section are available as part of
the supplementary material to this work (Kemper et
al 2024).

3.1. Global upwelling potential

The potential for SUP-based upwelling is evaluated
by studying a global set of discrete annual mean data
(over the years 1955-2018) from the World Ocean
Atlas 2018 (Boyer et al 2018). Figure 3 shows the res-
ults in terms of achievable upwelling velocities inside
the pipe” on a global map. Also, the nitrate and silicate
fluxes are shown.

7 Figure 3 indicates the potential for upwelling velocities inside a
single benchmark counterflow SUP system in various locations.
The results should not be mistaken as area-averaged values for a
hypothetical global-scale deployment.
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Figure 3 indicates considerable potential for AU
in and around the subtropical ocean gyres, with
large areas of the South Atlantic providing ideal con-
ditions for SUP systems. Additionally, considerable
upwelling velocities can be achieved in the South
Indian Ocean and along the Australian south coast.
When considering the AU potential in terms of nutri-
ent upwelling, the available area is strongly decreased
and slightly shifted with respect to the upwelling velo-
city pattern. Only the South Atlantic around latit-
ude 10° S provides ideal conditions for SUP-based
nitrate upwelling, with some potential also available
in the South Pacific. SUP-based silicate upwelling fol-
lows a similar global pattern, with some exceptions.
High silicon-to-nitrogen (Si:N) ratios of the upwelled
deep ocean water are considered favorable for AU-
based CDR (Goldenberg et al 2022). In the Atlantic,
the Si:N ratio of the upwelled water for the bench-
mark geometry is typically around 0.5. Values above
unity can be achieved in the Pacific at the expense
of lower nitrate upwelling. The bottom depth of the
benchmark geometry of 400 m limits the nutrient
upwelling potential to some extent. Longer SUP sys-
tems would provide more potential in wider ocean
regions and likely also higher upwelling velocities
(see section 3.3). Finally, it should be noted that the
upwelling of nutrients does not directly translate to
CDR potential, as the upwelled water may also con-
tain excess dissolved carbon (Yool et al 2009, Jiirchott
et al 2023) and iron limitation may constrain the bio-
logical productivity (Jirchott et al 2024).

3.2. Variability of the upwelling performance

In the previous study, the potential of SUP systems for
AU has been evaluated based on annual mean ocean
data. These results are extended here with studies on
instantaneous depth profiles, based on ARGO data
(Wong et al 2020), which are more representative of
the ocean conditions encountered by the SUP system
on a typical day. Two example regions, north of the
island of St. Helena (13° S to 18° Sand 3° W to 8° W)
and south of the Canary Islands (22.5° N to 30° N and
15° W to 25° W), are studied. The St. Helena loca-
tion was chosen as a maximum-potential case, as this
region showed the highest nutrient upwelling in the
global study of section 3.1, while the Canary location
was chosen as a typical prototype testing location with
good accessibility and infrastructure. The extent of
both study regions is shown in figure 4 along with the
upwelling performance based on annual mean pro-
file data from section 3.1. All ARGO datasets from
the years 2010 to 2023 were used to calculate the per-
formance of the benchmark counterflow SUP system
(section 2.2). In total, 1353 cases were studied for the
St. Helena location and 4176 cases for the Canary loc-
ation. Figures 5 and 6 show the results of this study
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Upwelling velocity w
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the World Ocean Atlas 2018 (Boyer et al 2018).
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Figure 3. Potential assessment for the benchmark counterflow SUP system in terms of achievable upwelling velocity inside the
inner pipe w as well as nutrient upwelling on a global map. Calculations are based on annual mean ocean data (1955-2018) from
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Figure 4. Example regions for performance variability
study, along with upwelling velocity w based on annual
mean data from section 3.1.
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for the Canary and St. Helena locations, respectively.
Here, the temporal (A) and spatial (B) variation of
the upwelling velocity is shown along with a statist-
ical analysis (C). For a better appreciation of the mean
spatial variability, an interpolated surface through the
individual data points is added to the spatial vari-
ability plots. The results shown in figures 5 and 6
provide a good insight into the SUP performance in
the respective regions. Both regions show a certain
degree of spatial variability (figures 5 and 6(B)), the
mean variation is in good agreement with the annual
mean predictions from figure 4. Additionally, a large
temporal variability with distinct seasonal patterns
is found (figures 5 and 6(A)). High upwelling velo-
cities are observed around local springtime in both
locations.

In the Canary location, upwelling velocities are
generally lower than in the St. Helena location. Over
the entire year, the values are almost invariably
above 0.05ms™!, while upwelling velocities above
0.13ms™! are achieved in about 25% of the cases.

(A)
= 0.15 kg
~
£ 0.10
2 0.05 . . !
| | I |
S Q4 Nl o & N a7
Nz N4 N N N v 2
& > > > > B &
date
(B) (©)
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§eYy
AN
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Figure 5. Results from the performance variability study for
the Canary location. (A) Temporal distribution of
upwelling velocity. (B) Spatial distribution of upwelling
velocity. The Point color marks upwelling velocity. The
surface indicates an interpolated mean of the data points.
(C) Statistical analysis. The diamond gives the average of
the samples, the line indicates the median, and the green
star represents the result based on annual mean data from
section 3.1.

Opver the first half of the year, about 50% of the values
are above 0.13ms™ 1.

In the St. Helena location, the upwelling velocit-
ies are consistently above 0.08 m s~ ! and show slightly
less variability than in the Canary location. Here, the
upwelling velocities are higher in the second half of
the year (around austral spring). The all-year probab-
ility of achieving velocities above 0.15ms™! is about
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Figure 6. Same as figure 5 but for St. Helena location.
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Figure 7. Statistical analysis of the density difference of the
upwelled deep ocean water with respect to the surrounding
surface water. A positive density difference indicates positive
buoyancy of the upwelled water, while negative values
indicate the tendency to sink back down after discharge
from the SUP system. The diamond in the boxplot gives the
average of the samples, while the line indicates the median.

50%. The present study confirms the South Atlantic
as an ideal location for SUP-based upwelling, with
both high mean performance and low variability.

The upwelling velocity based on the global study
presented in section 3.1 is indicated by the green star
in figures 5(C) and 6(C). For both locations, the value
is in reasonable agreement with the average perform-
ance from the present study, considering the different
types of data.

In section 1, the reduced tendency of the upwelled
deep ocean water to sink back down has been men-
tioned as a potential advantage of SUP systems over
other AU concepts. This is due to the fact that in
an SUP system, the deep ocean water is significantly
heated through the upwelling process and thus has a
lower density when discharged at the surface. Figure 7
shows a statistical analysis of the absolute density
difference between upwelled deep ocean water and
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Table 1. Studied parameter ranges for shell-and-tube type SUP
parameter study. D, is the shell diameter, Ai/ A, is the
cross-sectional flow-area ratio between inner pipes and shell, R is
the thermal resistivity of the pipe wall, zyottom is the bottom depth
of the system and # is the number of inner pipes.

Parameter Studied range

D, 0.25-2.25m

Aify 0.25-4

R 2x107°-5x 10 Km* W'
Zhottom 200-1000 m

n 1-80

surrounding water at the pipe outlet depth for both
study locations. Here, a positive value indicates pos-
itive buoyancy of the upwelled water, while negat-
ive values indicate negative buoyancy (i.e. the tend-
ency to sink back down). Figure 7 shows that typical
density differences are in the range of —0.5kgm™
to 0.5kgm™>. This is considerably less than the ini-
tial density difference between deep ocean and sur-
face water, which is 3.3kgm™> on average across
both regions. Only 50% of the cases achieve posit-
ive buoyancy of the upwelled water in the Canary
location, while the value is slightly higher in the St.
Helena location. As expected, the results are highly
variable and especially show a strong seasonal vari-
ability. These results demonstrate that the problem of
negative buoyancy of the upwelled water (Kirke 2003)
is not generally avoided by SUP systems. However,
by extending the pipe horizontally inside the warm
surface region, further heating of the upwelled water
can be achieved. While such extensions have not been
studied in this work, it seems likely that they would be
used in a real deployment to avoid negative buoyancy
of the upwelled water under all conditions.

3.3. Upscaling and optimization
Shell-and-tube type SUP systems offer the potential
to scale up flow rates from SUP-based upwelling to
practically relevant magnitudes for AU. The two main
scaling considerations for these systems are the shell
diameter D, and the number of inner pipes n. Yet,
multiple other geometrical parameters need to be
optimized simultaneously to achieve optimal scaling.
The following optimization study was done for
a shell-and-tube type system with one (counterflow
SUP) to 80 inner pipes. All parameter variations are
given in table 1. The geometry is in line with the
benchmark design defined in section 2.2, except for
the varied or directly affected (D; and ky.y) para-
meters. A full factorial experimental design with 3125
cases (5 variations per parameter) was chosen. A typ-
ical South Atlantic ocean profile was used. Figure 8
shows the mean effect size of all parameter vari-
ations on the volume upwelling rate Q. Not surpris-
ingly, the volume upwelling rate Q increases with
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Figure 8. Effect size plot for shell-and-tube type SUP
parameter study. Mean (solid lines) and maximum (dashed
lines) volume upwelling rate Q throughout the data set for
each parameter choice. The difference between the
maximum and minimum value of the mean effect (solid
lines) marks the effect size of the respective parameter,
which represents a measure of how strongly the goal
variable (Q) is influenced by the variation of the respective
parameter.

the shell diameter D,, which governs the total sys-
tem size and has the strongest effect of all stud-
ied parameters. Upwelling rates above 0.5 m? s~! are
only achieved with large shell diameters, above 1.9 m.
The cross-sectional flow-area ratio Ai/ ‘A, has a much
smaller effect size, with an optimum at Ai/A , for
both the mean and the maximum effect (solid and
dashed line in figure 8). The thermal resistivity R has
a monotonic negative effect on the volume upwelling
rate and a comparably small effect size. However,
upwelling rates above 0.5m?s~! are almost exclus-
ively found with R below 2 x 107> Km?> W™ (ie. a
1 mm HDPE pipe). The system’s bottom depth zpotom
has a large, positive effect (i.e. the performance is
better for longer pipes), making zyoom an import-
ant parameter. Finally, the effect of the number of
inner pipes n on the volume upwelling rate Q is
slightly smaller than that of zyoom. The effect seems
to be stronger at lower values (below 20 inner pipes).
Typically, an optimum 7 can be found within the
studied range.

Figure 9 shows the correlation of the mean effects
of the shell diameter D, and the number of inner
pipes n on the volume upwelling rate Q. This repres-
entation shows the interaction of the two upscaling
options. The results are given for zyotom = 400m and
Zbottom = 800m. The cross-sectional flow-area ratio
Ai/p is limited to the optimum value of 1 while the
given results are averaged over all variations of R.
Generally, the effects observed in figure 8 are con-
firmed in figure 9. While n and D, seem equally
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effective for upscaling the volume upwelling rate for
small bottom depths (figure 9(A)), D, becomes the
dominant upscaling option for large bottom depths
(figure 9(B)).

An optimum number of inner pipes can typic-
ally be found for any given shell diameter. This can
be viewed as a technical optimum, which maximizes
the upwelling flow rate for given overall dimensions.
This optimum D, — n combination is indicated by the
black solid line in figure 9. Systems with one inner
pipe (counterflow SUP systems) seem ideal for the
smallest shell diameters, while with increasing shell
diameters, larger n values are preferable.

For a practical system optimization, the goal is
typically to achieve a given target flow rate at min-
imum economic cost. Here, the overall circumference
of all outer and inner pipes 7 (D, + nD;) is taken as
a proxy for economic cost. The black dashed line in
figure 9 marks the setup with the minimum cost for
any given upwelling flow rate Q. This is viewed as the
economic optimum D,—# combination in the fol-
lowing. Generally, larger D, and lower n values than
for the technical optimum are found to be economic-
ally favorable.

Since the inner pipe diameter D; is a derived para-
meter in this study, its mean effect is not separately
evaluated in figure 8. Iso-lines for D; are given by
the colored lines in figure 9. As can be seen, both
optima (technical and economic) occur around a lim-
ited set of inner pipe diameters. These results sug-
gest that upscaling of shell-and-tube type SUP sys-
tems with a constant D; and Ai/Ao, as done in our
previous work (Kemper et al 2023), represents a valid
assumption of optimal scaling. Under these condi-
tions, an approximately linear scaling of Q with the
number of inner pipes is found (e.g. a shell-and-
tube type system with n = 20 achieves about 20 times
the flow rate of a corresponding counterflow SUP
with equal D; and Ai/ 'A,)- The fact that this guideline
provides a simplistic and perhaps incomplete model
of optimal scaling can easily be seen from the present
results. However, the linear scaling model at constant
D; and Ai/A , can provide a valuable first assump-
tion of achievable flow rates in the context of techno-
economic feasibility assessment.

4. Discussion

To provide some context to the results presented in
section 3, a comparison with upwelling rates assumed
in previous studies on AU is appropriate. Previous
studies on AU as a marine CDR option have been pre-
dominantly based on wave-driven AU pipes. Mostly,
upwelling volumes of 0.12m’ s™! t0 0.23 m®>s™!, and
pipe depths of 200 m to 1000 m have been assumed
(Yool et al 2009, Oschlies et al 2010, Keller et al 2014,
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Jurchott et al 2023). Koweek (2022) provides a com-
prehensive overview of previous assumptions, cal-
culations, and results of field trials of AU devices.
Finding that the upwelling rates and system depths
achieved in field trials were generally lower than the
values assumed (or predicted) in modeling studies,
Koweek (2022) defines a rate of0.05 m® s~! and a pipe
depth of 500 m as a feasibility limit for the near future.

In the present work, upwelling velocities above
0.08 ms~! are predicted over significant parts of the
global oceans (about 8%) with a system depth of
400 m. Considering that the benchmark counterflow
SUP system only transports 1.4 x 107> m? s~! at this
upwelling velocity, a corresponding shell-and-tube
type system with about 40 inner pipes would be
necessary to achieve the upwelling rate of 0.05 m®s~!
envisioned by Koweek (2022). Although the results
of section 3.3 suggest that perhaps a more optim-
ized shell-and-tube type design could achieve the
same flow rate with a less complicated geometry,
this discussion indicates that, outside of the ideal
ocean regions, SUP systems are likely not econom-
ically competitive with wave-driven AU devices in
terms of the achieved upwelling flow rate. However,
several additional findings from the present work
affect the techno-economic competitiveness of SUP
systems and should thus be discussed. As seen in
section 3.3, the effectiveness of SUP systems gener-
ally increases with increasing bottom depth (length)
of the system. Considering that longer pipes allow
for deep ocean water with higher nutrient concen-
trations to be reached, this scaling behavior of SUP
systems marks a distinct advantage over wave-driven

AU systems, which tend to become less effective with
increasing bottom depth (Kirke 2003). Additionally,
as seen in section 3.2, SUP systems can upwell deep
ocean water heated and buoyant with respect to their
surroundings. This fact is viewed primarily as an aid
in keeping the upwelled nutrients in the euphotic
zone, where they can be utilized for primary produc-
tion. When considering a global-scale application of
AU (as previously done in modeling studies (Yool et al
2009, Oschlies et al 2010, Keller et al 2014, Jiirchott
et al 2023)), the same effect is additionally expected
to reduce several reported side effects of AU, such
as heating of the interior ocean (Oschlies ef al 2010)
and reduction of the upper ocean stratification sta-
bility (Dutreuil et al 2009)®. Consequently, the rel-
ative techno-economic potential of SUP systems will
likely depend on the question of whether effective
low-cost, low-tech implementation approaches can
be developed, on the importance of positive buoyancy
of the upwelled water, and on the specific deployment
region and source depth considered.

5. Conclusions

The AU potential of SUP systems has been evaluated
in this work based on numerical studies, using the
one-dimensional SP1D method.

The global AU potential for a benchmark coun-
terflow SUP system was studied based on annual

8 As SUP systems are driven by the ocean’s potential energy, their
operation will generally act to reduce this energy budget and thus
stabilize rather than destabilize the ocean’s density stratification.
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mean ocean data. While large areas of the global
oceans provide significant potential for SUP per-
formance, nutrient availability in the deep ocean
water can limit the AU potential to some extent,
depending on the system’s bottom depth. The
South Atlantic provides the most favorable con-
ditions for SUP-based AU. Additionally, the tem-
poral and small-scale spatial variability of the
upwelling performance was studied for two example
regions, yielding valuable insight into the statist-
ical aspects of SUP performance and revealing a
considerable seasonal variation.

Finally, an overview of the upscaling and optim-
ization potential of shell-and-tube type SUP systems
was obtained by performing a full design parameter
study.

Stommel et al (1956) considered any practical
potential of their discovery improbable. After first
predictions of achievable flow rates, Groves (1958)
came to a similar conclusion. Today, global climate
change and the resulting need for large-scale CDR
lead to a renewed interest in the concept and motivate
a reevaluation of its viability. While the present work
has shown the considerable potential of SUP systems
to drive large-scale upwelling of nutrients in the open
ocean, it appears that the practical significance of this
potential should ultimately be determined based on
further considerations regarding the desirability and
effectiveness of the overall CDR measure. The authors
hope that, beyond answering relevant technical ques-
tions, their work can provide a solid, quantitative
basis for these considerations.
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Appendix. Global potential assessment for
a single SUP system

While in section 3.1 only the results for a counterflow
SUP system were given, figure A1 shows the result of
the global potential assessment for a single SUP sys-
tem with equivalent dimensions and a pipe diameter
of 0.15 m. The study was carried out in analogy to the
counterflow SUP study presented in section 3.1.
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Abstract Marine carbon dioxide removal (nCDR) and geological carbon storage in the marine
environment (mCS) promise to help mitigate global climate change alongside drastic emission reductions.
However, the implementable potential of mCDR and mCS depends, apart from technology readiness, also on
site-specific conditions. In this work, we explore different options for mCDR and mCS, using the German
context as a case study. We challenge each option to remove 10 Mt CO, yr™', accounting for 8%—22% of
projected hard-to-abate and residual emissions of Germany in 2045. We focus on the environmental, resource,
and infrastructure requirements of individual mCDR and mCS options at specific sites, within the German
jurisdiction when possible. This serves as an entry point to discuss main uncertainty factors and research needs
beyond technology readiness, and, where possible, cost estimates, expected environmental effects, and
monitoring approaches. In total, we describe 10 mCDR and mCS options; four aim at enhancing the chemical
carbon uptake of the ocean through alkalinity enhancement, four aim at enhancing blue carbon ecosystems' sink
capacity, and two employ geological off-shore storage. Our results indicate that five out of 10 options would
potentially be implementable within German jurisdiction, and three of them could potentially meet the
challenge. Our exercise serves as an example on how the creation of more tangible and site-specific CDR
options can provide a basis for the assessment of socio-economic, ethical, political, and legal aspects for such
implementations. The approach presented here can easily be applied to other regional or national CDR capacity
considerations.

Plain Language Summary There is a growing consensus within the scientific community that

carbon dioxide removal (CDR) and carbon storage will play crucial roles in global climate change mitigation
efforts. Marine-based CDR (mCDR) or carbon storage (mCS) for climate mitigation have gathered significant
attention due to their substantial global potential. While numerous studies have assessed global CDR capacities
and associated side effects or co-benefits of individual methods, it is important to recognize that global potential
does not necessarily translate into local effectiveness. The implementable potential of mMCDR and mCS depends
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not only on technological readiness, but also on site-specific conditions. Our study explores the capacity of
marine-based methods considering local resource availability, geophysical conditions, infrastructure, and land/
sea-area availability to be developed by Germany. We identified 10 proposed options, with half of them being
implementable exclusively within German jurisdictions and 3 capable of achieving the 10 Mt CO, annual
removal target, significantly contributing to Germany's net-zero goal. This underscores the critical importance
of considering site-specific contexts in any discussion of mCDR/mCS implementation. Additionally, our study
highlights the potential of mCDR/mCS for Germany and calls for further site-specific studies to assess these
options beyond natural science or techno-environmental considerations.

1. Introduction

The Paris Agreement (UNFCCC, 2016) requires achieving a balance between anthropogenic emissions by
sources and removals by sinks of greenhouse gases in the second half of this century. Such a net-zero goal first and
foremost requires substantial reductions and avoidances in greenhouse gas (GHG) emissions. In addition to
drastically reducing current emissions, the implementation of carbon dioxide removal (CDR) approaches will
play a role in achieving net-zero by counterbalancing residual emissions (i.e., where emission reduction is
technologically and/or financially too challenging; Buylova et al., 2021; Fridahl et al., 2020; Mengis et al., 2022;
Oschlies et al., 2017). The sixth assessment report of the Intergovernmental Panel on Climate Change
(IPCC, 2023) shows that all 1.5°C scenarios applied CDR to reach their goal. However, the CDR options
implemented in the scenarios depend, among others, on assumptions that could reasonably be made about cost-
effectiveness and storage availability of CO, (IPCC, 2022). Until now, most considered CDR methods are land-
based, relying primarily on afforestation as well as bioenergy in combination with carbon capture and storage
(BECCS). Most of the CDR options mentioned in national long-term low-emission development strategies
worldwide rely on the expansion or management of existing natural ecosystem sink capacities (Thoni
et al., 2020). Accordingly, a considerable amount of research has been devoted to these CDR options, which has
resulted in first considerations of limiting factors or bottlenecks. For instance, large-scale, land-based CDR
options relying on photosynthetic carbon capture require substantial land area, compete with other land uses such
as food, fiber, and energy production, settlement and infrastructure development, and ecosystem services (Boysen
et al., 2017; Fujimori et al., 2022; Williamson, 2016). While it is expected that large-scale implementation of any
CDR option faces limitations, risks, and biophysical, technical, political and social challenges (Creutzig
etal., 2015; Fuss et al., 2018), assessments of marine CDR (mCDR) and marine carbon storage (mCS) approaches
within a portfolio of CDR options to reach net-zero emissions are lacking. This omission of marine approaches is
a shortcoming, given the high carbon storage inventory of the marine environment and the large fraction of
anthropogenic CO, that will finally be stored by the ocean.

Germany has set its goal to become GHG neutral by 2045. Optimistic roadmaps to reach this goal provide es-
timates of residual emissions ranging from 40 to 60 megatons (Mt) carbon dioxide equivalent (CO,,,) annually
(Federal Climate Change Act, 2019; Mengis et al., 2022), which corresponds to 5%—10% of Germany's current
GHG emissions. These will need to be counterbalanced by the implementation of CDR methods. Less optimistic
annual residual GHG emission estimates are even higher, ranging from 45 to 130 Mt CO, (Luderer et al., 2021,
Merfort et al., 2023). Initial studies of CDR potential within Germany point to a theoretical CDR potential that
could reach this scale by employing terrestrial CDR options (Borchers et al., 2022; Merfort et al., 2023). However,
the CDR potential on land might be reduced, if current optimistic assumptions about land, fresh water, and energy
requirements, as well as the development of storage capacities, are not met — possibly because their imple-
mentations would exceed environmental guardrails (Heck et al., 2018).

Here, we aim to complement such efforts by considering the potential of CDR options with storage or seques-
tration in the marine environment for Germany. To do so, we envision potential implementations of different
mCDR categories: (a) the enhancement of the ocean's chemical carbon uptake through alkalinity addition, (b) the
enhancement of the “blue carbon” sink capacity (such as in salt marshes, seaweed, or mangrove ecosystems), and
(c) offshore geological CO, storage coupled with different carbon capture components. We challenge each
mCDR option to reach a 10 Mt CO, yr™' removal capacity, as this is a significant fraction of the residual
emissions projected for Germany and allows us to assess side effects and challenges, which are likely to be
notable on that scale. In addition, by leveling the playing field for all options, we can compare common attributes
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Figure 1. Roadmap for exploring site-specific carbon dioxide removal options with storage or sequestration in the marine
environment pursued in this work.

of the aforementioned mCDR options at the same scale of operation. Our exercise does not aim to provide a
comprehensive assessment of mCDR options or a dedicated life-cycle assessment, but rather to present a
collection of options that can serve as a basis for further discussion, by making the scale of CDR implementation
—relevant to national climate targets—more tangible. By doing so we aim to provide a basis for context-specific
discussion and promote further studies that adopt a similar approach in other contexts worldwide.

To this end, we provide first insights into mCDR options on a larger scale, their technological feasibility,
infrastructure and resource demands, on the example scale under the site-specific constraints. We first describe
how we selected the mCDR and mCS options (Section 2). We then provide a short description of each option,
including technological readiness, resource requirements, uncertainties and, if available, cost estimates (Sec-
tion 3). This is followed by a comparison of the options, expected possible environmental effects, and a discussion
of the limitations of our approach (Section 4). For the case study, we conclude that mCDR options are a valuable
addition to the net-zero tool box, and that further research is needed to help some of the technology to reach
maturity and to reduce the uncertainty in efficiency and environmental effects. Ultimately, the approach we
present here may serve as a template for exploring mCDR and mCS feasibility in further contexts worldwide.

2. Materials and Methods

This study aimed to develop site-specific CDR options through three phases: challenge setup, workshops, and
synthesis (Figure 1). In the challenge setup, we identified the region of interest (Germany), compiled an initial list
of CDR and carbon capture and storage (CCS) methodologies leveraging the knowledge in our research networks
(CDRmare and CDRterra), and invited workshop participants. Background research included regional emissions,
land/sea area, low-emission energy, material availability, and infrastructure capacity—factors influencing po-
tential deployment (details are given in Section 2.2). These inputs informed our CDR scaling target and as-
sumptions, defining criteria for significant contributions to reaching net-zero in our region of interest. We also
designed a unified CDR options template (Table 1) to be employed during the workshop.

The second phase involved two workshops: the first focused on the creation and scaling of the options, generating
over 13 options. The latter were screened resulting in merging similar options or excluding options due to
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Table 1

Description of the Categories and Parameters Used in the Fact Sheet for the Generation of mCDR Options With the Aim to Reach 10 Mt CO, Yr~! Removal; for Details

See Supporting Information (SI)

Category

Parameter

Description

Option description

Demand/Input

Output

Environmental impacts

Cost parameters

Systemic parameters

Maturity level

Infrastructure
Biophysical conditions

Location

Area/land
Material/resources
Energy demand
Water demand

CO, removal potential

By-products
Energy output

Soils/sediment

Water

Air

Noise

Ecosystem

CO, removal costs
Investment intensity
Maintenance cost
MRV costs

max. CO, removal potential

Permanence

MRV capability

Extent to which an option is available for implementation, following the Technology
Readiness Level (TRL) scale (European Commission, 2014) (see Supporting
Information S1 Table S1)

Necessary infrastructure along the chain of implementation
Necessary environmental conditions for the functioning of the option

Description of the possible locations and explanation for specific choice made, including
the location for resource extraction, material processing, logistic centers, and carbon
reservoir

Necessary amount of area on land or ocean

Necessary amount and type of matter (e.g., rock, soil, etc.)
Energy demand along the chain of implementation
Necessary amount and type of water

If the option cannot reach 10 Mt CO, yr~! removal, estimate the maximum yearly CO,
removal rate

Additional products with or without market value generated
Energy provision in the form of usable electricity/heat

Effect of the option causing changes in the state of soils/sediments (e.g., through substance
release)

Effect of the option causing changes in the state of groundwater, runoff water and seawater
(e.g., through substance release)

Effect of the option on the atmosphere (e.g., through release of non-CO, GHGs)
Effect of the mCDR option on the ambient noise level

Effect of the mCDR option on biota

Marginal removal cost (assuming a fully established system)

Investment cost to build at least one unit

Cost for maintenance, including human resources

Effort and costs for carbon accounting and evaluation of removal

Maximum removal capacity scaling as permitted by constraints (e.g., area, energy,
resource limitations)

Carbon reservoir for storage/sequestration (geological, marine biomass, marine soils/
sediments), and the expected length of storage

The concept MRV is about “Monitoring, Reporting, and Verification.” Here, we use this
term to describe the ability to measure/estimate carbon fluxes/stock changes and to
monitor the environmental impacts, and to verify the amount of removed CO,

insufficient data. As a result, we generated a list of 10 CDR options, five of which could be implemented in the
jurisdiction of the region of interest. The second workshop emphasized detailed option descriptions, discussed
approach limitations (session 4.4), and planned the synthesis phase, including metrics for comparison and result
formatting.

In the synthesis phase, we conducted comparative analyses (session 4.1-4.3) and an internal review within the
research networks.

2.1. CDR Options Development

Following the methodological approach presented by Borchers et al. (2022) with experts from the CDRmare
(cdrmare.de) research program, we developed a collection of possible mCDR options for implementation in
Germany (Figure 2A1). These mCDR options were generated based on three CDR methods researched in the
program: ocean alkalinity enhancement (OAE), blue carbon enhancement (blueCDR), and off-shore geological
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Figure 2. Schematic overview of the 10 mCDR options (clustered in three categories).

1. Map of Germany indicating the locations chosen for the implementation linked to the region where resources would be available;

2. World map for chosen implementation locations for international options (3.1.4, 3.2.2-3.2.4, 3.3.2).

3. (B1-3) Schematic drawings of the mCDR options showing sources for CO, capture linked to CO, storage for the different mCDR categories: ocean alkalinity
enhancement (OAE, B1), ecosystem-based carbon dioxide removal in the marine environment (blueCDR, B2), and options with marine geological carbon storage
(mCS, B3). The colored dots in B1-3 denote processes in the whole chain of operation, for example, material extraction, material processing, and implementation, while
the arrows denote the movement of material down the chain. Note, for option coastal enhanced weathering, the deployment area is both in the North Sea and the

Baltic Sea.

carbon storage (mCS) captured from the atmosphere, for example, through bioenergy plants or direct air capture,
in collaboration with the research mission CDRterra (cdrterra.de).

The aim was to identify site-specific mCDR options, if possible, within the German jurisdiction, yet, due to
option-specific geophysical constraints, some mCDR options are partially (e.g., basalt CO, trapping) or entirely
(e.g., mangrove planting) located outside of it. Such options would require international cooperation as outlined in
Article six of the Paris Agreement (UNFCCC, 2015).

This study describes necessary conditions for each option's implementation, including environmental conditions,
infrastructure, technology and resource availability, as well as possible environmental effects. The options were
created using a tabular fact sheet, adapted from Borchers et al. (2022), with a unified set of categories and pa-
rameters (see Table 1).

At this point, the implementation of OAE, blueCDR and mCS options were envisioned disregarding economic
(beyond cost), legal, societal, or political constraints (similar to Borchers et al., 2022), and assuming—where no
other information was available—linear scalability to 10 Mt CO, removal potentials. The locations in Germany
for resource extraction, material processing, and establishment of logistics centers were chosen based solely on
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resource and infrastructure availability, which were only used to provide a basis for estimates such as trans-
portation requirements, energy demands, and operational costs. This approach allowed us to fully explore techno-
environmental feasibility and operational locations, necessary infrastructure, and resources under idealized,
hypothetical conditions. Although we outline and discuss limitations arising from these assumptions in the
overarching discussion, we recommend a detailed assessment of these disregarded factors as the subject of a
follow-up study.

2.2. Data Collection, Calculations and Quality Check

Data on mCDR options were assembled by researchers from the German BMBF funded research programs
CDRmare and CDRterra, gathered during two workshops (Driibberholz, November 2022; Kiel, June 2023;
Figure 1). This expert-driven process brought together participants from various academic disciplines involved in
CDR-related research addressing technological, environmental, social, legal, and economic aspects. The par-
ticipants developed mCDR options based on peer-reviewed literature, reports, resources from their current
projects and German-specific information provided by state agencies like the Federal Environment Agency
(UBA) and Federal Institute for Geosciences and Natural Resources (BGR). Additionally, literature databases
specifically focused on CDR such as the carbon dioxide removal portal (https://carbondioxide-removal.eu/en/
news/) were used. Nevertheless, the list of options based on the three main mCDR methods is not meant to be
exhaustive.

The data was compiled in a fact sheet for each mCDR option (see Supporting Information S1). Each option targets
an annual removal of 10 Mt CO,, with all demand, input, and output estimates calculated at this scale. The
removal estimates and corresponding demands are derived from existing scientific literature, including laboratory
observations, modeling works, method-based synthesis reports, and detailed life cycle analyses. If an option did
not reach this scale due to, for example, resource restrictions, a maximum removal estimate (in units of Mt of CO,
yr~") was provided and all other estimates related to the demand/input and output categories were calculated
accordingly; however, if the option reached 10 Mt CO, yr~' removal, we asked for an estimate of the maximum
annual CO, removal rate that could be achieved. The cost and technical feasibility were estimated by using the
sources described above and supported by our technology consulting partner (fichtner.de). The technology
readiness level (TRL) (Supporting Information S1 Table S1), assigned to each method is the lowest level depicted
in the whole chain of technologies necessary for the respective mCDR implementation. The permanence,
including the form of carbon sequestration, and expected length of storage was also detailed for each option,
considering that permanent carbon storage after at least 1,000 years of storage (Brunner et al., 2024). Together
with the fact sheets, schematic drawings of the options was developed (see Figures S1-S4 in Supporting In-
formation S1) together with a summary figure (Figure 2). Finally, the experts were asked to provide possible
bottlenecks with regard to, for example, resource constraints, and to identify unknowns and research gaps.

3. Collection of Marine Carbon Dioxide Removal (mCDR) Options

The mCDR collection includes 10 options (displayed in 3 classes in Figure 2) for carbon storage and sequestration
in the marine environment. In the following, we will briefly describe the functioning of the option, the estimated
technology readiness, the resources that would be required to scale this option up to 10 Mt CO, yr~! removal rate,
the expected costs for such operations, and key uncertainties (for more details, please see Supporting Information
S1). Discussions of the expected environmental effects, and challenges with regard to monitoring, reporting and
verification for the options will be in Section 4.

3.1. Ocean Alkalinity Enhancement —- mCDR Options Increasing Physical-Chemical Carbon Uptake
Through the Addition of Alkalinity

Solutes of weathered silicate and carbonate rocks naturally add alkalinity to the ocean, which increases its CO,
storage as dissolved inorganic carbon (DIC) (Archer, 2005; Bach et al., 2019). The alkalinity-enhanced seawater
at the ocean surface reacts with the CO, at the air-sea interface and forms bicarbonate ions, which can be kept in
solution for time scales of 100,000 years (Falkowski et al., 2000; Ilyina et al., 2013; Kohler, 2020; Kohler
et al., 2013; Renforth & Henderson, 2017). The weathering of alkaline minerals is a negative feedback of the
Earth's system regulating atmospheric CO, (Archer, 2005; Berner et al., 1983). Ocean Alkalinity Enhancement
(OAE) refers to anthropogenic activities with the aim of mimicking the natural process of weathering by adding
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alkalinity to the ocean to increase its CO, uptake (Hartmann et al., 2023; Kohler et al., 2013; Rau et al., 2013)
while stabilizing the pH (Hauck et al., 2016; Hinrichs et al., 2023), which has a positive effect on pH-sensitive
ecosystems (Albright et al., 2016; Weatherley, 1988).

In the following we describe four OAE options (Figure 2B1): option 3.1.1 explores the possibility of enhancing
the alkalinity of the German EEZ (North Sea) through electrolysis of seawater in the presence of silicate minerals,
option 3.1.2, explores the possibility of ocean liming in the German EEZ (North Sea), option 3.1.3 explores
dissolving basalt powder along the German coastline. Finally, option 3.1.4 explores upgrading existing desali-
nation plants to produce alkalinity. Because this option would only be possible on a small scale in Germany,
namely on Heligoland (Germany), we decided to explore this concept in an area outside Germany, where
freshwater production from desalination plants reaches a scale of 0.6 km® yr™!, about the rate related to a CO,

removal of 10 Mt yr™', to see its full potential and impacts.

3.1.1. Electrolytic Production and Addition of Alkalinity-Enhanced Solution From Silicate Rock on the
German North Sea Coast

Mined and ground silicate rock from quarries in central-Germany could be transported by carrier/barge to an
electrolysis facility on the coast in Northern Germany. The North Sea wind farms would be able to provide oft-
peak renewable energy that could be used for the electrolysis of the seawater with anodes encased by rock powder
(details see Rau et al., 2013). The reaction produces hydrogen, oxygen, silicate and magnesium/other-metal salt
(solid), and alkaline enhanced (sodium hydroxide, NaOH) seawater (see Supporting Information S1, Eq. 3.1.1a;
Rau et al., 2013). The alkalinity-enhanced seawater could then be released to the North Sea. Since the water with
enhanced alkalinity needs to be in contact with the atmosphere for efficient CO, uptake (Jones et al., 2014), the
oceanographic conditions of the German North Sea characterized by shallow depth and high mixing rates
(Stindermann & Pohlmann, 2011) would be very amenable to this approach. However, the actual efficiency of
CO, uptake per unit of alkalinity added in the North Sea would need to be further investigated.

While the technology for electrolysis with brine is already commercially used to produce hydrogen, oxygen,
chlorine, hydroxide, and acid for various industries (Lakshmanan & Murugesan, 2014), electrolysis with seawater
is currently under development (e.g., Ebb Carbon, 2024; Rau et al., 2018), hence we estimate the TRL of this
option to be 3 (according to Table S1 in Supporting Information S1).

To scale this mCDR option to 10 Mt CO, yr™!, one would need to dedicate around 30 Mt basalt yr—' (equivalent to
94% of the current German basalt mining capacity) and around 19 TWh electricity per year (8% of the German
renewable electricity production capacity in 2021; House et al., 2007; Rau et al., 2013; for calculations see
Supporting Information S1 3.1.1). The mining of the rock would use 0.2 Mm? of fresh water per year (0.004% of
the total groundwater abstraction in 2019; Gerbens-Leenes et al., 2018; Wayman et al., 2021) and a minimum of
460 Mm® of seawater for electrolysis (Dormann, 2023; 0.001% of the North Sea volume; for calculations see
Supporting Information S1 3.1.1). At the same time, the byproducts, namely hydrogen, chlorine, and oxygen,
could be utilized and reduce the energy demand and the cost of the option (Rau et al., 2013).

There is no commercial pilot study available for such an option, hence the cost of such an endeavor is highly
uncertain. However, in an optimum case scenario, we estimated a cost of 770-1,100 million € yr_1 for a 10 Mt
CO, yr~! removal rate including mining, transportation, energy, and investment costs without monitoring (for
calculations see Supporting Information S1 3.1.1).

One of the remaining challenges regarding electrolysis with seawater is that the constraints on the discharging rate
of the alkalinity-enhanced water are unknown. Recent studies recommend values of between 250 and 600 umol
L™ to avoid triggering the precipitation of aragonite in coastal regions (Hartmann et al., 2023; Moras et al., 2022).
With an assumed 0.86 years of water turnover rate in the North Sea (Siindermann & Pohlmann, 2011), this option
would require about 55% of the German EEZ in the North Sea for alkalinity dispersal under a conservative
estimation (for calculation see Supporting Information S1 3.1.1) and additional in situ modeling studies may help
to reduce the uncertainty. Also, the role of particles as a trigger for precipitation is not clarified yet (Hartmann
et al., 2023; Wurgaft et al., 2021). Another challenge is the erosion of the anode and the formation of precipitates
on the electrode surface, which reduces the process efficiency (Jamesh & Harb, 2021). Although in the presence
of silicate minerals, the occurrence of chlorine and hydrogen chloride would be suppressed, the question of how to
safely dispose or use possible byproducts (e.g., up to 7 Mt of chlorine without applying minerals, similar to 3.1.4)
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also remains a challenge. Co-emissions from the energy-intensive mining (Moosdorf et al., 2014) could be
reduced if the national energy mix is further decarbonized and transportation requirements are reduced if quarries
are located close to rivers. Furthermore, a suitable framework for monitoring, reporting and verification (MRV) of
alkalinity enhancement is yet to be developed.

3.1.2. Production and Spread of Slaked Lime Along Ship Tracks in the North Sea

In this option, limestone would be mined in quarries in Germany, which are widely spread over the countries
adjacent to the North Sea and Baltic Sea. The production of slaked lime (Ca(OH),) would then be conducted in the
lime quarries on-site. The slaked lime would be transported to a harbor (in northern Germany), where it would be
fully mixed with freshwater to produce lime milk. The lime milk is subsequently loaded onto bulk carrier ships
and spread into the North Sea along shipping routes. The method could be applied in the German EEZ, and can be
extended to the entire North Sea over existing vessel routes.

The production of lime is a mature industrial process with a TRL 9 (Foteinis et al., 2022). The dispersion of
alkalinity via ship tracks is less developed. It has been estimated so far mainly based on theoretical discussions
with the TRL of 3—4 (Caserini et al., 2022; McLaren, 2012). So currently, we estimate the TRL of this option to
be 3.

To reach the 10 Mt CO, yr~' removal target, this option would require a minimum of 17.9 Mt limestone
(equivalent to 32% of the current German annual limestone production), 15.27 TWh of electricity (~6% of
German renewable electricity/energy production in 2021), as well as 6.78 Mt of freshwater for the slaked lime
production per year. The required land for the mining operation is estimated to be 1,858 m* while the sea area
needed for the alkalinity spreading is 15,500 km?. Under the assumption that mCDR could have a higher priority
for the use of these resources, all the requirements could be fulfilled. During the energy-intensive lime production
process (with a kiln type that consumes fossil fuels), CO, emissions would arise from the calcination process and
consumption of fossil fuels (Dowling et al., 2015), which would need to be captured and stored in geological sites
(see Section 3.3). Applying less carbon intensive technology (kiln type), and transitioning to renewable energy
(Foteinis et al., 2022) would be highly beneficial for this option's efficiency. Low-grade heat is generated during
CaO hydration. Currently, its recovery is not practical with the existing lime kilns, but it might be possible with
new lime plants (EuLA, 2014).

The total cost for 10 Mt CO, yr—' removal is estimated at 800—1,450 million € with CCS applied for the lime
production (calculation see Supporting Information S1 3.1.2).

One of the remaining challenges is the decarbonization of the slaked lime production. Even though some pro-
cesses aiming at zero emission have been proposed (Caserini et al., 2019; Renforth & Henderson, 2017), they still
need further evaluation. Another challenge is the assessment of the localized impact produced by slaked lime at
the discharge point, due to a temporary increase of pH and alkalinity, of which the environmental side effect is not
yet well evaluated and requires additional dedicated experimental studies (Locke et al., 2009; Pedersen &
Hansen, 2003). Furthermore, there are presently almost no MRV standards for this practice and a suitable
framework thus needs to be built.

3.1.3. Coastal Enhanced Weathering (CEW) Along the German Coast

Similar to option 3.1.1, mined and ground alkaline volcanic rock (e.g., basalt) from quarries in central-Germany
(Amann et al., 2022) would be transported by carrier/barge to the coast of northern Germany. For this option, the
ground rock powder (less than 10 pm grain size) would then be deposited on the coastline in a high-energy
environment (we take a 100-m-wide band, with an average depth less than 10 m along the beach; see Support-
ing Information S1 3.1.3). The high energy coastal environment could then weather down the grains of alkaline
rocks and thus further reduce the energy requirement and cost of the process (Eisaman et al., 2023; Flipkens
et al., 2023; Meysman & Montserrat, 2017). The theory would be that the on-site ground rock will dissolve in the
coastal seawater, which enhances the alkalinity and the CO, uptake of seawater (Flipkens et al., 2023).

The technological feasibility for conducting CEW is high, since this technique has been applied commercially
(TRL 8; “Vesta,” 2022). However, the experiment aimed at demonstrating the efficiency of this method has yet to
yield accessible results, so as of our study, the concept remains partially unproven. Hence by the time of our study,
not all of the concepts are proven, and we assess that CEW has a TRL of 5.
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Germany has coastlines extending over 3,700 km, with approximately 3,300 km shallow and suitable for the
coastal enhanced weathering approach (Sterr, 2008), which in an optimal condition can sustain the dissolution of
3 Mt of fine basalt powder annually (for calculation see Supporting Information S1 3.1.3). This amount of basalt is
roughly 10% of the current German basalt production (BGR, 2021). The total energy consumption for this option
is around 614 GWh annually (0.3% of the German renewable electricity production capacity in 2021), which
includes mining and grinding, without transportation. The overall CO, removal potential is 1.1 Mt of CO, yr™'
(for calculation see Supporting Information S1 3.3.3), with the possibility of expansion into the continental shelf
(e.g., Fuhr et al., 2024; Hylén et al., 2023).

The cost of 1.1 Mt CO, yr™' removal is around 160 million € (excluding MRV cost, for calculation see Supporting
Information S1 3.1.3).

Currently, there are no large-scale implementations of CEW that have achieved the 10 Mt CO, yr~' removal
target. The verification of the effectiveness as well as the environmental side effects are currently topics of
research. The effectiveness would be influenced by the reactivity of minerals (e.g., basalt) under in situ conditions
(Ramasamy et al., 2024), the relocation or redistribution of the rock grains (e.g., by wave and tides; Flipkens
etal., 2023; Meysman & Montserrat, 2017), or the possibility of spontaneous precipitation of CaCOj in the basalt
minerals pore waters in lower mixing regimes. Concerning verification, remaining challenges are the scale of
deployment with the area coverage and the detection of downstream effects due to the continuous dissolution in
seawater. The corresponding research questions include: (a) What are the basalt dissolution kinetics in German
coastal habitats under different biological, chemical, and physical variables, and what are the corresponding
carbon sequestration timescales? (b) What effects do the release and dispersion of dissolution products have on
North Sea/Baltic Sea coastal ecosystems?

3.1.4. Direct Electrosynthesis of Sodium Hydroxide in Desalination Units in Upwelling Regions

In many arid regions or on islands, desalination plants are the primary source of freshwater. During the desali-
nation process, seawater is separated into freshwater and brine. The retained salt in the brine can be split into
sodium hydroxide (NaOH) and hydrochloric acid (HCI) through electrolysis. Retaining the acidic HCI on land
and reintroducing the brine along with the alkaline NaOH to the ocean enhances ocean alkalinity. In upwelling
areas this approach of OAE would reduce CO, emissions into the atmosphere by CO,-rich upwelled water (Ali
etal., 2021; Rau et al., 2013), creating net CDR in the region. While this option could potentially be implemented
in a desalination plant on Heligoland, where it would not reach a 10 Mt CO, removal scale, we decided to explore
its potential in upwelling regions (Sea of Oman) where desalination plants produce more than half a gigaton of
fresh water annually (DEWA, 2022). This option's implementation could be connected to Germany through
capacity building and carbon trading (please refer to Section 4 for further discussion).

As this approach is currently in the lab-experiment phase with a prototype (“Ebb Carbon,” 2024) in development,
we assess this option with a TRL of 3.

Utilizing all NaCl from seawater to produce NaOH, achieving 10 Mt CO, yr™' removal would require a minimum
of 0.47 km® of seawater at ~35 g kg™' salinity to be processed by a desalination plant yearly (calculation in
Supporting Information S1 3.1.4). For example, in 2020, a single large desalination plant in the United Arab
Emirates (UAE) produced 0.62 km® of freshwater (DEWA, 2022), equating to a processing of 0.6-1.2 km® of
seawater per year (assuming a recovery rate between 50% and 90%). Upgrading such existing desalination plants
to remove 10 Mt CO, would, however, require 42.7 TWh of additional energy per year (Supporting Informa-
tion S1 3.1.4). This equals ca. eight times the total renewable electricity production in the UAE in 2020
(IEA, 2023). Therefore, the optimistic capacity of this option at this site would be about 1.3 Mt CO, yr™", limited
by the currently available renewable energy. Yet, the demand for freshwater production is expected to increase
particularly in arid regions (Baggio et al., 2021), which would likely increase the availability of plants for this
option. At an efficiency of 70% of the method, the extraction of 10 Mt CO, is expected to produce around 0.6 km®
of freshwater.

Making this CDR option energy- and cost-efficient as well as safe faces several challenges. The 8.3 Mt of the by-
product HCl for 10 Mt CO, would need safe disposal and storage. In 2022, the global HCI market was estimated to
be 15 Mt with an expected growth of 4.2% by 2032 (ChemAnalyst, 2023). If it was possible to have this CDR
option produces H, and Cl, as byproducts instead of HCI (House et al., 2007; Rau et al., 2018), the by-product Cl,
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gas could be further marketed for various industries (e.g., sewage and wastewater treatment and water cooling
systems). The current estimated cost of the electrolysis process (main energy demanding factor) ranges from
approximately 900 million € (“Ebb Carbon,” 2024; Rau et al., 2018) to 3,850 million € (Rau et al., 2013; Renforth
& Henderson, 2017) for a 10 Mt CO, removal rate.

It is currently uncertain how OAE in general and this method particularly could affect the environment (see 4.1.3),
how MRYV could be established (see 4.1.4) and how to safely store the byproduct of HCI if it cannot be sold. It
showcases how large-scale CDR can alter the market of substantial markets for by-products, that is, HCI, or Cl,.

3.2. Blue Carbon Enhancement — mCDR Options Increasing Carbon Capture and Sequestration by
Marine Ecosystems

Marine ecosystems are habitats of efficient primary producers, such as phytoplankton and seagrass. Primary
producers can assimilate CO, from the atmosphere through photosynthesis and store it in their biomass, un-
derlying sediments, and/or ultimately release the carbon in the form of detritus and/or dissolved recalcitrant
carbon sinking to the deep ocean. Kelp forests are estimated to sequester globally about 643 Mt CO, yr™~' (224—
983 Mt CO, yr 1), making them a viable marine CDR option (Krause-Jensen & Duarte, 2016). Though the direct
CDR capacity might be limited, these options have co-benefits with no/few disadvantages compared to other
CDR measures (Gattuso et al., 2018). The permanence of carbon storage in coastal ecosystems is estimated to
range from decades to millennia (Duarte et al., 2013; Fourqurean et al., 2012). Organic carbon sunk into the open
ocean is estimated to be out of contact with the atmosphere for years to millennia depending on location, storage
depth and general ocean circulation and stratification (Siegel et al., 2021). Permanent carbon storage is considered
after at least 1,000 years of storage (Brunner et al., 2024). Expanding or managing of such marine ecosystems for
enhanced carbon uptake in coastal areas and the open ocean are considered contributions to blue carbon dioxide
removal (blueCDR) activities (Mengis et al., 2023).

In the following we describe four blueCDR options (Figure 2B2): option 3.2.1 focuses on the introduction and
expansion of kelp forests in Heligoland, as the only site in the German Bight characterized by rocky substrate as
prerequisite to kelp forest establishment. This was the only blueCDR option that we were able to explore with the
expertise present and at scale within the German jurisdiction. The (re)establishment of seagrass meadows and salt
(tidal) marshes as mCDR options might hold blueCDR potential, especially for non-tropical coastal regions like
Germany (Borchers et al., 2022; Macreadie et al., 2021; Stevenson et al., 2023). Nevertheless, since blueCDR
options are of large interest and likely a low-regret method (Gattuso et al., 2021), and the potential development of
carbon trading schemes under Article six of the Paris Agreement could allow for the exploration of CDR outside
one's own territory, we decided to explore some of the options outside of Germany to comprehend the scale and
efforts associated. For discussions concerning the implications of such activities, please see Section 4. Option
3.2.2 similar to option 3.2.1 explores the possibility of (re)planting and expanding of coastal ecosystems, in this
case mangroves at the coast of Indonesia. For the last two options, we move to recently suggested open ocean
blueCDR options (Gouvéa et al., 2020; Wu et al., 2023). Option 3.2.3 explores the use of artificial upwelling (AU)
systems to fertilize phytoplankton, enhance productivity and subsequent carbon sequestration through enhanced
export. Option 3.2.4 employs the same AU systems to fertilize Sargassum farms in the South Atlantic gyre, where
the biomass is subsequently harvested and sunk.

When the chosen reference baseline represents a time when the marine ecosystem was established and not
degraded, the suggested (re)establishment approach is considered restoration. This restores degraded ecosystems
to their baseline state, which avoids GHG emissions, but is not CDR (Mengis et al., 2023). However, if the
reference baseline is the present—meaning the (re)established ecosystem is an “addition” carbon sink to the
baseline—it qualifies as CDR.

3.2.1. Introduction of Kelp Forests in the Coastal Waters of Heligoland

The expansion of existing and introduction of new kelp forests poses an option to sequester CO, from the at-
mosphere. Currently, the only kelp site in the German Bight is Heligoland, which could be used as a testing site.
For any planting measure, young kelp sporophytes need to be produced for seeding. Therefore, local kelp spo-
rophytes (Laminaria hyperborea) would be collected when they are fertile and their spores would be released.
The spores would be used to produce “green gravel”, little stones seeded with young kelp (Fredriksen et al., 2020).
After an initial growth period in the lab, the green gravel would be ready to be brought out to the planting site,
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where they could be directly dropped from a boat. Several environmental parameters, such as suitable rocky
substrate, light availability, water temperature, and nutrients, are required for the growth of kelp (Dean &
Jacobsen, 1984; Tittley, 1991). While suitable temperature conditions prevail within most parts of the German
Bight (Bolton & Liining, 1982), a necessary rocky substrate for the kelp to attach to is found only around Hel-
igoland. For further expansion, a rocky substrate would be needed to be established at sites with suitable depth
ranges.

The green gravel approach is an established method and already in use in other regions (Alsuwaiyan et al., 2022;
Fredriksen et al., 2020), therefore, we rate the TRL between 8 and 9. To achieve the target of 10 Mt of CO, yr™
removal with this option, an area of about 8,000 km?, equivalent to about one-tenth of the German Bight's total
area, of kelp forest would be needed (for calculation see Supporting Information S1 3.2.1). The potential area for
the introduction or expansion of kelp in Heligoland is around 13 km? (calculation see Supporting Information S1
3.2.1). Most of the coastal area of the German Bight has a muddy substrate, hence the potential within the German
Bight is not as big as in other coastal areas. In contrast, most of the shores along the European Atlantic coast have
a rocky substrate and would therefore be better suited for kelp planting.

To establish 8,000 km? of kelp forest, about 3,000,000 t of green gravel would be needed. With an estimated price
of 6.28 € per m? of newly established or restored kelp forest, the costs to afforest 8,000 km? would accumulate to a
total of about 50 billion € (Fredriksen et al., 2020), with an unknown cost for additional substrate on top. This
would be a one-time investment, with subsequent annual costs focused on monitoring carbon uptake and
addressing potential replanting needs to maintain sequestration in case of disturbances. The material and energy
needs are limited to the time of collection of fertile kelp, the cultivation phase, and the deployment of the green
gravel.

Currently, one of the major questions is the long-term fate of the carbon captured in the kelp, once the plant
detaches. For a long-term storage of CO,, it would need to drift to the open ocean and sink deep enough to be
sequestered in the sediment (Filbee-Dexter, 2020; Krause-Jensen & Duarte, 2016). However, if the kelp gets
washed ashore, it would decompose and the CO, would be released back into the atmosphere. The washed-up
kelp could potentially be used as a co-product like fertilizer or for the production of bioenergy, but only dura-
ble sequestration or storage of the carbon would qualify as CDR (Smith et al., 2023). To further scale up this
option within the German Bight, the challenge will be the establishment of a rocky substrate in large coastal areas.
However, this option could be applied on many rocky shores in other locations.

3.2.2. Mangrove (Re)establishment in Indonesia

Mangrove forests store a considerable amount of carbon in their biomass and sediments (Alongi, 2014),
sequestering ca. 15-73 Gt CO, yr~' globally (Donato et al., 2011). They grow in tropical to subtropical areas,
making them currently unsuitable for the German coast. It is estimated that 20%—35% of the world's mangrove
forests have been lost over the last 50 years, mostly due to anthropogenic activities and extreme climate events
(Polidoro et al., 2010). In this option, the potential of mangrove (re)establishment in Indonesia is explored.
Indonesia is chosen as a case study since it currently hosts over 20% of the area of the world's mangrove pop-
ulation (Giri et al., 2011). Over the last 30 years, Indonesia has lost about 8,000 km? of mangroves, and estimates
of the initial area of mangrove forests in Indonesia range between 42,000 km? and 77,000 km? about 35 years ago
(Ilman et al., 2016), while the current area is about 31,900 km? (Alongi et al., 2016). Therefore, Indonesia has
great potential for mangrove (re)establishment and consequently, carbon dioxide capture and storage.

Planting mangroves is a process that is well studied and established, we estimate the TRL to be 9. Before
replanting, certain abiotic parameters such as physico-chemical characteristics (salinity, pH), hydrodynamics
(waves energy, inundation time) and topography (slope) would have to be checked to select species for planting in
suitable zones and improve survivability of the seedlings. Propagules or seeds can be gathered and planted
directly, or nurseries can be set up. While nurseries would require a larger time and cost investment, they increase
seedling survivability (Hsiung et al., 2024). If necessary, hydrologic conditions might need to be restored to
address stressors that have previously caused their declining numbers, by for example, setting up breakwaters, or
digging channels. In this case, more time and resources would be needed.

While replanting mangroves describes a simple enough approach, scaling the operation to achieve the 10 Mt CO,
uptake remains a challenge, since it would require the availability of an area of ~9,400 km? (see Supporting
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Information S1 3.2.2). However, Sasmito et al. (2023) showed that only about 1,900 km? are currently suitable for
mangrove (re)establishment, which would lead to an uptake of 2 Mt CO,. Planting mangroves on an area of
9,400 km? would require an investment of 3.4 billion € (Cameron et al., 2019), which includes 1 billion seeds,
planting facilities and infrastructure, and maintenance per km? for a 10 Mt CO, yr~' removal scale.

Remaining uncertainties concerning this approach include the exploration of sufficient areas if there would be an
intent to scale up this approach, including the corresponding investment costs. Monitoring, reporting and veri-
fication of the carbon sequestration, which is currently mainly driven by the efforts of volunteers, would have to
be scaled up and operationalized, for which organizational structures would need to be established.

3.2.3. Artificial Upwelling to Enhance Plankton Production in the North Atlantic

Artificial upwelling (AU) is based on the idea to introduce pipes in open ocean oligotrophic waters to pump up
nutrient-rich deeper water to the surface ocean and thereby enhance primary production and export production
with the aim to generate an additional CO, flux from the atmosphere into the surface ocean.

If this idea (for which we currently estimate a TRL of 2) would be further developed, one possible application of
the option could be the North Atlantic Ocean, where long wave-energy powered pipes of 1,000 m length would be
installed (see Supporting Information S1 3.2.3 for more info). The necessary infrastructure for this option would
include facilities to produce durable pipes made out of steel, plastic or other new materials, ships to install and
maintain the pipes in the North Atlantic and a large network of remote sensing technologies (e.g., satellite images
and ARGO floats) for MRV purposes (e.g., Mengis et al., 2023). The pipe-covered area needed in the North
Atlantic to hypothetically reach 10 Mt CO, yr~"' removal via 1,000 m long pipes may be calculated from down-
scaled global modeling experiments and would reach a size of 682,000-1,706,000 km? (2-5 times the size of
Germanys; Jiirchott et al., 2023).

This would translate into 40,000 individual pipes and an investment of around 2.2 billion € (based on the
assessment that one individual 500 m pipe would cost approximately $ 60.000 and would be able to remove 250 t
of CO, yr~' without maintenance costs, see Supporting Information S1 3.2.3 for more information). Although
shorter pipes are expected to cost less money compared to longer pipes, longer pipes in model experiments have
been found to be more effective in removing CO, from the atmosphere (Oschlies, Pahlow, et al., 2010; Yool
et al., 2009). The calculated pipe-covered area as well as the costs to reach 10 Mt CO, yr~! removal in the North
Atlantic are highly uncertain (also given the low TRL), but some expected side effects and the duration time (see
discussion below) of the additionally added CO, can already be assessed based on modeling studies. The option is
expected to require a total energy demand of 1.4 TWh yr~! including the pipes production and ship operation (see
Supporting Information S1 3.2.3 for more details).

One concern to this AU option, is the fact that the approach would also transport heat and salinity and thereby
change the ocean stratification and, eventually, the ocean circulation with potentially substantial impacts on
climate (Kwiatkowski et al., 2015). As long as AU is continuously applied, the duration time of additionally
stored CO, in the ocean is expected to range from decades to millennia (Siegel et al., 2021). It is, however, worth
noting that AU, once deployed, would need to be deployed continuously to further increase and keep the addi-
tionally added CO, stored in the ocean (Keller et al., 2014; Oschlies, Pahlow, et al., 2010). If AU is abruptly
discontinued, the surface ocean would immediately respond with CO, outgassing, while at the same time
additionally stored heat in the ocean interior would radiate back to the atmosphere and within years to decades
atmospheric temperatures would rise even above the reference simulation (Oschlies, Pahlow, et al., 2010).
Another considerable uncertainty within the development of this option is the durability and stability of the pipes
once deployed. As of today, no existing pipe can operate at a depth of 500 m. Another challenge is the assessment
of the localized impact that the increase of primary productivity induced by the upwelled water may have in the
local food chain. So far, the impact has been studied only at the base of the food web (Ortiz et al., 2022; Tames-
Espinosa et al., 2020) and additional experimental studies are required.

3.2.4. Sargassum Farming and Sinking in the South Atlantic Gyres

For this CDR option, holopelagic Sargassum (Sargassum fluitans and S. natans) would be grown offshore in free-
floating aquafarms placed in the South Atlantic subtropical gyre. Nutrients for growth would be provided through
artificial upwelling of nutrient-rich deep water from 400 m depth, using upwelling pipes based on the Stommel
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principle for a perpetual salt fountain (Stommel et al., 1956). This type of artificial upwelling would not require
external energy, as the nutrient-rich deep cold water would warm as it comes up and parallelly downwelling warm
water from the surface. Environmental conditions (temperature, light, salinity) in this region are favorable for
growth of pelagic Sargassum (Gouvéa et al., 2020) and make the implementation of the Stommel upwelling pipe
system possible (Kemper et al., 2023).

We estimate the TRL of this option as 2, with the main bottleneck being the cost of the development of the
prototype pipes (see Section 3.2.3).

To sequester 10 Mt of CO, yr™", 57.5 Mt of Sargassum biomass would need to be sunk to the deep sea every year
and the total energy demand is 1.7 TWh yr~"' (for calculation see Supporting Information S1 3.2.4). Sargassum
increases its biomass by fragmentation at a rate of 5%—10% per day, which means to grow and harvest 0.16 Mt of
biomass on a daily basis, a Sargassum standing stock of 4.63 Mt biomass would need to be maintained. To sustain
growth, 8,578 m? of deep ocean water from 400 m depth would need to be upwelled per second (~half of the water
discharge of the Mississippi river). This farm would take up an area of 1,324 km?. The harvested biomass would
be mechanically shredded to extract the nutrients that could be fed back to the aquafarms, reducing the above-
mentioned amount of deep water needed for fertilization (“Sarga Agriscience,” 2021). The shredded biomass
will then be pressed into bales and released back to the ocean, where it would sink down, since gas vesicles of the
Sargassum would be destroyed in the shredding process, which causes the biomass to lose its natural buoyancy
(Baker et al., 2018; Johnson & Richardson, 1977). The logistical effort could be reduced by automated on-
platform workflows for farming, harvesting and sinking at the same place.

Due to the low TRL, cost estimations for this option are highly uncertain. Costs of investment and maintenance of
infrastructure, including workforce and transportation, would amount to around 1,060 € per tonne of CO,
removed. If scaled-up linearly, this would come up to 10.6 billion € for the 10 Mt CO, yr™' removal.

Many uncertainties arise with this option, mainly due to the need to establish the infrastructure, as well as the
monitoring. Consequences of impacts on ocean physics and circulation via changes in stratification, as well as
from the Sargassum farms and the sunken biomass (e.g., on oxygen levels) are not well understood and need to be
addressed in future studies.

3.3. Off-Shore Geological Carbon Storage (mCS) —- mCDR Options With Technological Carbon Capture
and Subsequent Storage in Geological Formations

Carbon storage in geological formations represents a necessary contribution if technological carbon capture
approaches want to achieve carbon removal, like bioenergy carbon capture (BECC) and direct air carbon capture
(DACC). In the following, we consider maritime or offshore storage of CO, (mCS) in combination with BECC or
DACC. Note that geological storage of carbon emissions from fossil or mineral processes (here referred to as
fossilCCS following Smith et al., 2023) is distinct from these mCDR approaches, since in this case the CO,
emissions are avoided, rather than atmospheric carbon being removed; fossilCCS does not constitute a CDR
method (Smith et al., 2023).

The concept of geological CO, storage is based on controlled injection of dissolved or liquefied CO, into porous
rocks in the subsurface, so in a geological reservoir. Depending upon the properties/type of the target host rock,
the CO, can be trapped by several mechanisms, which comprise trapping by an impermeable cap rock or sediment
cover (structural trapping), capillary forces in pores (residual trapping), dissolution in water (solubility trapping),
and mineral carbonation reactions (mineral trapping).

Two options for geological storage are of particular interest and explored here in more detail (Figure 2B3): option
3.3.1 looks into the possibility of marine biomass for bioenergy generation combined with structural trapping of
CO, in sandstone formations/saline aquifers that exist in the German North Sea. Deep saline aquifers have a high
CO, storage capacity due to their regionally large extent, but are still mostly unexplored (Bachu, 2015). Estimates
for CO, storage in the German EEZ suggest total storage capacities of 4-24 Gt CO, (Knopf & May 2017). Time
scales of geological CO, storage in sandstone formations, while dependent on the regional conditions, can mostly
be considered long-term, if not permanent, with a projected minimum of 98% of the stored CO, remaining in the
reservoir for 10,000 years (Alcalde et al., 2018). Another option (3.3.2), albeit outside of Germany, explores the
possibility of DACC combined with mineral trapping of CO, through injection of CO, into porous basaltic rocks.
The basalts form the upper part of the oceanic crust, which is why the majority of them are located offshore in the
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deep sea and outside the German EEZ. Mineral trapping in the upper ocean crust is an interesting option for CO,
storage, as basaltic rocks in general have the ability to react more rapidly with CO, to produce carbonates than
sedimentary sandstones. The accelerated mineral trapping mechanism in basaltic reservoirs compared to con-
ventional sandstone formations facilitates long-term storage by immobilizing the CO, (Kelemen et al., 2019). Due
to the chemical composition of basalts, which is rich in calcium, magnesium, and iron, the injected CO, can react
with these elements to form carbonate minerals in the pore space of the rock. Furthermore, impermeable sedi-
ments that cover most of the oceanic crust are assumed to impede CO,-leakage from the reservoir and, thus,
contribute to safe storage conditions. According to the calculations of Snabjornsdéttir and Gislason (2016),
fractured and porous basaltic flanks of mid-ocean ridges bear a storage capacity of >10° Gt CO,, exceeding the
expected CDR needs manifold. This option would take CO, captured in Germany and store it in Norwegian
waters, which would require refined agreements concerning CO,-trade between Germany and Norway, as dis-
cussed in Section 4.

3.3.1. Biomass From Macroalgae Farming for Biomethane Production Combined With Carbon Storage in
Saline Aquifers in the North Sea

For a marine feedstock for bioenergy combined with carbon capture and storage, macroalgae could be cultivated
and harvested. Plantlets would be set into nearshore floating macroalgae farms (Buck & Buchholz, 2004), which
would then be transported offshore and moored within the German EEZ (Buck et al., 2018). The macroalgae
would be harvested once a year, and transported to biogas processing and upgrading plants, ideally located in
northwestern Germany. The bioenergy plants would need to be retrofitted with carbon capture units, from which
the CO, is then collected and transported to saline aquifers in the North Sea (with a capacity between 4 and 24 Gt
CO,; Knopf & May 2017).

At present, given the highly commercialized coastal seaweed cultivation in Asia, and its absence in North Europe,
we estimate the TRL of this option to be 6 (see Supporting Information S1 for estimation).

For this option, to reach 10 Mt CO, yr™" removal, assuming an average annual productivity of 20 kg fresh mass
per square meter (FMmfz; Buck & Buchholz, 2004; Chen et al., 2015; Chung et al., 2013; Fernand et al., 2017;
Kim et al., 2017; Roesijadi et al., 2010), one would need a total area of 2,358 km? (approximately 8.3% of the total
area of the German EEZ) for macroalgae cultivation to produce a total of 115 million tonnes macroalgae FM per
year (see Supporting Information S1 3.3.1 for calculations). A benefit is the production of biomethane as an
energy carrier: although energy is required for harvesting, bioenergy plant operation, and CCS, the model plant
produces 4.8 million m> biomethane, as well as additional heat for external use.

Not considering potential revenues from selling the products, the CO, removal cost is estimated at 83 € per tonne
of CO,, which would amount to 830 million € for the 10 Mt CO, yr~' removal scale. If this option was scaled up
to this order of magnitude, the construction of new, large-scale (megawatt scale) power plants close to the shore
would be reasonable, instead of relying on a big number of decentralized, small-scale plants. While this would
impact investment costs, it would reduce the efforts of biomass and CO, transportation.

One challenge associated with open ocean macroalgae cultivation is the durability and maintenance of the floating
farms, which are susceptible to damage under severe weather conditions in the North Sea (Buck & Buch-
holz, 2004). One uncertainty of this mCDR option concerns the productivity of macroalgae in the German EEZ, as
the estimation given here is highly idealized. Macroalgae growth depends on water temperature, nutrient
availability, light and ambient ocean currents. These conditions exhibit significant seasonal variations and are also
affected by climate change (Buck & Buchholz, 2004; Grabemann & Weisse, 2008). Previous studies have
illustrated that cultivated macroalgae in the North Sea showcase resilience to the high energy environment, even
amid severe storm conditions. This implies a potential for macroalgal cultivation within such challenging
maritime settings (Bartsch et al., 2008; Buck & Buchholz, 2005; Fortes & Liining, 1980). Finally, the use of more
than 10% of the German EEZ area for the macroalgae production is surely challenging, given the strong
competition for area usage within the EEZ. Another challenge for the CDR option is the anaerobic digestion
process in biogas plants for macroalgae feedstocks due to unwanted impurities, for example, polyphenols, sulfur,
sodium chloride, and heavy metals (Murphy et al., 2015). However, several pre-treatment methods have been
suggested in the literature to enhance biomethane yields (Chen et al., 2015; Chung et al., 2013; Suutari
et al., 2015).
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3.3.2. Off-Shore Carbon Storage via Mineral Trapping in North East Atlantic Basalts Combined With
Direct Air Carbon Capture

For this CDR option, we explore the possibility of CO, being captured in Germany by DACC facilities fed with
energy generated by offshore wind parks in the North Sea. The captured CO, could be transported via cargo ships
to an offshore injection site. In the North East Atlantic a basalt volume of approximately 90,000 km® has been
identified, of which 30,000 km® are in Norway at subsurface depths between 1,500-1503,000m (Planke
et al., 2021). For this CDR option, we assume this platform to be located at the Vgring plateau at the North
Western Norwegian margin, since the basalts of this region are well studied (Planke et al., 2022) and may have a
storage potential of several Gigatons of CO, (under investigation; Planke et al., 2021; Rosenqyvist et al., 2023).
Capturing CO, from the atmosphere by using DACC facilities is at the demonstration stage at TRL 6 (IEA, 2022).
The concept of offshore CO, mineralization still needs to be prototyped and applied in the future. Therefore, the
TRL for offshore CO, storage in basalts is estimated to be 3—4.

If this option was to be scaled to capture and remove 10 Mt CO, yr™', the DACC would need 18 TWh of energy
generated by renewable energy sources (Borchers et al., 2022; Hef et al., 2020), that is ~85% of the energy
currently transferred to shore by the North Sea wind parks (Tennet, 2023). The area and the amount of material
required to build DACC facilities to capture this quantity of CO, are highly uncertain and subject to debate
(Chatterjee & Huang, 2020; Realmonte et al., 2019, 2020). For CO, transport, the captured CO, has to be lig-
uefied (~1.51 TWh/10 Mt CO,, see Text S3.3.2 in Supporting Information S1) and stored in intermediate tanks.
Assuming a distance of 1,800 km, three injection wells, and discharge rates between 1,375 and 2,750 m> hr?,
transporting 10 Mt CO, yr™' requires ~40 to 140 trips with at least three large, four medium, or eight small cargo
ships, respectively. On site, floating production and offloading units (FPSO) with risers for each well are needed
for continuous CO, injection. Regarding the injection of CO,, two different approaches exist: either CO, can be
injected as a “pure” phase or it can be mixed with seawater (see Supporting Information S1 3.3.2). In case of
“pure” CO, injection, the CO, can be heated and compressed by seawater or waste heat recovery on board (to
10°C, 60 bar). Then, compression for injection to, for example, 300 bar, requires 0.094 TWh/10 Mt CO, (see
Supporting Information S1 3.3.2).

Among others, the costs of capturing CO, depend on the DACC technology and the energy costs, which makes
the calculation of future capture costs challenging and highly uncertain (IEA, 2022). The same applies for the
storage technologies, due to low TRLs future cost estimates are not feasible.

In Iceland, ongoing small-scale projects combine DACC (capturing on the kt CO, yr~' scale) and basalt CO,

storage onshore (“Mammoth,” 2022; “Orca,” 2021). While in this option DACC is used for the feed of CO,, it is
also possible to use bioenergy (similar to 3.3.1). Since storing CO, via mineral trapping in offshore basalt for-
mations is still below the prototype stage, many research questions remain: Is the injection of supercritical CO, or
CO, dissolved in water the more suitable option for the Norwegian Sea? Is there an active aquifer in the basaltic
layers with flow fostering CO, distribution? How does clathrate formation affect the injection scenario? How fast
do the carbonates precipitate, how does the reaction affect the pore space geometry and hydraulic properties of the
host rock? In which sub-bottom depth is the CO, injection safest and most efficient? Getting a profound
knowledge of these fundamental questions facilitates finding the best location to drill and estimate the amount of
drill holes required to trap a certain amount of CO,, which in turn affects the costs to realize this mCDR option.

4. Discussion

The collection of mCDR and mCS options in this study covers different approaches for carbon removal tech-
nologies with sequestration or storage in the marine environment. We explore four options for ocean alkalinity
enhancement (OAE), four options for enhancing the uptake of blue carbon ecosystems (blueCDR), two of which
use artificial upwelling systems (AU), and two options involving geological offshore storage (mCS).

Within the generated mCDR option collection, six out of 10 options could potentially reach the scale of 10 Mt
CO, yr~! removal, of these six, four would have the CO, captured within German borders, and three options are
located entirely within German jurisdiction (see Figure 2). The blueCDR options based on introducing kelp on
Heligoland (3.2.1), and mangrove replanting in Indonesia (3.2.2), as well as the OAE options through electrolysis
in desalination plants (3.1.2) and coastal enhanced weathering (3.1.3) did not reach 10 Mt CO, yr™' removal
under the assumptions made here.
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From a global viewpoint, the assessment of marine-based CDRs by Gattuso et al. (2021) saw alkalinity
enhancement as the front runner when it comes to CDR potentials, but our site-specific assessment highlights that
different implementations of the same method can result in differences in the regional capacity. Taking the
options for OAE as an example, adding an alkalinity-enhanced solution in the North Sea (3.1.1) and liming along
ship tracks (3.1.2) could potentially reach the scale of 10 Mt CO, yr~' removal, while neither coastal enhanced
weathering (3.1.3) on the same site nor electrosynthesis in desalination units (3.1.4) on a more suitable site could
do it. Similarly, while Gattuso et al. (2021) consider blueCDRs to have very low direct CDR potential globally,
our assessment shows that while it is possibly true for kelp forest establishment (3.2.1), other blueCDR options,
like mangrove (re)establishment (3.2.2) can reach the megaton scale, and both artificial upwelling (3.2.3) and
sargassum farming and sinking (3.2.4) can potentially rise to the challenge.

The techno-environmental comparison of these approaches is challenging, since the options are distinct in both
their capture mechanisms — ranging from ecosystem sink capacity enhancement, to enhanced chemical weath-
ering, to technological direct air or point source carbon capture — and their storage processes — ranging from
marine biomass, to dissolved inorganic carbon in the water column, marine sediments or varying geological
formations. As a result, the mCDR options require different types and amounts of resource inputs, rely on
different technologies and infrastructure, and have different co-benefits and side effects. By scaling the CDR
options to the same annual removal rate (10 Mt CO, yr™'), we attempt to allow for some comparability with
respect to factors like area or energy demand, environmental effects and MRV challenges and possibilities, which
we will explore in the following.

4.1. Comparison of Marine CDR Options — TRL, Energy and Area Demand, and Bottlenecks

The technology readiness level (TRL) assigned to the mCDR options gives an estimate of the current availability
of the technological components of the options, and therefore the development time before possible imple-
mentation. The generated collection encompasses mCDR options at all TRLs, with low TRL for both AU options
(3.2.3,3.2.4), and reasonably high TRL for the two blueCDR options managing ecosystems (3.2.1, 3.2.2). While
high TRL options are in a rather mature state, having most technological components proven and tested in past
and ongoing pilot projects (e.g., IEA, 2022; Raw et al., 2023), low TRL options are still in the concepts'
development phase and only some theoretical estimations exist in the literature. For those low TRL options, many
of the parameters in this study hence are first-order estimates and therefore rely on reasonable assumptions when
scaled up to a 10 Mt CO, yr™ ', which is a clear limitation to our study, and should be considered when interpreting
our findings.

Low TRLs certainly can be considered bottlenecks for most of the mCDR options (e.g., 3.1.1, 3.1.2,3.1.4,3.2.3,
3.2.4,3.3.2), except for the ecosystem-based options 3.2.1 and 3.2.2 with TRLs of 8-9 (Figure 3, Table 2). Other
bottlenecks are more method-specific (Table 2). For the high energy demand OAE options (3.1.1,3.1.2,3.1.4) as
well as for the DACCS option (3.3.2), the main limiting factor would be the supply of renewable energy to
decarbonize the process chain, whereas the BECCS option (3.3.1) shows a net energy provision in the form of
biomethane and heat. For rock-based OAE options, the considerable demand for material would also pose a
challenge.

In contrast, the blueCDR options would have low energy demands, since the energy demand in nurseries or
upwelling pipes is relatively small, but would require considerable marine space for their implementation. This
limitation prevented both ecosystem-based options (3.2.1, 3.2.2) to reach the 10 Mt CO, yr~' removal scale. If
marine biomass for BECCS or Sargassum farming are to be employed to relieve pressures on land, the engi-
neering for suitable open ocean farms for seaweed in the North Sea remains a challenge. The area and energy
demand of harvesting and transporting 115 Mt of macroalgae biomass could potentially present another bottle-
neck in an at-scale implementation due to possible conflicts with other sea areas usage (e.g., wind parks). In
addition, technological innovation in the open ocean engineering, deployment and maintenance of the farm
structures and upwelling pumps would be necessary before these options can be implemented. Similarly,
spreading alkaline solutions in the ocean requires access to large areas (3.1.1, 3.1.2, 3.1.4).

In contrast, area demand of the DACCS option is less than 100 km? (3.3.2), with the highest demand arising from
the DACC plants. While the area demand is often assumed to be less problematic for mCDR options compared to
land-based CDR options, challenges with respect to accessibility of large ocean areas (3.1.1, 3.1.2, 3.1.4, 3.2.3)
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Figure 3. Summary and comparison of mCDR options at a scale of 10 tonnes of CO, removal. This figure shows net energy demand against area usage (a); and

technology readiness level (white circles) against whether or not the option would be implementable in German jurisdiction and could reach a scale of 10 MtCO, yr~

(b). The area usage displayed here includes estimated land and sea surface area. Net energy demand is given as demand minus supply, which can lead to negative values

(produced energy). We chose to compare

our options here on the basis of 10 tonnes rather than 10 megatonnes, to allow for a comparison at a scale that all the options

could reach, and that would be significant to compensate for one person's annual emissions in Germany (8.7 t yr~" for 2021).

and potential conflicts with other uses (e.g., marine protected areas, offshore wind, etc.) in more coastal areas
(3.1.3, 3.2.1, 3.2.2, 3.3.1) remain (Table 2).

For the BECCS and DACCS options (3.3.1, 3.3.2), the lack of existing infrastructure (carbon capture facilities,
transport infrastructure and offshore platforms) for the geological carbon storage as well as the high energy
demand for the carbon capturing process limit their potential (Table 2).

4.2. Comparison of Marine CDR Options — Environmental Effects

The mCDR options aim to alter biological, chemical or geological processes with the goal to increase carbon
uptake, yet alongside this desired effect likely come a variety of unintended environmental effects of varying
predictability. The extent of the possible environmental effects at a specific scale at a specific site is difficult to
quantify without dedicated studies (e.g., model studies with site-specific boundary conditions) and will have to be
subject to further investigation. We indicated the research gaps and uncertainty related to possible environmental
effects (Table 2) and we compiled here possible expected environmental effects gathered from the literature.

The possible impacts of OAE on the wider marine ecosystem on short to long time scales require more research
(Albright et al., 2016; Bach et al., 2019; Cripps et al., 2013; Ferderer et al., 2022; Gately et al., 2023; NAS, 2021).
The introduction of alkaline substances into seawater could allow for additional CO, uptake while stabilizing the
pH, although this does not reverse previous acidification (Hinrichs et al., 2023; Hutchins et al., 2023). The
addition of alkalinity is reported to have a positive effect on ecosystems that are sensitive to ocean acidification
(Albright et al., 2016; Weatherley, 1988), however, it is also shown that less dissolved CO, may reduce growth
rates of calcifying organisms (Langer et al., 2006). At the point of alkalinity injection, OAE might cause localized
temporary pH and alkalinity spikes, which might be ecotoxic and detrimental for the affected ecosystems (Locke
etal., 2009). On a longer timescale, such an intervention could impact the physiology of marine organisms and the
ecosystem structure (Roberts et al., 2010). If OAE options introduced minerals or their solution into the
ecosystem (3.1.1, 3.1.3), this would likely have a fertilization effect (Hauck et al., 2016; Kohler et al., 2013). OAE
therefore could increase the primary productivity on site, but decrease oxygen level and increase acidification in
the water column downstream (Oschlies, Koeve, et al., 2010). Depending on the geochemical composition of the
used rock, heavy metals could also get into the water through mineral dissolution or electrolysis and desalination
processes (Arribére et al., 2003; Lattemann & Hopner, 2008), which needs to be regulated. In the case of
upgrading existing desalination plants, the discharge from plants (3.1.4) might be contaminated with filter-
cleaning products (anti-scalants and antifoulants) which would impose potential danger to the local environ-
ment (e.g., Ahmed & Anwar, 2012; Al-Anzi et al., 2021; Jones et al., 2019). Furthermore, indirect effects from
OAE options due to mining activities (3.1.1, 3.1.2, 3.1.3) would likely negatively impact soil, air, and water
quality on land, and introduce noise pollution to the environment on and off site (Sengupta, 2021). Also, there are
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concerns about health risks associated with finely crushed (1-10 pm) material containing fibrous serpentine
minerals like asbestos, as well as potential problems with wind-borne transport of fine ground olivine (Hangx &
Spiers, 2009).

Environmental effects from blueCDR options could include changes in species compositions, light availability for
organisms living on the seafloor or ambient nutrient levels. Furthermore, if biomass is mobilized, its decom-
position would cause a decrease of oxygen levels in the adjacent deeper water or on the seabed. However, the
introduction of kelp or mangrove forests would provide several co-benefits such as coastal protection, provision
of services like food, timber or medicine, provision of habitat for (commercially important) fish species, water
purification (Castro et al., 2022; Kayalvizhi & Kathiresan, 2019; Theuerkauff et al., 2020), as well as cultural
services, including tourism, religion, and contributing to general well-being (Bandaranayake, 1998; Cuba
et al., 2022; Eger et al., 2023).

The environmental effect of AU options is highly uncertain and has so far mostly been assessed within modeling
studies. Ocean fertilization from AU options, introducing nutrient-rich deep water to the surface, may increase
primary production and shift plankton community structure (Baumann et al., 2021; Ortiz et al., 2022). An increase
of primary production results in an increase of carbon export and remineralization that could reduce oxygen
concentration in deeper waters and increase GHG release (e.g., methane and nitrous oxide; Williamson
etal., 2012). Additionally, the artificial upwelling of water may vertically transport microbes, likely impacting the
microbiological environment. Changes in temperature, salinity, stratification, and circulation induced by AUs
require meticulous study due to their irreversible nature (Oschlies, Pahlow, et al., 2010).

Environmental effects from large-scale macroalgae or sargassum farms are still understudied, but likely include
increased or changed biodiversity both at the surface and in the deep sea (Baker et al., 2018; Casazza &
Ross, 2008), increased albedo (Bach et al., 2021), reduced light at the surface and possibly co-emission of
halocarbons (Keng et al., 2013; Mithoo-Singh et al., 2017). While growing, Sargassum excretes large amounts of
dissolved organic matter (DOM) (Powers et al., 2019). Some of the excreted compounds are likely to persist in the
ocean as recalcitrant DOM, which would contribute to CDR due to its persistence against microbial degradation
(Buck-Wiese et al., 2023). It has also been shown that existing off-shore Sargassum ecosystems can also
contribute to increasing biodiversity and providing a habitat for several species such as turtles, dolphins, and
several fish species (Martin et al., 2021). A careful evaluation of open ocean macroalgae farms considering
impacts and potential co-benefits on marine ecology, biogeochemistry and fishery is required (Chung et al., 2013;
Fernand et al., 2017; Gao et al., 2021; Wu et al., 2023). This includes accounting for offsets from the reminer-
alization of particulate organic carbon (POC) export, the generation of halocarbons, calcification by encrusting
marine life, and changes in surface albedo (Bach et al., 2021; Chen et al., 2020; Jia et al., 2022; Krause-Jensen &
Duarte, 2016; Pedersen et al., 2021; Wada et al., 2015; Wang et al., 2023). Potential oxygen depletion through
biomass remineralization and potential methane and hydrogen sulfide production in the deep sea have been
proposed (Levin et al., 2023), but are a subject for further studies.

The expected environmental impacts of offshore geological carbon storage are mainly noise (e.g., Marappan
et al., 2022) and CO, leakage events. Noise is generated by drilling and pumping or may be produced if active
seismic methods are used to explore and monitor the storage site. Passive seismic methods have the potential to
reduce noise stressors (Goertz-Allmann et al., 2014). Leakage, in the case of dissolved CO, injection, is prevented
by the higher density of CO,-charged seawater compared to normal seawater. A higher leakage risk arises if CO,
is injected as pure phase. Results of a controlled CO, release experiment near the Sleipner CO, storage site
showed that, in case of leakage, CO, gas bubbles are dissolved within 2 m above the seafloor and the excess
dissolved CO, is further dispersed by tidal currents (Vielstddte et al., 2019). Their model indicates that pH
changes exceeding seasonal changes are only found within a distance of approx. 80 m from the well. Still,
particularly for prolonged leakage and higher CO, release rates, increased CO, concentrations and low pH bottom
waters could have noxious effects on benthic organisms in the vicinity of a leaky well (Vielstddte et al., 2019).
The risk of CO, leakage is reduced if fast crystallization processes are triggered by the injection.

It is noteworthy that in contrast to land-based CDR options, the environmental impacts of mCDR options are even
less constrained by the deployment site due to the continuous ocean medium (Mengis et al., 2023). The blueCDR
(including AU) and OAE options, in particular, might not only affect the region of the operation, but could also
cause changes downstream as the water masses move (e.g., Berger et al., 2023; Wu et al., 2023), causing chal-
lenges for the long-term monitoring and verification of carbon storage (Mengis et al., 2023).
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4.3. Comparison of Marine CDR Options — Evaluation and Monitoring of mCDR

The ultimate goal of CDR is to remove CO, from the atmosphere. Hence it is important to know how much of the
carbon sequestered and stored would translate to reduction of the atmospheric carbon dioxide pool (Bach
et al.,, 2023). The options in this study differ in permanence: while OAE and mCS options can last over
10,000 years, blueCDRs exhibit greater variability, ranging from centuries to millennia (see Tables S1-S12 in
Supporting Information S1). Comprehensive evaluation and monitoring would be needed to accurately assess the
effectiveness and side effects of the mCDR options. Presently, no standard monitoring protocol for mCDR op-
tions is in place.

However, for OAE a best practice guide on responsible research including MRV has been published (Ho
et al., 2023; Oschlies et al., 2023). MRV for OAE options would need to consider in situ pre-conditions. At the
release site, mooring stations equipped with autonomous systems to monitor the carbonate system and biological
components could provide initial alkalinity signals. Existing observational networks like the Ship-of-
Opportunity, FerryBox-integrated, membrane-based sensor measurements in the surface North Sea, with the
measuring instruments equipped on repeating commercial vessel, could provide a cost-effective way to observe
the surface ocean at a relatively large temporal resolution and spatial coverage (Macoveli, Petersen, et al., 2021).
However, in the 10 Mt CO, removal scale, if the added alkalinity would spread in the North Sea evenly, it would
be difficult to verify the effect on total alkalinity, since the expected change (4.3 pmol/L) is much smaller than the
natural seasonal variation of alkalinity on site (Hoppema, 1990), smaller than the alkalinity sensor accuracy
(Sonnichsen et al., 2023) and on par with the current laboratory alkalinity measuring techniques (Bockmon &
Dickson, 2015). This means that one would depend on models alongside the observational effort near the dis-
charging site (Ho et al., 2023). Accompanying the evaluation of the mCDR effect, environmental monitoring
(e.g., water quality monitoring and fishery management) needs to be in place, due to the various potential side
effects of OAE (see Section 4.1.2).

Challenges and ways forward concerning the evaluation and monitoring of blueCDR approaches have recently
been outlined (Mengis et al., 2023). To evaluate, for example, the CDR potential of Sargassum aquafarming
coupled with AU, the flow of CO, from the atmosphere to the Sargassum biomass needs to be demonstrated using
surface ocean pCO, sensors and flux calculations based on gas-exchange parameterizations, as well as the
permanence and stability of the biomass in the deep sea. After establishing key concepts, surface, submerged
biomass stocks, biodiversity, bycatch and environmental parameters (nutrients, trace elements, pCO,, O,, DOM
fractions) need to be monitored regularly to spot possible impacts and environmental changes. Environmental
parameters can be collected to implement the data in a predictive model. Any MRV for AU would be highly
challenging, since the additionally stored CO, in the interior ocean will move with the currents and get diluted
(Mengis et al., 2023).

Finally, in terms of monitoring geological storage sites of mCDR options, many of the developments in petroleum
reservoir monitoring could be adapted. The now widespread use of time-lapse seismic reservoir monitoring
(Lumley, 2001), as demonstrated at the Sleipner project (Arts et al., 2004), time-lapse (4D) seismic monitoring,
gravity field monitoring, surface gas monitoring, and distributed fiber-optic sensing are just some possibilities.
Furthermore, the monitoring of storage sites can profit from existing regional geophysical monitoring, local
deployment of landers that are equipped with sensors, for example, DIC sensors, or isotope measurements of
cores from monitoring wells to confirm the carbonization reaction.

4.4. Limitation of This Approach — Considering Economics, Ethics, Acceptance, and Legality of mCDR
Collection

Our focus lies on questions of effectiveness, scalability, and technological feasibility combined with some in-
formation on costs and environmental effects. Yet, there are other important questions that arise about these
mCDR options and new technologies and practices. Even though an in-depth assessment is beyond the scope of
this study, we want to briefly highlight four aspects we deem to be particularly pertinent for the potential
deployment of mCDR or mCS: the economics, ethical arguments for or against deployment, societal accept-
ability, and legality.

The cost estimates for early-stage deployment or piloting, we can provide here vary widely between the different
mCDR options. Since many concepts are not yet implemented at scale, and/or have a rather low TRL, there are
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considerable uncertainties associated with these cost estimates. The ranges of the estimates for operative costs are
substantial across different studies (NAS, 2021). Furthermore, when evaluating economic aspects of mCDR
methods, it is necessary to go beyond operative cost assessments based on current prices and also account for price
effects after a large-scale roll-out. For example, an increased demand for certain input materials will increase the
price of these materials, thus affect the removal costs and the relative price for the mCDR option compared to
other emissions reduction and CDR options and thus, the overall costs for reaching national climate targets
(Klepper & Rickels, 2012). Other factors such as learning-by-doing, the permanence of CO,-storage, and the cost
of negative side effects and the value of co-benefits should also be considered (Rickels, 2023). An integrated
economic analysis of mCDR deployment scenarios is urgently needed, but beyond the scope of this work.

Ethical convictions, namely on the impermissibility of letting people suffer the full consequences of unabated
climate change, are a major part of what motivates interest in CDR. Implementation scenarios of CDR options can
be evaluated from an ethical perspective, for example, looking at their impact on people and the natural world as
well as their governance (Heyward, 2019). This paper affirms the value of these considerations (Lenzi et al., 2018)
but restricts itself to assessing the techno-environmental feasibility and effectiveness of certain CDR options. This
is a paper about what could potentially be done — it paves the way for later questions about what should be done
(Tank et al., 2025; Zimm et al., 2024). In this context, one important issue that needs to be briefly discussed here,
is the question of the moral (im)permissibility of the inclusion of CDR options outside of Germany or its territorial
waters. One could argue that CDR options tasked with counterbalancing German emissions should be deployed
on German territory, and not ‘outsourced’ to other countries. We want to highlight that the ethical implications of
the extraterritorial use of CDR will heavily depend on the specific characteristics of the projects in question.
Disregarding side effects on local people or the local environment abroad because they would happen ‘some-
where else’, would clearly be morally problematic. However, if the options in question receive the informed
consent of the local inhabitants, and especially those potentially affected (Preston, 2013), we deem it an open
question whether extraterritorial CDR, potentially in areas where its effectiveness is much higher than in Ger-
many, could be morally permissible. While an exhaustive discussion of this issue is beyond the scope of the paper,
we do see the need to discuss this further and hope to provide input for these debates.

Any CDR implementation happens within societal context, which involves opinions of the general public and of
local communities affected by the measure (Chen et al., 2015; Segreto et al., 2020). Concerns that remain un-
addressed and voices that remain unheard can negatively influence the socio-political feasibility of imple-
mentation (Wiistenhagen et al., 2007). Considering local knowledge and contexts such as governance structures,
past experiences, and enabling participation through benefit-sharing on the ground can increase the chances for
long-term success (Merk et al., 2022). Ideally, this would require time and financial investment prior to starting
the project to organize participatory engagement workshops and information sessions to enable affected com-
munities to provide input on project siting and planning processes (Satterfield et al., 2023). Societal engagement
in the project planning process needs to be built on trust, which can be gained by adhering to norms of procedural
justice like transparency and fair participation (Heyward, 2019). This starts with the transparent communication
about moral, social, economic and environmental risks and benefits and the possibility to participate in decision-
making processes. While our analysis strives to make basic risks and benefits transparent, the development of
tools for co-producing knowledge (Norstrom et al., 2020; Satterfield et al., 2023) and for supporting informed
decisions (Nanz & Fritsche, 2012) are beyond the scope of this paper.

Turning to questions of legality, mCDR deployment raises a dilemma. While mCDR poses immediate risks,
renouncing to deploy it may leave climate change unabated and create risks in the future. Delayed emission
reductions reinforce our dependency on mCDR to reach the 2100 target of 1.5°C of global warming and will
exacerbate the sense of urgency in choosing the lesser evil. This ethical dilemma is naturally reflected in the
applicable laws. On the one hand, ‘traditional’ environmental law discourages any activity that may have adverse
effects on the environment. On the other hand, climate change law, which sets ambitious temperature goals,
arguably supports the enhancement of sinks and reservoirs. The precautionary principle for instance can be
interpreted to either prohibit mCDR as a precaution for safeguarding the integrity of marine ecosystems, an
understanding that seems to be envisaged by the Convention on Biodiversity. At the same time, it can also be
understood as encouraging, or even requiring, the implementation of mCDR options in light of the consequences
of unabated climate change as established by Article three of the UNFCCC (Tedsen & Homann, 2013).
Contemporary international law therefore needs to reposition itself in order to adapt to this new, more complex
reality in which the status quo may no longer be the safest choice. In that regard, the 2009 amendment of the
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London Protocol to allow for the geological sequestration of CO, and the 2013 amendment on marine geo-
engineering demonstrate the ability of international law to evolve. At the German level, current legislation,
written with strong environmental concerns in mind, act as showstoppers for the deployment, and even research,
of mCDR (Ginzky et al., 2011; UBA, 2023). Developments on the matter of mCDR at the international and
European levels could thus provide guidance for an innovative interpretation of the precautionary principle, in
which research is enabled and risks are controlled through a regime of safeguards.

5. Conclusion and Outlook

Our study represents an example on how to create context-specific CDR options for a more tangible and concrete
basis for further studies and discussions. We believe that this format warrants application in many more contexts
worldwide to address the global challenge of net-zero at an actionable level of detail. The resulting study is the
first attempt at developing site-specific CDR options with storage or sequestration in the marine environment for a
German context. We challenged the mCDR options to reach a scale of 10 Mt CO, yr~' removal, which would
represent a substantial contribution to Germany's net-zero goal by counterbalancing projected residual emissions.
This approach allowed us to compare mCDR options on the same scale and in their actual context of imple-
mentation, thereby providing a more policy-relevant evaluation of the associated area, energy, and resource
demands.

We find that six out of the 10 options considered in this study could potentially reach an annual removal rate of
10 Mt CO,. Among them, three appear feasible within Germany: electrolytic production and addition of
alkalinity-enhanced solution from silicate rock; production and spread of Ca(OH), along ship tracks in the North
Sea, and biomass from macroalgae farming for biomethane production combined with carbon storage in saline
aquifers in the North Sea. This study does not consider the GHG emission life-cycle, which is not ideal when it
comes to the comparison of CDR effectiveness. However, due to the varying TRLs, many of these options cannot
get robust emissions factors for life-cycle exercises, without further research. This study does not exhaust all
possible mCDR options in Germany nor assess their theoretical maximum potential for Germany, but with six
options passing the 10 Mt CO, removal yr~' benchmark, we could envision that mCDR can provide a significant
contribution to carbon removal, and should be considered in the option portfolio for German net-zero.

However, we also identified a multitude of bottlenecks concerning mCDR options for annual 10 Mt CO, removal,
ranging from geophysical constraints to current material and clean energy availability to the current technology
and infrastructure capacity (see Table 2). For example, with the exception of kelp forest management, the CDR
potential of these options cannot currently be fully determined due to their low technological maturity, leading to
high uncertainty in our estimates. Remaining research questions are method-specific: for OAE options, research
concerning the understanding of the dissolution process of implemented materials is needed, which in turn will
impact the spreading mechanisms, thereby impacting area, resource, and energy demands. For OAE and blueCDR
options, one of the biggest remaining questions concerns the monitoring and verification of carbon fluxes. For the
geological storage of carbon in the German EEZ, pilot studies are required to explore potential storage sites and
determine achievable removal rates. For all of these options, thorough cost analyses along with GHG footprint
life-cycle assessments are necessary to provide a realistic assessment of investment and market costs.

This study intends to provide a collection of mCDR options as the basis for more thorough assessments of mCDR
options developed by Germany, both within and outside of German borders. Ideally, these future assessments will
be supported by more comprehensive implementation scenarios that include evaluations of social, ethical, and
political impacts. In addition, multiple CDR options should be jointly considered for potential synergies and
trade-offs, especially regarding additivity and concomitant side effects, to better characterize possible future
implementation scenarios.

Our exploration of mCDR options on a 10 Mt CO, yr~! removal scale has revealed a multitude of limitations,
bottlenecks, and uncertainties. We believe more of such assessments are needed to bring the expectations about
CDR option down-to-earth (Dean et al., 2021), because over-optimistic or untested assumptions about large-scale
CDR implementation should not serve as a reason to delay emissions reduction by suggesting it is possible to
“emit now and remove later” (Fuss et al., 2014; Williamson, 2016).
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ABSTRACT

Artificial Upwelling (AU) of nutrient-rich Deep Ocean Water (DOW) to the ocean’s sunlit surface
layer is currently being investigated as a way of increasing the ecosystem productivity and enhancing
the natural CO2 uptake of the ocean. AU is thus considered a marine Carbon Dioxide Removal
(CDR) option (GESAMP, 2019) in addition to its potential in the context of open ocean fish and
macroalgae farming (Kirke, 2003; Wu et al., 2023). A promising technical concept for AU was described
by the oceanographer Stommel et al. (1956). Stommel proposed that the counteracting effects of
typical open ocean temperature and salinity depth profiles on density can be utilized to drive a
self-sustaining upwelling flow in a vertical ocean pipe. He termed this effect the ”perpetual salt
fountain”. Despite several research efforts, none of the previous studies were able to reliably predict
or demonstrate the potential of Stommel Upwelling Pipes (SUP)s. The growing interest in AU in
light of current CDR research poses the need for reliable performance prediction methods and further
development of Stommel’s concept. To fill this gap, two models have been developed in the present
work. A Reynolds-Averaged Navier-Stokes (RANS) model and a one-dimensional numerical model.
While the RANS model enables detailed modeling of the heat transfer and flow phenomena, the one-
dimensional numerical model allows for fast evaluation of simplified geometries for optimization and
large-scale studies. This twofold approach allows for effective performance predictions while ensuring
good reliability of the results. The present work shows the results of a number of studies, performed
for different geometries and environmental conditions. The results of both models are compared and
analyzed, and the respective potential is demonstrated. The presented results provide insight into
some key aspects of the performance of SUPs and their potential for AU.

Keywords: Artificial Upwelling; Perpetual Salt Fountain; Open-Ocean Aquaculture; Macroalgae
Farming; Carbon Dioxide Removal (CDR); Computational Fluid Dynamics (CFD); OpenFOAM, Heat
Transfer; Buoyancy-Affected Flow
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NOMENCLATURE
General
P pressure [N/m?] IP model . )
9] volumetric flow rate [L/s] A, pipe cross sectional area [m?
S4  absolute salinity [2/kg] cy Darcy pipe friction factor [-]
o) conservative temperature [°C] Ch heat-transferring circumference [m]
P density [k&/m?] p specific heat capacity [J/kgK]
D pipe diameter [m]
RANS model Dy, hydraulic pipe diameter [m]
D diffusivity of Salinity [m?®/s] g gravity [m/s?]
g gravity vector [m/s2] h convection heat transfer coefficient
I unit matrix |- | [W/m? 5]
k turbulent kinetic energy [m?/s2] L pipe length [m]
Prgn,  modified kinematic pressure Np diameter-based  Nusselt number
1 (p 2
— 5 (P=pa-r) + 3 (o = L2 ]
r position vector w. r. t. water surface [m] 5 pipe wall thickness [m]
S strain rate tensor = % (Vﬂ + (Vﬂ)T) U overall heat transfer coefficient across
[1/4] pipe wall [W/m?K]
. time 5 w pipe velocity [m/s]
u velocity vector [m/s] z vertical pipe coordinate (positive
S
A thermal diffusivity [m?/s] down) [m] .
: o 2 K thermal conductivity [W/mK]
v kinematic viscosity [m?/s] AG dial ¢ ture diff K
T* deviatoric part of kinematic Reynolds " radial temperature difference [K]
stress tensor [m®/s?] Subscripts
Subscripts Dav streamwise averaged quantity
o constant reference quantity Oe quantity in regards to the outer di-
Pe effective quantity = ¢ + ¢, amette}; Of, the Hner pipe
o) quantity modeling turbulence effects i quan ty m mner plPe
Gtop quantity at upper pipe end
Superscripts Do quantity in outer pipe
b Reynolds-averaged quantity Docean,  quantity in surrounding ocean
¢T transpose of tensor ¢ Dwall quantity of pipe wall material

1. INTRODUCTION

In the scientific community, a strong consensus exists on the fact that active removal of COs from
the atmosphere (CDR) is necessary to achieve net zero anthropogenic CO9 emissions and limit global
warming (IPCC, 2021). In current CDR proposals, the ocean plays an important role, with several
marine CDR options currently being actively researched (GESAMP, 2019). Bringing nutrient-rich
Deep Ocean Water (DOW) to the ocean’s sunlit surface layer through a process called Artificial
Upwelling (AU) can increase the productivity of ocean ecosystems, subsequently fostering CO5 uptake.
AU is thus considered as a standalone CDR option (Lovelock and Rapley, 2007; GESAMP, 2019) or
in combination with other CDR measures, like open-ocean macroalgae mariculture and sinking (Wu
et al., 2023).
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From a technical perspective, the task of providing nutrient-rich DOW for algal growth comes down
to two main challenges, pumping the DOW to the surface and preventing it from sinking back down
again, due to its high density. While several concepts for pumping the DOW to the surface have been
proposed (Lovelock and Rapley, 2007; Liang and Peng, 2005; Stommel et al., 1956), the challenge of
keeping the DOW in the surface layer is still largely unresolved (Kirke, 2003; Kemper et al., 2022; Fan
et al., 2015). A potential way of overcoming both challenges has been described by the oceanographer
Stommel et al. (1956). In many ocean regions the surface waters have both, a higher temperature
and a higher salinity than the DOW. With regard to density stratification, the effect of temperature
predominates, so that the water column is stably stratified. The smaller salinity effect counteracts the
temperature effect, thus reducing the stability of the water column. Stommel proposed to utilize these
counteracting (stabilizing and destabilizing) effects for AU. If a vertical ocean pipe is filled with DOW
(cold, low salinity) once, the water in the pipe will eventually be heated up by the surrounding ocean
while the salinity difference persists, rendering the water in the pipe positively buoyant (i.e. lighter
than the surrounding water). Stommel thus postulated that an upwelling flow in a vertical pipe, once
triggered would sustain itself without additional energy input. Stommel called this phenomenon the
perpetual salt fountain. In the present work, all AU concepts which are based on Stommel’s principle
will be subsumed under the term Stommel Upwelling Pipe (SUP). It should be noted at this point,
that a self sustaining downwelling flow can be achieved in the same manner, if the pipe is initially
filled with surface water (warm, high salinity) instead of DOW. For AU, which is usually proposed
for implementation in remote ocean regions and potentially harsh environments, Stommel’s concept
has a number of desirable features. Apart from the initial triggering of the flow, it does not require
any external energy supply. Its structure is technologically simple and the upwelled DOW is already
heated up when leaving the system at the surface and thus has less tendency to sink back to depth.

A number of studies have been carried out in order to demonstrate and quantify the potential of Stom-
mel’s concept. In 1958, Groves published first flow rate calculations for SUP systems (Groves, 1958).
Groves analyzed his results with respect to increased fish farming yields due to AU. He concluded that
fertilization of fish farms by AU, using Stommel’s concept, was not likely to be economically favorable
over other fertilization options. Groves calculations were extended with respect to vertical heat con-
duction by Hinman (1966). Hinman found that vertical heat conduction had a negligible influence on
the calculated flow rates. Yet, by investigating different ocean profiles and pipe geometries, he found
significantly larger flow rates than Groves.

A new concept was introduced by Johnson and Decicco (1983). Based on the fact that Stommel’s
concept can be utilized for both, self sustaining up- and downwelling flow, Johnson and Decicco pro-
posed a counterflow device where downwelling flow was realized in a large number of pipes running
through an outer shell with upwelling flow.

As Johnson and Decicco point out, this device essentially mimics a shell-and-tube counterflow heat
exchanger. From some optimization studies, using a simplified model, they concluded that the concept
should be further studied in the context of mariculture farms. More recently, further research on SUP
systems has been performed in the context of a Japanese mariculture project proposal (Maruyama
et al., 2004; Zhang et al., 2004; Tsubaki et al., 2007; Sato et al., 2007; Maruyama et al., 2011). Three
field experiments with a single flexible 280 m pipe were carried out. The results were extended with
calculations from a Reynolds-Averaged Navier-Stokes (RANS) model. The flow rates obtained in the
field experiments, despite being of limited magnitude, strongly exceeded the model predictions. The
disagreement of the model results with the experiments was attributed to the fact that turbulence
was measured in the experiments while the model predicted laminar flow (Zhang et al., 2004). Zhang
et al. (2006) explained the measured turbulence based on the movement of the pipe due to surface
waves.
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The current lack of reliable performance predictions for SUPs can clearly be seen from this brief
literature review. While only minor flow rates have been experimentally shown to date, mathematical
and numerical models have not been validated in a way that would support their general predictive
capabilities. Reliable modeling is needed to evaluate the potential of SUPs for AU. It thus represents
a necessary milestone in the research and development around AU-based CDR approaches.

In the present work two new numerical methods are presented which are applicable to a wide range
of SUP systems. The first method solves a set of pipe flow equations, based on a one-dimensional
spatial discretization of the pipe. This method will be termed the one-dimensional method in the
following. The second method solves the RANS equations, based on a two- or three-dimensional finite
volume discretization. This method will further be referred to as the RANS method. While the
one-dimensional method is capable of studying large experimental matrices within a short time, the
RANS method offers full flexibility with respect to the device geometry. The latter also provides a
more detailed insight into relevant flow features, like the velocity and temperature profiles across the
pipe diameter, and generally implements a lower level of empirical assumptions. In the absence of full
scale validation data,! the twofold approach at least allows for code-to-code validation between the
results of the two models, thereby providing a first step towards reliable performance predictions for
SUP systems.

The remainder of this paper will be structured as follows. The two methods will be described in detail
in Section 2. In Section 3, first a description of relevant device geometries and deployment regions will
be given. The results from both models will then be compared and discussed for a number of single
SUP and counterflow SUP cases. Finally, results from a study on shell-and-tube type SUPs will be
presented, before finishing with conclusions and recommended future work in Section 4.

2. NUMERICAL METHOD
2.1 RANS Method

The RANS method used in this work is similar to the method described in Kemper et al. (2022),
however, instead of solving the full compressible set of RANS equations, the oceanic Boussinesq
approximation is made here. The oceanic Boussinesq approximation, as described by Young (2010),
consists of three steps:

1. The exact density p in the momentum equation is replaced by a constant reference density pg
everywhere but in the buoyancy term.

2. The incompressible continuity equation V - u = 0 is used.

3. An equation of state (EOS) of the form p = f (54,0, Py + pog - ) is used, where © is the con-
servative temperature of McDougall (2003), S4 is absolute salinity, Py is the reference pressure
at the water surface, g is the gravitational acceleration vector and r is the position vector with
respect to a reference position at the water surface, where Py is taken.

Note that in the equation of state the pressure is approximated as a linear hydrostatic pressure, based
on the constant reference density. By using a full EOS (IOC et al., 2010) , the oceanic Boussinesq set
has a wider range of applicability, when compared to the standard Boussinesq set of RANS equations.

!The results of Maruyama et al. (2004) cannot be used for model validation, as these results are highly influenced by
an effect they attribute to wave action on the pipe. Since the actual salt fountain effect is very small in the experiment
it cannot be separated from the wave effect.

Contribution [CPA] 149

@) ev-ne |


https://creativecommons.org/licenses/by-nc/4.0/deed.en

Jost Kemper, Jan Mense, Kai Graf, Jorn Kroger and Ulf Riebesell

The oceanic Boussinesq set of RANS equations can be written as:
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In Equation (1) @ is the velocity vector, p and py are density an reference density, respectively.
Further, ¢ is time, g is the gravitational acceleration vector and r is the position vector. The effective
diffusivities of temperature and salinity are denoted as A\, and D., respectively and include laminar
diffusion and the modeling of turbulence effects. 7 is the deviatoric part of the effective kinematic
Reynolds stress tensor which is modeled based on the linear eddy viscosity hypothesis (Morrison, 2013,
p. 850)

— 2
T =208 — Ve (V-a)I, (2)

where v, is the effective viscosity and S is the mean strain rate tensor.? p? gn i Equation (1) is the

modified kinematic pressure, which is calculated from the static pressure as p oh = p% (? —pg - 'r) +%k,
with k being the turbulent kinetic energy.

The Finite Volume Method (FVM) is used to represent the equation set (1) by a set of algebraic
equations for a finite number of locations in space and time. The OpenFOAM framework is used
for the implementation. The equation set is solved in a pressure based manner, using OpenFOAMs
SIMPLE and PIMPLE algorithms for steady state and transient flow, respectively. The following
schemes are used for the discretization of the equations: Linear interpolation is used to obtain cell
face values from the cell-centred data. Gradients are discretized using the Gauss method with linear
interpolation. For the convective terms, the second-order accurate Gamma scheme of Jasak et al.
(1999) and Linear Upwind schemes are applied. For the temporal derivative, the first-order implicit
Euler scheme is used. This is appropriate, since the results presented here generally have a stable
final state, which is of more interest than the exact temporal development towards this state.

Menters k-w SST turbulence model is used for all simulations within this work (Menter, 1994). This
choice was made based on the widespread use of this model for similar applications and its ability to
run as a low-Reynolds turbulence model i. e. without the use of empirical wall functions. The details
of this two-equation turbulence model will not be described here, for brevity. Detailed descriptions of
the k-w SST turbulence model can be found in (Menter, 1994) and (Menter et al., 2003).

2.2 One-Dimensional Method

In this section, a one-dimensional model for the SUP is derived. The calculation method is described
in a generalized form, highlighting the slight differences between the counterflow and single SUPs
methods.

The self-sustaining flow in a SUP is driven by the differences in weight between the water-columns

2See nomenclature for details.
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inside and outside of the respective pipe i.e. by an imbalance in the hydrostatic pressure at the pipes
bottom end. For a fully developed steady-state flow, a balance between the viscous pressure loss of
the pipe flow and the driving hydrostatic pressure imbalance can be formulated

Z:Ztop+L Z:Ztop+L
/ Poceandz — / pdz || . (3)
Ztop Ztop

Here, wy, is the flow velocity, ¢y 4, is the Darcy pipe friction factor, Dy, is the hydraulic pipe diameter,
L is the pipe length, g is the gravitational acceleration, z is the depth (positive downwards), and p
and poceqn denote the density of the water inside the pipe and the far-field, respectively. Please note
that all flow quantities represent a radial averaged value over the respective region, e.g. the pipe, and
just vary along the streamwise (z) direction. The subscript ¢, denotes, that the respective quantities
are derived at the streamwise averaged density in the pipe. The water density can be calculated from
the EOS

2
Pav Way

Cfav 2 D,

L=g

p=1(54,0,P) . (4)

where ©, S4 and P are conservative temperature, absolute salinity and pressure, respectively. The
hydrostatic pressure can be used for P, which leaves S4 and © as independent parameters. For the
ocean outside the pipe, these parameters are known functions of the depth z. Inside the pipe, Sa
uniformly takes the value of the water entering the pipe at the inlet, while © has to be modelled.

A simple model for the temperature inside the SUP can be developed based on the balance between
convective heat transfer along the pipe (i.e. in the z-direction) and conductive heat transfer through
the pipe wall. The resulting ordinary differential equation for © reads

- Acwcppg—(j + CLUAO =0. (5)

Here, A, is the cross sectional area of the pipe (%D2 for a circular pipe), Cp, is the heat-transferring
circumference (7D for a circular pipe) and ¢, is the heat capacity of the seawater, while A,© is
the radial temperature difference. U is the overall heat transfer coefficient, which incorporates the
thermal resistance of the pipe wall as well as the influence of the convection inside and outside the
pipes. U, = f (D,,) with D,, being an arbitrary diameter can be calculated as

1
v, =— ——— . .
m’ inner pipe
1 De .
Dm/h = 2Kwall In (E) , PIpe wall (7)
m D '
DN ore outer pipe
! ) ocean .

ND cKocean

In Equation (7), D; and D. = D; + 2s are the inside and outside diameter of the inner pipe, while
Dy, , represents the hydraulic outer pipe diameter in a counterflow setup. The Nusselt numbers cor-
responding to the inner, inner external and hydraulic outer pipe diameter are denoted as Np;, Np.
and Npp,. While s and k4 are the thickness and thermal conductivity of the pipe wall, x;, k, and
Kocean are the thermal conductivities of the seawater within the inner pipe, outer pipe and the ocean,
respectively. Please note that the heat transfer to the ocean was neglected for the counterflow setup.
This may actually be a realistic assumption, considering that the outer shell will generally have to
provide structural stability to the counterflow SUP system, such that the thickness of the inner pipes
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can be minimized for lower thermal resistance. Although no extensive studies were performed in order
to quantify the influence of outer pipe conductivitiy on the total upwelling and downwelling rates, the
effect is estimated to be small.

In the proposed model, the Nusselt number Np and the pipe friction coefficient ¢y are the main
empirical coefficients. Their correct determination has significant influence on the flow rates. A great
number of correlations for Np and c; have been proposed in literature. While ¢y was calculated
using Morrisons formulation for smooth pipes over the entire Reynolds number range (Morrison, 2013,
p. 533) with the Reynolds number correction proposed by Shah and Sekuli¢ (2003, p. 487) for the
outer pipe, the calculation of Np required a more cautious handling. The natural convection Np
was calculated following the recommendations of Thess and Kaiser (2018b, p. 5,6) while the forced
convection Np was calculated following the recommendations of Gnielinski (2018a) for the inner and
(Gnielinski, 2018b) for the outer pipe. Natural and forced Np where blended cubically following Thess
and Kaiser (2018a, p. 7) and corrected for radially varying fluid properties following Shah and Sekulié
(2003, p. 531). Np for the ocean was calculated using the formulae of Churchill and Chu (Incropera
et al., 2013, p. 605) along with the correction of Popiel et al. (2007, p. 611) for vertical slender cylinders
(fitted to the numerical results of Cebeci (1974)).

To find a solution for the proposed model for a given pipe geometry and a given ocean profile (i.e. ©
and S4), the pipe is discretized in the axial direction and an iterative process is employed which solves
Equations (5) and (3) within a given tolerance. For the counterflow setup A,© = f (0;(z), O,(2)), so
Equation (5) has to be solved in a coupled manner for the inner and outer pipe. This can be done using
a collocation algorithm for boundary value problems. For a single pipe setup A, 0 = f (0;(2), Opcean(z))
and Equation (5) can be efficiently solved for ©, using the Runge-Kutta (Burg et al., 2013, p. 55f)
method. Equation (3) can be rearranged to obtain a solution for w (which can again feed into Equation
(5)). Here, the following iterative solution process is used:

Calculate pocean from the background
profile and set initial guesses for © and w

l

Update p, cp, K, c; and Np, based
on current solution for © and w 3

I

’ Solve Equation (5) for ©, based on current solution for w ‘

no i

’ Solve Equation (3) for w, based on current solution for © ‘

converged?

Figure 1: Flow diagram one-dimensional method

3In this work, the TEQS-10 equation of state for seawater IOC et al. (2010) is used for p and c,, while kappa was
calculated using the method of Jamieson and Tudhope (1970).
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A number of important details about this set of equations for SUP systems have to be pointed out:
First, it has to be noted that the heat balance described in Equation (5) is a mere balance of vertical
convection and horizontal conduction. A set of equations including vertical conduction has been
described by Hinman (1966), who concluded that the effect on the flow rate was negligible. Further,
potential and latent energy were not considered in Equation (5) as their effect on the flow is expected
to be negligible.

Although the presented equations and methods can be used independently of the SUP setup, the
calculation of Np and cy is strongly dependent on the geometry. Nevertheless, using D), = 4éc with
C as wetted perimeter, the above methodology for determining Np and ¢y can also be used to calculate
configurations with multiple inner pipes. This will be further discussed in Section 3.5.

3. RESULTS AND DISCUSSION

In this section, results from SUP studies carried out with both models are described and discussed.
First, a benchmark geometry for a single and counterflow SUP is defined and the RANS calculation
setup is described. Subsequently, after a brief discussion on relevant ocean conditions, studies on
different deployment regions and different pipe diameters will be presented, each time comparing both
single and counterflow SUPs and the results from both models described in Section 2. Finally, a study
on shell-and-tube type SUPs will be presented, providing some insight into the scaling of these devices.

3.1 Pipe Geometry and Calculation Setup

Single and counterflow SUPs represent the two main types of SUPs studied in this work. For simplicity,
a benchmark geometry for these SUP types is defined here which describes all main particulars relevant
for the calculations. A corresponding shell-and-tube type SUP geometry will be derived in Section
3.5. The benchmark geometries are depicted in Figure 2.

Ele z

X g TN X

] g | e g

(A) J ‘ ‘ J 2|3 (B) 2
: : < o <t

— —

0.15m 0.15m
P

0.26m

Figure 2: Stommel-pipe system concepts and main dimensions used in this study. (A) counterflow concept,
(B) single pipe concept. All length dimensions are given with respect to the water surface.
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As can be seen, both setups have a bottom depth of 400m, a top depth of 5m and a (inner) pipe
diameter of 0.15m. The outer pipe diameter of the counterflow SUP is chosen such that the inner-to-
outer-pipe cross-sectional flow area ratio takes a value of 0.5. Thickness and thermal conductivity of
the (inner) pipe wall were chosen such that a value of 2 x 1073 Km?/w for the thermal resistance Hja”

is obtained. This is representative of a HDPE pipe with s =1 mm or a steel pipe with s=90mm. The
outer pipe of the counterflow SUP is considered perfectly insulating as described in Section 2.2.

For the RANS model, several options are possible for the calculation setup. It generally seems advisable
to exploit the axial symmetry of the system. The calculation thereby becomes two-dimensional, which
greatly reduces the computational effort when compared to a full tree-dimensional calculation. The
surrounding ocean around the pipe can either be included in the model, as done by Zhang et al. (2004),
or represented by boundary conditions. In the context of this work both options have been tested
and it was found that the results generally agreed very well, as will be shown in Section 3.3. The
results presented here thus generally use the idealized setup without a resolved background ocean. The
following boundary conditions are specified. All inlets of the pipes are total pressure inlets (i.e. the
pressure is specified as the hydrostatic pressure from the background ocean minus 0.5 |u|2 while the
velocity is calculated from the pressure equation). The transported scalar quantities (i.e. ©, Sy and
turbulence quantities) are specified based on the background ocean values. All outlets of the pipes are
pressure outlets (i.e. the pressure is specified as the hydrostatic pressure from the background ocean
and a Neumann boundary condition is applied for the velocity), where Neumann boundary conditions
are applied for the transported scalar quantities. No-slip conditions are applied on all solid walls. For
the counterflow SUP the outer pipe wall is adiabatic, while the inner pipe wall is implemented as a
temperature baffle which accommodates for the appropriate heat transfer between the pipes. For the
single SUP, the heat transfer with the background ocean is modeled, using a convective boundary
condition at the pipe wall. This boundary condition sets © at the wall based on the background ocean
value, taking into account the thermal resistance of the pipe wall and the assumed convection outside
of the pipe. Here, the convection outside the pipe is calculated using the correlation of Churchill and
Chu (1975).

Since both models described in Section 2 are solved numerically, it has to be ensured that the dis-
cretization is sufficiently fine. For the one-dimensional method the discretization is managed internally
by the ordinary differential equation solver. For the RANS method discretization studies have been
carried out to determine the appropriate mesh resolution. Based on these studies, a resolution of 25
cells across the pipe radius and 2500 cells across the pipe length was chosen, for which the discretization
error in the upwelling velocity was estimated to be negligible.

3.2 Open ocean depth profiles

Salinity differences between the depths of a SUP’s outlet and inlet can easily be identified as an
important driver for the efficiency of SUP systems. Figure 3 shows the annual mean salinity difference
between the sea surface and 400 m depth, based on WOA18 data (Boyer et al., 2018) (mean over
the years 1995 to 2018). Here, it can be seen that high salinity differences can almost exclusively be
found in the subtropical ocean gyres. With relatively calm weather conditions, low seasonality, and low
productivity, these regions are often seen as ideal regions for AU. If only areas with a salinity difference
of 1.28/kg and above are considered, four confined regions are found, which correspond to the North
Atlantic Gyre (NAG), the South Atlantic Gyre (SAG), as well as the North Pacific Gyre (NPG), and
the South Pacific Gyre (SPG). Average annual depth profiles can now be derived as spatial average
for each of these regions. Figure 4 shows these profiles along with seasonal (i.e. Spring, Summer,
Autumn and Winter) mean profiles (over the years 1955 to 2018).
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Figure 3: Annual mean S, differences between surface and 400 m depth. Data taken from Boyer et al. (2018).
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Figure 4: Annual mean depth profiles for conservative temperature (violet) and absolute salinity (green), for
NAG (A), SAG (B), NPG (C), and SPG (D), with seasonal variation (light colors). Data taken from Boyer
et al. (2018).

From Figure 4 it can be seen that, especially for the salinity profiles, the seasonal variability is
very small. The temperature profiles show a slightly larger seasonal variability with greater surface
temperatures in the local summer and autumn. The rest of the studies described in this work will be
based on the mean profiles shown in Figure 4. It should be kept in mind that they do not represent
the most ideal conditions for SUP-based AU, but rather the average conditions of all regions which
might be of practical interest, based on the annual mean salinity differences from Figure 3.

3.3 Single pipe and counterflow pipe

In this section, results for a simple single SUP are compared to those of a counterflow SUP. The annual
mean depth profiles from Section 3.2 are used along with the reference geometries and calculation
setups from Section 3.1.

Figure 5 shows the results of this study. Here, the upwelling rates for both pipe setups under the
different ocean conditions are depicted. Results from both models are shown. Additionally results
from calculations of a single SUP including the surrounding ocean are given.
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Figure 5: Upwelling velocities obtained by the counterflow- (A) and single pipe (B) setup, for the depth profiles
described in Section 3.2, as predicted by the RANS (red, orange) and one-dimensional (blue, light blue) model.

From Figure 5 it can clearly be seen that the counterflow setup performs much better than the simple
setup under all conditions. While it has to be taken into account that the relative performance of the
two SUP concepts might change when both pipe geometries are thoroughly optimized, the magnitude
of the differences observed in Figure 5 can be seen as an indication towards a clear superiority of the
counterflow SUP design. Conceptually this is explained by the more efficient heat transfer of the coun-
terflow setup. Figure 6 shows temperature profiles, from the RANS and one-dimensional calculations,
for the SAG case. Here, it can be seen that, while for the counterflow SUP the temperature difference
across the pipe wall (A,©) is almost constant along the pipe, for the single SUP the temperature
difference varies strongly in the axial direction. Efficient heat transfer is thus only possible over a
smaller portion of the length of the single SUP.

(A) (©)
0
——  Background
————  RANS
100 -1 - 1D
B
= 200 -1 =
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o
o
300 - i (&)
—— Counterflow inner pipe
---------- Counterflow outer pipe
400 ‘ ‘ ‘ 1 i B Single pipe
10 15 20 25 25 —0.1 0 0.1
e [°C) © — Orans [°C]

Figure 6: Temperature depth profiles in the Stommel-pipe system (colored) and the background ocean (black),
from the RANS (orange) and one-dimensional (blue) calculations, for the SAG case. Results for a counterflow
SUP (A) and a single SUP (B) are shown. A comparison of the temperature differences between the one-
dimensional- and RANS results is shown in (C).
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As can be seen in Figures 5 and 6, the differences between the results of both models are very small in
the counterflow cases. Although the differences for the single pipe are non negligible for some cases, it
will be shown later (Section 3.4) that the overall agreement is still reasonably good. In the absence of
experimental data for validation, this is seen as an indication that both models can be used to predict
SUP performance in different ocean regions with confidence. As clearly visible from Figure 6 (C), the
difference in calculated temperature (between the one-dimensional and RANS results) shows steep
changes for the couterflow case where the heat transfering region begins and ends. This is presumably
caused by to the changing flow profile in the RANS calculations due to the unheated inlet and outlet
region - an effect that is not accounted for in the one-dimensional calculations. It can be observed,
that the heat transfer is slightly underestimated for this case, leading to a minor difference in absolute
temperature. As shown in Figure 5, the difference in velocity for the single pipe case between the
one-dimensional and the RANS solution is significant, thereby differences in predicted temperature
are not surprising, although being mostly within 0.1 °C.

3.4 Geometric Variation Study

The study presented in Section 3.3 has shown that the results from both models are in reasonable
agreement. However, the computational effort needed to obtain these results varies by orders of
magnitude between the two models, making the one-dimensional model far more suitable for large
parametric studies. This capability will be demonstrated in this section by performing a simple study
on the pipe diameter. Starting from the reference geometries for the single- and counterflow SUP
from Section 3.1, the diameter of the (inner) pipe is systematically varied from 0.025m to 0.5m in
19 steps. For the counterflow SUP, the outer pipe diameter is determined from the constant cross
sectional flow area ratio of inner and outer pipe, which has a value of 0.5. The SAG profile from
Section 3.2 is used as a background ocean profile for this study. Figure 7 shows the variation of the
upwelling flow velocity and flow rate over the changing diameter for both the single- and counterflow
SUP. Additionally the density difference between the upwelled DOW leaving the pipe at the top and
the surrounding water is shown. Here, a positive value indicates that the upwelled DOW has a lower
density compared to the surrounding water when leaving the system, while a negative value indicates
a higher density and thus a negative buoyancy of the upwelled DOW.

(A)

0.15 |-
— ——  counterflow 1D
?‘” 0-10° 1 single 1D
g 0.05 |- A counterflow RANS
single RANS
0.00 &
(B) (©)
4.00 [ ! A 100 ‘ | .
= N Q-
= 200 | I 1 & "
o < 0.00
0.00 [ \ I I I - —0.50 i i i I =
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
D [m] D [m]

Figure 7: Pipe diameter study: Upwelling velocity (A), flow rate (B) and density difference at outlet (C) over
(inner) pipe diameter of a counterflow SUP (orange) and a single SUP (blue).
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It can be seen from Figure 7 (A) and (B) that the predicted flow rates of both methods show a
good overall agreement, further underlining the capability of the one-dimensional method. Obvious
deviations can be observed for diameters in the range of 0.10m to 0.25m, which might explain the
differences for the single SUP observed in Figure 5 (B). Careful inspection of the RANS results
indicated that those deviations could be explained by insufficient reproduction of mixed convection
in the one-dimensional method. Deviations can also be observed for the counterflow setup at high
diameters. Due to the small velocity differences in absolute terms, this effect was not further studied.
It can be seen from Figure 7 (B) that the flow rate @) increases monotonically with the pipe diameter for
the single pipe system, while the counterflow system shows an early peak at =~ 0.2m. The flow velocity
w (Figure 7 (A)) increases with decreasing diameter until a certain diameter (0.1 m counterflow, 0.05 m
single) below which w decreases rapidly with a further decrease in pipe diameter. This decrease of
the velocity for small diameters can be attributed to laminarization of the flow, which drastically
decreases the heat transfer efficiency. Generally, the flow rates for the counterflow SUP are higher
than those of the single SUP, further supporting the superiority of the counterflow concept. Please
note that the results of Figure 7 where obtained for a single ocean profile and will look differently for
other boundary conditions.

While for general applications of AU it is usually sufficient that the upwelled DOW remains in the
oceans mixed surface layer, further rise to the water surface marks an essential requirement for surface
bound macroalgae farming. As can be seen from Figure 7 (C) the DOW is generally positively buoyant
when when leaving the system, in the single SUP case. For the counterflow SUP, the water is only
positively buoyant if small diameter pipes are used. For many of the counterflow setups, the DOW
will thus have the tendency to sink back down after leaving the pipe, even though it has been heated
to some extent. This clearly depicts that the re-sinking problem of Kirke (2003) is not generally
circumvented by using the salt fountain principle for AU. The buoyancy of the upwelled DOW leaving
the system varies greatly, based on the pipe design and and also the local ocean depth profiles (i.e. ©
and Sy4). For instance, Maruyama et al. (2004) found the DOW upwelled by their single SUP to be
negatively buoyant because the surface waters in their deployment region were of relatively low salinity.
The higher re-sinking risk as consequence of a higher flow rate is a clear disadvantage of counterflow
SUPs and stands against the advantages of these systems, which were previously described. In many
cases, extending the upwelling pipe with a horizontal section at the top, will likely be sufficient to
overcome this disadvantage at the cost of a moderately increased frictional flow resistance. Such an
extension has not been studied to date, however, due to the high turbulence and the action of waves
and currents in the surface ocean, it can be expected to have a high heat transfer efficiency. Finally, it
should be noted that a high salinity difference between the DOW and the surface water is crucial for
obtaining a positive buoyancy of the DOW. For the single SUP case presented in Figure 7 (C) positive
buoyancy was obtained due to the salinity effect, despite the upwelled DOW being up to 3.3 °C colder
than the surrounding surface water. If the DOW does not have a lower salinity than the surface water,
as in the case of Maruyama et al. (2004), positive buoyancy of the upwelled DOW can obviously not
be obtained with the salt fountain principle.

3.5 Shell-And-Tube Type SUP Systems

The possibility of arranging multiple inner pipes in a larger outer shell has already been pointed out by
Johnson and Decicco (1983). Here, only counterflow SUPs with a single inner pipe have been studied
so far. For these, the outer pipe takes the simple shape of a cylinder annulus. The complex geometries
of shell-and-tube type SUPs can ideally be studied using the RANS model. For this purpose, two
shell-and-tube setups with 7 and 19 inner pipes are studied, in addition to a counterflow setup with

13

158 Contribution [CPA]

(@) ev-ne |


https://creativecommons.org/licenses/by-nc/4.0/deed.en

Jost Kemper, Jan Mense, Kai Graf, Jorn Kroger and Ulf Riebesell

a single inner pipe. The geometries follow the reference geometry defined in Section 3.1 with respect
to inner pipe diameter, pipe lengths and material thickness. The shell diameter is determined from
the constant cross sectional flow area ratio of 0.5. For the shell-and-tube setups, the inner pipes
are arranged evenly on concentric circles whose diameters were optimized to provide an even spacing
among the pipes and with respect to the outer shell.* The symmetry of the setups was used, such
that only a 60° section of each SUP system had to be resolved. The resulting computational meshes
for the 1, 7 and 19 pipe case contained about 660, 3660 and 9400 cells in the horizontal plane and
1000 cells over the pipe length. Figure 8 shows cross sections of all three meshes, as well as velocity
profiles at the medium depth, obtained from the RANS calculations.

(A)

U magnitude [m/s]

0.04 0.08 0.12 0.16 0.20 '

Figure 8: Shell-and-tube type SUP study: Cross sections of computational meshes with 1, 7 and 19 inner pipes
(A) as well as predicted velocity magnitude over the cross sections (B).

From the velocity profiles shown in Figure 8 (B) it can be seen that upwelling velocity is generally
highest in the innermost pipe and decreases in the outer rows. Equally, the downwelling velocity is
highest in the center of the shell and decreases towards the sides. The decrease of the downwelling
velocities leads to a less efficient heat transfer in the outer upwelling pipes and thus explains the
lower upwelling velocities in these pipes. Generally, the installation of baffles, as typically seen in
shell-and-tube heat exchanges, might help to even out the performance of the different inner pipes in
a shell-and-tube type SUP, even though this would clearly impair the shell-side flow and might also
be problematic from a technical point of view.

Figure 9 provides a more detailed picture of the scaling of the upwelling velocities with the number of
inner pipes. Here, the average upwelling velocity over all pipes and the average downwelling velocity

“For the 7 inner pipe case, the pipes were arranged on a 0.419 m diameter circle. The shell diameter was 0.687 m. For
the 19 inner pipe case, a 0.437 m and a 0.845 m diameter circle were used for pipe arrangement, while the shell diameter
was 1.132m.
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Figure 9: Shell-and-tube type SUP study: Variation of average up- (solid) and downwelling (dotted) velocities
(RANS: orange, one-dimensional: blue) over the number of inner pipes in the system as absolute- (A) and
normalized (B) values.

in the shell are plotted over the number of pipes in the shell-and-tube SUP. For comparison results
from the one-dimensional method are shown. Here the scaling was done as described in Section 2.2.
Figure 9 shows that the average up- and downwelling velocities are only weakly influenced by the
overall SUP system size. A slight increase of both, up- and downwelling velocities is observed, which
appears to tend towards a finite limit for large numbers of inner pipes For the cases presented here,
the maximum increase is about 10 % for downwelling and 7% for upwelling. Again, the results of the
one-dimensional method are in good agreement with the RANS results. The results suggest that the
scaling of shell-and-tube type SUPs is very well reproduced by the one-dimensional method. While
the inner pipe dimensions, as well as inner-to-outer-pipe cross-sectional flow area ratio, were kept
constant throughout this study, the shell-side hydraulic diameter D, inevitably increases with an
increasing number of inner pipes and varies by a factor of about 2 between the presented setups.
For the one-dimensional calculations, the change in Dy, is in fact the only parameter change in this
study. The shell-side hydraulic diameter thus seems to be an important quantity for understanding
and optimizing the performance of shell-and-tube type SUPs. It should be noted that the scaling of
the average up- and downwelling velocities observed in Figure 9 might depend significantly on other
geometrical parameters of the SUP and cannot be seen as universal. For instance, it was noted during
the RANS studies that the results depend to some extent on the arrangement of the inner pipes in the
shell. The results of this study suggest that that the hydraulic diameter scaling of the one-dimensional
method resembles the idealized situation of evenly spaced inner pipes, which cannot always be achieved
in reality. To what extent uneven pipe spacing influences the results remains to be studied.

4. CONCLUSIONS

Two numerical models for SUP systems have been proposed in this work. Both models have been
described in detail. Results from both models have been compared for a range of variations in ocean
depth profiles and SUP geometries. Finally, some studies of shell-and-tube type SUPs were presented,
showing the upscaling potential for practical use cases.

In all calculations presented in this work, significant upwelling through the SUP principle was found.
Counterflow SUPs generally perform superior to comparable single SUPs. However, the higher flow
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rates of these systems result in a lower probability of the DOW leaving the system buoyant with respect
to its surroundings at the surface. Additional measures may thus be necessary for counterflow SUPs
to avoid re-sinking problem of conventional AU pumps. Shell-and-tube type systems where found to
show a slight increase in upwelling velocity for increasing number of inner pipes. These systems thus
offer high potential for scaling to desired volumetric flow rates for practical applications.

The results generally show very good agreement between both of the proposed models. In the absence
of suitable experimental data for validation, the agreement of the presented models is seen as an
indication towards a good reliability of both models in predicting the performance of different types
of SUP systems with different geometries in various ocean regions.

In the thrive to enhance the technology readiness level of AU-based CDR, reliable model predictions
for the potential of various technical approaches are essential. Such general assessments require larger
sets of technical parameters and ocean conditions to be studied. To quantify the CDR potential,
consideration must be extended beyond the mere SUP system to include environmental influences as
well as biogeochemical responses and feedback. The methods presented in this work provide a versatile
and reliable basis for these efforts.

The following future work is recommended:
e Parametric studies on a wide range of technical parameters should be performed to provide a
more general overview of the performance and potential of SUP systems for AU.

e A larger set of ocean conditions should be studied and potential regions for deployment and
prototype testing should be identified.

e Practical use scenarios for SUP-based AU should be defined and studied, including corresponding
environmental effects (e. g. currents and waves) as well as biogeochemical responses and feedback.

e Careful validation of both methods presented in this work against experimental data is needed
to further prove their predictive capabilities.

e Since sufficient experimental data is not currently available, experiments of the salt fountain
phenomenon have to be performed on both lab- and full-scale.
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Abstract

In marine and coastal engineering, Computational Fluid Dynamics (CFD) methods are
widely used to study free-surface flows, including surface-wave propagation and wave
structure interaction. Typically, interface capturing methods, such as the Volume Of
Fluid (VOF) method, are applied to model the free water surface in these studies. In the
present work, we present a modified Arbitrary Lagrangian-Eulerian (ALE) Interface
Tracking (IT) method for free-surface CFD simulations in OpenFOAM®. We apply the
adapted method to studies of free-surface waves. Following a rigorous verification and
validation against theory and experiments, we present an advanced application to wave
effects on a turbulent buoyant plume. For this study, the method is combined with an
adaptive grid refinement approach. We find that the ALE-IT approach has low spatial
and temporal discretization demands and thus offers significantly decreased computa-
tional costs compared to a standard VOF approach, for cases where its limitations with
respect to the free-surface shape can be accepted.

Keywords: Interface tracking, ALE, Computational Fluid Dynamics (CFD), Free
surface, numerical wave tank, Artificial Upwelling

1 1. Introduction

2 Accurate numerical modeling of free-surface water waves is of great importance
s for various fields of marine and coastal engineering. High-fidelity finite volume mod-
« els usually rely on the Volume Of Fluid (VOF) method (Hirt and Nichols, 1981) to
s resolve the free water surface. By resolving the dynamics of both the water and air
¢ phases, VOF-based methods are able to capture arbitrary interface shapes. In the con-
7 text of wave modeling, these capabilities play a role in modeling phenomena like wave
s breaking or certain types of wave-structure interaction (e. g., inundation, overtopping,
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Nomenclature

General ALE-IT
D diffusivity of salinity [mz/s] d free surface displacement direction [ -]
D Cauchy stress tensor [N/m?] n unit normal vector [ -]
g  gravity vector [m/s?] Sy face area vector [mz]
H  wave height [m] 1% instantaneous face flux [m3/s]
h water depth [m] y velocity of free surface [m/s]
I  identity matrix [—] At time step [s]
k  turbulent kinetic energy [mz/sz] % swept volume [m3]
P pressure [N/m?] Sh displacement [m]
Pgi modified kinematic pressure [mz/ 52] K surface curvature [1/m]
r  position vector w.r. t. surface level [m] o surface tension [N/m]
Sa  absolute salinity [#/ke] Vs tangential differentiation (nabla) operator =
T  wave period [s] V- na%
t  time [s]
u  velocity vector [m/s] Accents
@  thermal diffusivity [mz /S] #° quantity from previous time step
n  free surface elevation [m] 41 jump of ¢ across interface = ¢q —
® conservative temperature [K] $a quantity on air side
A wavelength [m] bfs quantity evaluated at free surface
4 dynamic viscosity [kg/ms] bm quam%ty W.T. t mesh / fee sur‘face motion
v kinematic viscosity [mz /s] Drel quant%ty relative to ‘mesh motion = ¢ — ¢,
o density [kg/m’] D quantity on water side
o, turbulent Prandtl number [ -] Abbreviations
T  kinematic viscous stress tensor [mz/sz]

ALE  Arbitrary Lagrangian-Eulerian

Accents CFD  Computational Fluid Dynamics
¢o constant reference quantity CPL  Cells Per Wavelength
¢; quantity modeling turbulence effects GABC Generating Absorbing Boundary Condition
¢ Reynolds-averaged quantity IT Interface Tracking
¢’ fluctuation from Reynolds-avg. ¢ = ¢ + ¢’ RANS Reynolds-Averaged Navier-Stokes
¢! transpose of tensor ¢ VOF  Volume Of Fluid

and spray formation). In many other cases, e. g., for effects of non-breaking waves on
mixing and dynamics around submerged structures, the free-surface elevation can be
described as a single-valued function in the horizontal plane and the dynamics of the air
phase are of no interest. In such cases, VOF’s capabilities are not fully required, and it
seems plausible that replacing it with a simpler method could benefit the computational
efficiency.

Interface capturing methods like VOF inherently require a sufficiently fine spatial
discretization to capture the interface deformation. Especially when small free-surface
deformations have to be resolved, this can lead to high spatial discretization demands.
When combined with transient free-surface motion (as in the case of wave propaga-
tion), the fine spatial discretization leads to an equally increased temporal discretiza-
tion demand through CFL number limitations. For many engineering applications, the
discretization demand of VOF is generally acceptable. However, when processes that
evolve on timescales significantly longer than that of the free-surface motion are of
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23 primary interest, VOF’s CFL number limitations can result in a need to use dispropor-
2« tionally small time steps. Examples for such processes include wave-induced sediment
25 transport, scour, and wave effects on mixing and tracer transport (Baykal et al., 2017;
26 Dutta et al., 2023; Alvir et al., 2022). An additional limitation of VOF methods for
27 'wave propagation is their tendency to produce spurious velocities and turbulence at the
s interface (Wroniszewski et al., 2014; Devolder et al., 2017). Especially when long sim-
2o ulated times and turbulence near the free surface are of interest, spurious velocities and
s spurious turbulence can significantly affect the solution. While in recent years, many
a1 advances have been made to improve the stability and efficiency of VOF methods (Fed-
2 kiw et al., 1999; Roenby et al., 2016), little work has been done on VOF alternatives in
s the marine and coastal engineering field (Schmitt et al., 2020).

3 Interface Tracking (IT) methods can serve as an alternative to interface capturing
ss approaches like VOF. These methods employ an Arbitrary Lagrangian-Eulerian (ALE)
s approach where the computational mesh follows the deformation of the free surface.
a7 ALE-IT methods can be implemented as multi-phase methods (Schwarzmeier et al.,
s 2025) or as single-phase methods where the free surface represents an outer boundary
s of the computational domain. As the computational mesh does not need to resolve
« gradients across the sharp interface, the discretization requirements are reduced for
4t ALE-IT methods compared to VOF approaches. An additional advantage of the fact
« that the free surface can be represented by a boundary is that free-surface fluxes of
4 heat and wind shear can be applied in a controlled manner, and unrealistic transport of
4 quantities across the free surface (as sometimes observed in VOF simulations) can be
s avoided. However, additional computational demand and complexity are introduced
s through the mesh motion and the interface tracking process itself. Also, the application
47 of ALE-IT methods is typically limited by the deformation of the free surface that can
s be performed by the mesh without extreme distortion of the cells. For applications
s in the marine and coastal engineering field, this usually means that ALE-IT methods
so cannot be used for free-surface interactions with complex geometries, wave breaking,
st inundation, overtopping, or spray formation.

52 IT methods have been used to model free-surface flows for a long time. A com-
ss  prehensive review of early works was provided by Floryan and Rasmussen (1989).
s« While applications in the field of wave propagation and marine hydrodynamics have
ss been previously reported (Huerta and Liu, 1988; Muzaferija and Peri¢, 1999; Ferrand
ss and Harris, 2021), recent works in this field mainly highlight the obvious limitations of
57 the approach and focus on interface capturing methods like VOF (Huang et al., 2022;
s Vukcevic, 2016). For the open source framework OpenFOAM®, an ALE-IT methodol-
s ogy was first developed by Tukovié and Jasak (2012). Despite this methodology being
s available within OpenFOAM® since version v1912, the authors are only aware of a
et single publication dealing with its application to wave propagation (Bai et al., 2020).
e2 Bai et al. successfully apply the method for a basic wave propagation problem in a
e two-dimensional, numerical wave tank, finding it to be more numerically efficient than
&« a VOF simulation.

65 In the present work, we introduce a number of modifications to adapt the ALE-IT
es method of Tukovi¢ and Jasak (2012), which was initially introduced for surface-tension
ez dominated flows (e. g., bubbles and droplets), to wave propagation problems. We de-
es scribe the modified method and perform a rigorous verification and validation against
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theory for simple two-dimensional wave propagation problems. The performance of
the ALE-IT method is compared to an equivalent VOF setup. We further validate the
method against experimental results for wave propagation over a bar, before presenting
an advanced application to mixing of a buoyant vertical plume under wave effects.

2. Numerical method

The ALE-IT method of Tukovi¢ and Jasak (2012) can be applied to different solvers
in OpenFOAM®. In the present work, we use the oceanPimpleFoam solver, which is
part of the ocean4Foam toolbox (Kemper, 2024) for oceanic flow in OpenFOAM®.
The solver and the ALE-IT methodology are described in this chapter. The modified
ALE-IT methodology used in this work is available as part of ocean4Foam but can be
used with various OpenFOAM® solvers.

2.1. RANS solver

The Reynolds-averaged Navier-Stokes (RANS) equation solver used in this work
was developed for buoyant oceanic flows, including temperature, salinity, and passive
scalar transport. Buoyancy is implemented using the oceanic Boussinesq approach
(Young, 2010). A constant reference density pg is used in all terms of the Navier-
Stokes equations with the exception of the buoyancy term in the momentum equation,
and an incompressible continuity equation is solved. The density for the buoyancy term
is calculated from a fully non-linear equation of state. Based on this, the following set
of RANS equations is implemented in the ocean4Foam method

aa—f+V-(ﬁﬁ)=v-(?—ﬁ)—vp—gh+g(§0—1) (1a)

V.@=0 (1b)

aa_c;) +V-(#0) =V - (aVO - O) (1c)

%" +V-(@Sy) =V - (DVSs - S;w) (1d)
p=f(54 6, Po+pog-r), (le)

where Reynolds averaged quantities are denoted by the overbar and fluctuations are
indicated by the prime. In Equation (1), ¢ is time, % is the mean velocity vector, ® is
the conservative temperature (McDougall, 2003) and S, is absolute salinity, while «
and D denote the diffusivities of temperature and salinity, respectively. Further, Py is
the reference pressure at the water surface, g is the gravitational acceleration vector,
and r is the position vector with respect to a reference position at the water surface,
while p and p are the water density and a constant reference value. The tensor 7 is the
incompressible kinematic viscous stress tensor

T=v(Va+(Va)) )
where v is the kinematic viscosity. The kinematic pressure pgy, in Equation (1a) is cal-

culated from the static pressure as pg, = piOI_D — g - r. The terms —u'u’, —@’u’, and

4
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s —S u’ represent the turbulent fluxes of momentum, temperature, and salinity, respec-
16 tively. The turbulent momentum flux is generally modeled using the eddy viscosity
107 assumption

2
108 -u'n’ = ‘Tt - §Ik s (3)

19 where I is the identity matrix and 7, is modeled as in Equation (2) but using the tur-
10 bulent viscosity v,, which is calculated using a RANS turbulence model along with
11 the turbulent kinetic energy k. The turbulent scalar flux is modeled using the simple
1z gradient diffusion Hypothesis (here, only the treatment of the ® equation is shown)

s —Ou = 1v0, )
(e
s with o, being the turbulent Prandtl number!. For most of the cases presented in Sec-
1s  tion 3, laminar conditions are assumed (i.e., v;, Kk = 0). In Section 3.3, the k-w SST
11 model of Menter (1994) is used.
17 The variable seawater properties are modeled following the TEOS-10 standard
18 (IOC et al., 2010) for p and using the polynomials of Sharqawy et al. (2010) and
119 Jamieson and Tudhope (1970).
120 The transport equations are discretized using the finite volume method. Open-
121 FOAM®’s PIMPLE algorithm (a transient version of the well-known SIMPLE algo-
122 rithm) is employed to solve the coupled equation set with suitable boundary conditions
123 in a pressure-based manner. The following numerical schemes are used: The tran-
124 sient terms are discretized using an implicit three-level second-order scheme (Ferziger
125 etal., 2020), known as the backward scheme. Gradients are discretized using the Gauss
126 method with linear interpolation. For the convective term of the momentum equation,
1z a mix of linear upwind and limited linear schemes is employed based on the local CFL
12 number, while for the other transport equations, the Gamma scheme (Jasak et al., 1999)
120 1s used.

10 2.2. ALE-IT methodology

131 The aim of the description presented in this section is to provide the reader with a
122 general understanding of the ALE-IT methodology. A full description of the method,
133 including the discretization of the equations and further implementation details, has
13« been presented by Tukovi¢ and Jasak (2012). Here, we will thus only provide an
135 overview of the steps necessary to solve the RANS equations along with the free-
136 surface boundary conditions.

137 The interface tracking procedure is a numerical process to ensure that the kinematic
13 and dynamic free-surface boundary conditions are satisfied at each time step. The
139 kinematic free-surface boundary condition states that there is no flow through the free
140 surface. Thus, the normal component of the velocity field u at the free surface must be
w1 equal to the normal velocity of the interface v, itself

142 ((u - st) . n)fs =0. (5)

A constant value of 0.85 is used for the turbulent Prandtl number o throughout this work.
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For a finite volume discretization, a zero-relative-flux condition results for a cell face
located at the boundary of the computational domain that represents the free surface.
The kinematic free-surface boundary condition thus demands that any instantaneous
absolute flux through the cell face V = u - S resulting from the solution of the RANS
equations (Equation (1)) must be balanced by an equal and opposite flux resulting from
the motion of the cell face through space V,, = vys-Sy. Here, Sy is the face area vector.
It follows that

V= Vm . (6)

The interface tracking procedure enforces this condition by adjusting the position of the
free-surface mesh points. A valid new mesh position can be found by time integration
of the flux V between the previous and current discrete time levels to obtain the total
volume change through mesh motion (also known as swept volume) dV,,, from which
the position of the cell face on the new time level can be calculated. The formulation
for 6V, depends on the applied time differencing scheme: The implicit Euler scheme
yields

6V = VAL . (Ta)

For the backward scheme (Ferziger et al., 2020), we obtain
2. | -
oV, = gVAl + §6Vm , (7b)

where 6V is the total (integrated) volume change through motion of the cell face
during the previous time step. From Equation (7), the necessary movement of the cell
face with respect to its position on the previous time level can be calculated as

OV
Ol = 50 )
where d is the motion direction, which can be a prescribed direction (throughout this
work, the vertical direction is used) or the current normal direction of the cell face.
Equation (8) prescribes the required motion for each cell face on the boundary rep-
resenting the free surface to satisfy Equation (6). As the position of the cell face is
defined through its corner points, Equation (8) does not provide the necessary informa-
tion. Following Muzaferija and Peri¢ (1997), the position of each mesh point is thus
calculated from the displacement of the surrounding cell faces using a least squares fit.
The dynamic free-surface boundary condition states that the forces acting on the
fluid at the free surface are in equilibrium

[n-D]) =V —okn. ©)]

Here, [¢] = ¢, — ¢, defines a jump of quantity ¢ between the water ¢,, and air ¢, side
of the interface. The tensor D is the Cauchy stress tensor D = u (Vu + (Vu)T) - PI,
while Vi = (I —nn) -V =V — "a_an is the tangential nabla operator, o is the surface
tension, and « is the free-surface curvature. The tangential gradients and divergences
are discretized using the finite area method described by Tukovié¢ and Jasak (2012).
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180 From a normal force balance of Equation (9), a jump condition for pressure can be
11 obtained as
182 [P] = —2[ul (Vs -u) + ok, (10)

1es where u is the dynamic viscosity. By assuming a static (kinematic) ambient pressure
164 p, on the air side and neglecting the small viscous contribution from the air side, the
15 following boundary condition for the kinematic pressure on the free-surface boundary
186 18 derived

- Den = DPa— 8 T+ 20, (Vo ) — k., (11
Po

18s A tangential force balance of Equation (9) yields a jump condition for the surface
189 normal velocity gradient

190 [r- uVul = —ul (Vs-w)n—[pulViu -n+ Vo . (12)

19t From this, a normal gradient boundary condition for velocity can be obtained as

o n-Vu=—(V, - uyn-Va-n-v,— (13)
pPov

1.a  Note that for wave propagation problems, viscous effects can often be neglected, which
1.« leads to simplified boundary conditions (Muzaferija and Peri¢, 1997). Throughout this
155 work, a Neumann boundary condition is used for the velocity at the free surface instead
1%s  of Equation (13).

197 An iterative procedure is employed to solve the governing equations while satis-
s fying the free-surface boundary conditions. The mesh position motion is adjusted at
199 the beginning of each outer iteration of the RANS equation solution process to satisfy
200 the kinematic free-surface boundary condition, before the RANS equations are solved
201 using the boundary conditions derived from Equation (9). Typically, about 5 outer it-
202 erations are employed per time step to ensure a converged solution. Note that the first
2 free-surface motion iteration is done based on u and V from the previous time step. In
204 any further iterations, only the leading terms on the right-hand side of Equation (7) are
s applied together with the relative flux V,,; = V — V instead of V. This way, Equa-
206 tion (8) provides a correction to the current mesh position rather than a motion with
207 respect to the position on the previous time level.

208 In sum, the following modifications are introduced to the ALE-IT method in this
a0 work with respect to the standard OpenFOAM® version, which is based on the work
210 of Tukovi¢ and Jasak (2012).

211 e The time discretization of the kinematic free-surface boundary condition is mod-
212 ified to include the absolute flux on the first iteration and relative fluxes on sub-
213 sequent iterations during each time step. Additionally, the old-time contribution
214 is added for the backward time scheme (see Equation (7b)).

215 o A new mesh motion solver? is introduced to facilitate displacement-based defor-

2While the ALE-IT method prescribes the motion of the free-surface boundary, the motion of the internal
mesh points is calculated from the boundary values (typically) by solving a Laplace equation. In Open-
FOAM®, mesh motion solvers can be implemented based on the velocity of the mesh or its displacement
with respect to a reference position.
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mation of the mesh in the vertical coordinate direction only.

o A possibility to solve the internal mesh motion only on the first iteration of each
time step is introduced to reduce computational cost.

o The least-squares fitting process, which calculates the point position from the
face-centered values of 6h,, is adapted for large-scale problems.

e The processor communication for parallel calculations is improved.

2.3. Wave generation and absorption

The waves2foam toolbox of (Jacobsen et al., 2011) is used for wave generation and
absorption. Generating Absorbing Boundary Conditions (GABC)s (Borsboom and Ja-
cobsen, 2021) are applied at the inlet and outlet boundaries. The GABC approach
provides boundary conditions for velocity and pressure, to allow for wave generation
while accepting reflected waves traveling out of the domain without undue reflection
from the boundary. The boundary conditions are based on a combination of a modified
non-reflective Sommerfeld condition for outgoing waves and a prescribed solution for
incoming waves. For details, the reader is referred to the work of Borsboom and Ja-
cobsen (2021). As the GABC approach alone did not achieve the necessary accuracy
of wave generation and absorption, it is combined with a classical relaxation zone ap-
proach in this work, which explicitly enforces a solution (wave theory at the inlet and
a still water surface at the outlet) for the velocity with increasing weight towards the
inlet and outlet boundaries. The theoretical solution is prescribed with the relaxation
weight

(L+ (= DWna)” — 1

w(x,) = o_1 . (14)

Here, x, is a relative coordinate, which varies linearly throughout the relaxation zone
(i.e., from O inside the solution domain to 1 at the boundary) and p is a constant which
is set to 3.5 by default. Due to the GABC, the theoretical solution does not need to
be fully prescribed at the boundary. Thus, w takes a maximum value of w(x, = 1) =
Wmax- Throughout this work, wy,,, = 0.0538 is used, whereby the variation of w is
equivalent to that over the first half of a standard relaxation zone (W, = 1). Through
this combined relaxation zone GABC approach, the necessary length of the relaxation
zones can be significantly reduced compared to a pure relaxation zone approach, while
maintaining a high accuracy for wave generation and absorption (see Section 3.1). To
be able to use the waves2foam toolbox with ocean4Foam and the ALE-IT approach,
an adapter class was implemented, which provides waves2foam to any OpenFOAM®
solver>.

3The waves2foam adapter is implemented in the form of a finite volume option (fvOption) for arbitrary
OpenFOAM® solvers and part of the ocean4Foam toolbox.
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2 2.4. Adaptive mesh refinement

250 Often, CFD problems contain regions of interest with high spatial resolution to
251 capture specific physical phenomena. In the buoyant plume application presented in
22 Section 3.3, the region of the plume must be highly resolved as it expands along a pre-
253 viously unknown trajectory, while a coarse mesh resolution is sufficient in the far field.
24 In such cases, where the location of the regions of interest moves over time or is not
25 known a priori, adaptive meshes offer an effective way to reduce computational cost.
25 For meshes predominantly consisting of hexaedral cells, refinement can efficiently be
257 achieved by splitting cells in all three Cartesian directions, such that each hexahedral
28 cell is split into eight sub-cells. Refinement and subsequent unrefinement of the mesh
25 can be controlled via any indicator function based on the instantaneous flow field. To
260 combine adaptive mesh refinement with the ALE-IT approach, the method must ac-
261 cept simultaneous topology change (from adaptive mesh refinement) and motion (from
22 ALE-IT) of the mesh. By default, OpenFOAM® implements a simple adaptive mesh
263 refinement approach. A more general implementation is provided through the blast-
26¢  AMR library of Heylmun et al. (2023). This implementation additionally offers adap-
265 tive processor load-balancing capabilities. Adaptive load-balancing can be of great
266 importance, given that, e. g., two subsequent cell splitting operations increase the cell
267 count in a refined region by a factor of 64, potentially introducing a significant imbal-
268 ance in the processor cell counts of parallel calculations. The blastAMR library was
260 thus chosen as a basis for the present work, and an extension for moving meshes was
270 implemented.

271 A key challenge when combining mesh motion and topology change is that second-
272 order temporal discretization schemes for the RANS equations on moving meshes typ-
273 ically require the cell volume on different time levels. After a refinement/unrefinement
27 step, the cell volume of the new, changed mesh on the old time level must thus be
275 calculated. As any approximation of the old-time cell volumes introduces significant
276 unboundedness to the solution of the RANS equations, the following adaptive mesh
277 refinement algorithm was chosen:

278 1. Move the mesh to its position on the previous time level
279 2. Refine/unrefine the mesh as appropriate and calculate the cell volume
280 3. Move the mesh to its position on the current time level again

21 To the author’s knowledge, this is the first implementation of a combined mesh mo-
2 tion and adaptive mesh refinement algorithm in OpenFOAM® that is consistent for
23 second-order time discretization schemes. At present, the ALE-IT adaptive mesh re-
25 finement combination is still limited by OpenFOAM®’s finite area capabilities, which
25 do not allow for a refinement of the free-surface boundary, such that this boundary has
25 to be excluded from the refinement. Also, processor load-balancing is not presently
207 functional for cases with finite area meshes (i. e., ALE-IT cases).

2 3. Results and discussion

289 In this section, we present several applications of the methodology described in
200 Section 2. First, the ALE-IT method is verified and validated against theory and com-
201 pared against a standard VOF solver using a two-dimensional numerical wave tank
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case. A validation against experimental data is carried out for wave propagation over
a submerged bar. Finally, an advanced application to three-dimensional mixing of a
turbulent buoyant plume under wave effects with adaptive mesh refinement will be
presented.

3.1. Verification and validation against theory

The aim of this study is to test the general ability of the ALE-IT approach to gen-
erate and propagate waves with realistic surface elevation and velocity characteristics
and acceptable decay, as well as its ability to absorb the generated waves in a numerical
wave tank setup without unrealistic reflection from the boundaries. For this, the con-
vergence of the solution towards a discretization-independent solution is verified, and
the accuracy of the solution is validated against theory. The results from the ALE-IT
method are compared against results from a standard VOF method. As a VOF solver,
the standard interFoam solver is used in the version of OpenFOAM® v2412. The de-
tails of this solver and the VOF method will not be discussed in this work. Applications
of this method to wave propagation and other marine and coastal engineering applica-
tions are abundant in the literature.

Figure 1 shows the geometrical setup of the two-dimensional numerical wave tank
used in this study, along with its dimensions, the applied boundary conditions, the size
of the wave relaxation zones, the position of the wave probes, and a typical spatial
discretization. For the VOF cases, the domain is extended 2.5 wave heights above
the water level to resolve the air phase. A monochromatic sea state is used for this
study. Details about the sea state are given in Table 1. The sea state can be described
by second-order Stokes theory. All cases in this study were run for 65 wave periods,

T[s] H[m] h[m] A[m]
8.003 2 50 100

Table 1: Sea state details for verification and validation against theory, where T is wave period, H is wave
height, & is water depth, and A is wavelength

starting from a flat water surface.

For the spatial convergence study, the horizontal cell size is parametrically varied
between 50 and 500 Cells Per Wavelength (CPL). The cell aspect ratio (#‘%)
is 0.5 at the water surface and 2.5 at the bottom. For the VOF case, the cells near the
surface are refined through horizontal splitting in two steps, such that a cell aspect ratio
of 0.125 is achieved at the water surface (see Figure 1 for details). Base values for
the temporal discretization of At = 3L and Ar = 2 L are chosen for the ALE-IT
and VOF cases, respectively. This yields constant maximum CFL numbers of about
0.2 throughout the study. Figure 2 shows the variation of the mean wave height H,
measured at probe 2, and the wave decay* between probes 1 and 5 over the mesh size
variations, along with a regression analysis and the 1 % error threshold with respect to
the extrapolated exact solution. Only the results of the last 39 simulated wave periods

“In this work, the wave decay is calculated as the decrease in mean wave height per distance the wave
propagates (decay = AA—?)‘

10
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Figure 1: Geometrical setup for verification and validation against theory in side view. Green annotations
indicate boundary conditions and relaxation zones. Numbers in braces give wave probe locations.

a7 are analyzed. As can be seen from Figure 2, both the ALE-IT and VOF methods are
a2s able to reproduce the intended sea state with acceptable accuracy and decay. Both
s2s  methods converge to a grid-independent solution with rates close to the expected value
a0 for a second-order solution (i.e., an exponent of 2 in the regression analysis). The
s analysis shows that for the ALE-IT method, about 90 CPL are needed to reproduce
x2 the extrapolated exact mean wave height with a 1 % error, while for the VOF method,
s about 110 CPL are needed. To ensure spatial discretization errors below 1 % (in terms
aa  of the wave height), CPL values of 200 are used for both the ALE-IT and VOF methods
as  throughout this work.

3% For the temporal convergence study, the time step (Af) is varied between 0.005 s
a7 and 0.1 s for the ALE-IT method, which yields maximum CFL numbers between 0.01
xe and 0.18. For the VOF method, the time step is varied between 0.001s and 0.02s,
s which yields maximum CFL numbers between 0.02 and 0.6. The study is carried out
a0 with a spatial discretization of 200 CPL. Figure 3 shows the results of the temporal
s convergence study. As can be seen here, the VOF method requires much smaller time
a2 steps to achieve similar accuracy to the ALE-IT approach. This is partly a result of the
as  fact that the VOF method requires smaller cells at the interface, which in turn require a
as  reduced time step to maintain a sensible CFL number. As the time step variation seems
xs  to affect the wave decay much stronger than the mean wave height, an increase of the
us  decay of about 1.25 x 107> with respect to the extrapolated value at At = 0 is chosen
a7 as the reference value. This is achieved by the ALE-IT method with Az = 0.05s and

11
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Figure 2: Results from spatial discretization study for ALE-IT (left) and VOF (right) approach. Mean wave
height (upper row) and wave decay (lower row) over spatial discretization, along with regression analysis
(dotted lines) and 1 % error threshold w. r. t. extrapolated solution at CPL = oo

by the VOF method with At = 0.01 s. The results suggest that for cases where a small
wave decay is not critical, larger time steps can be chosen for both methods without a
significant error in the reproduction of the initial wave height.

From the combination of both convergence studies, the following recommendations
are derived. For both methods, 200 cells per wavelength are recommended with a
cell aspect ratio of 0.5 and 0.125 at the surface for the ALE-IT method and the VOF
method, respectively. The time step is chosen to yield maximum CFL numbers of 0.1
and 0.2 for the ALE-IT method and the VOF method (for the pure wave propagation
problem). At these discretizations, the ALE-IT and VOF methods produce a decay of
2.3% 107 m/m and 1.2 x 107> m/m, respectively, which is considered acceptable for most
engineering applications. On identical machines using 20 processors in parallel, the
VOF method needed 54 s per second of simulated time, while the ratio was 10 for the
ALE-IT method. The ALE-IT method thus calculates this two-dimensional reference
case about 80 % faster than the VOF method. Despite best efforts, the present study
cannot claim to fully exploit the acceleration potential of both methods. Nevertheless,
the respective performance found in the present study provides a clear indication that
the ALE-IT method can provide a significant gain in efficiency for numerical wave
tanks compared to the VOF method, in cases where its obvious limitations can be
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Figure 3: Like Figure 2, but for temporal discretization study

as accepted.

367 Figures 4 and 5 show the full results for the reference setups. Here, the mean

sss  surface elevation signals at probe 2 (averaged over the last 39 wave periods) are shown
along with mean profiles of the horizontal velocity at the wave crest and trough. It

~ 1.04 [ 1
| 100
1 0.96
T 02 025 03
=
~0.92 :
" Z0.96 3\/
\ I = _1.00 1
0 02 04 06 08 1 07 075 08
iyt [-]
—— wavetherory —— ALEIT —— VOF ‘

Figure 4: Mean surface elevation signal at probe 2 for reference discretizations

369

a0 can be seen that, while the ALE-IT method produces a wave slightly higher than the
s intended sea state, it avoids possible numerical disturbances in the velocity field close
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Figure 5: Mean wave crest (left) and trough (right) horizontal velocity profile at probe 2 over depth for
reference discretizations

to the free surface.

Wave reflection from the outlet boundary is analyzed using a three-probe reflection
analysis (Mansard and Funke, 1980). Probes 3, 4, and 5 are used for this analysis. The
reflection coefficients’ are 1.8 % and 0.2 % for the ALE-IT and VOF case, respectively.
For practical purposes, values below 5 % are considered acceptable for numerical wave
tanks (Borsboom and Jacobsen, 2021).

3.2. Validation against experimental data for wave propagation over a bar

Numerical wave tanks are often used to study the interaction of waves with struc-
tures. Interface tracking methods especially lend themselves to studies of fully sub-
merged structures. This capability will be validated here by reproducing an exper-
imental study of wave propagation over a submerged bar by Beji and Battjes (1993).
The geometric setup for the numerical validation study is shown in Figure 6. The probe
locations are given in Table 2. The setup closely follows the experimental layout of Beji

Probe 1 2 3 4 5 6 7
[m] 57 105 125 135 145 157 173

Table 2: Probe locations for wave propagation over a bar (w.r. t. coordinates as shown in Figure 6)

and Battjes (1993). The water depth is 0.4 m in the deep region and 0.2 m above the
shoal. The experimental domain is extended by a wave generation zone instead of the
physical wave maker, and the physical beach is replaced by a (shorter) wave relaxation
zone in the numerical calculations. The sea state properties are given in Table 3. Again,
calculations with both the ALE-IT and VOF methods are carried out, and the results
are compared. The cases are set up following the discretization recommendations of

SFollowing Windt et al. (2019), the wave reflection coefficient is defined by the ratio of the peak power
spectral densities of the incident and reflected wave spectra in this work.
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Figure 6: Geometrical setup for validation against experiments of wave propagation over a bar. Numbers in
braces give wave probe locations (see Table 2).

T[s] H[m] h[m] A[m]
2.02  0.02 0.4 3.74

Table 3: Sea state details for wave propagation over a bar

Section 3.1, using 200 CPL and time steps of 51073 s and 1.25x 1073 s for the ALE-IT
and VOF method, respectively. Figure 7 shows the time series of the surface elevation
at different probe locations compared to the experimental results. As can be seen from

(Probe 2) (Probe 4) (Probe 7)

1072

393
394

395
396
397
398

399

400

401
402
403
404

405

180

2 4 0 2 4 0 2
111 ir1-] i1 l-]
ALE-IT —— VOF ‘

experiment

Figure 7: Time series of surface elevation for wave propagation over a bar, with experimental data of Beji
and Battjes (1993).

Figure 7, both the VOF and ALE-IT methods produce results in good agreement with
the experimental data. At probe 7, the numerical wave signals show slightly different
dynamics from the experimental data. This might be caused by wave reflection from
the beach in the experimental setup. These results show that the ALE-IT method is
able to capture the interaction of waves with submerged structures both accurately and
efficiently.

3.3. Example application to wave effects on a buoyant plume

So far, the ALE-IT method has been applied to two-dimensional cases with struc-
tured grids in this work. To demonstrate the applicability of the method to practical en-
gineering problems, an advanced application with an unstructured three-dimensional
grid will be presented in this section. The example case models a turbulent buoyant
plume from an artificial upwelling device.
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The term artificial upwelling describes the engineered transport of nutrient-rich
deep ocean water to the surface. This process is currently being studied for its ability
to contribute to marine carbon dioxide removal measures. For example, Lovelock and
Rapley (2007) proposed that a pipe with a one-way valve at the bottom, moving with
the wave motion, could provide a wave energy-driven method for upwelling of deep
ocean water. As pointed out by Kirke (2003), the upwelled water in such a scenario
would be negatively buoyant when discharged at the surface, due to its low tempera-
ture, and could thus sink back out of the surface region. The present application studies
this problem by modeling a discharge of cold deep ocean water from a vertical pipe.
By comparing a case with and without free-surface waves, it will be studied how waves
affect the mixing of the cold upwelled water. While the previous studies in this work
have been done under isothermal and isohaline conditions (i. e., the temperature and
salinity equations were not solved), the present study will be done with dynamic tem-
perature and salinity. Also, the present study will employ a RANS turbulence model.
The well-known k-w SST turbulence model (Menter, 1994) is used. For more realistic
plume dynamics, a simple buoyancy source term is applied to the turbulence model
following Van Maele and Merci (2006). As shown by Larsen and Fuhrman (2018),
the k-w SST model is prone to producing exponentially growing turbulence levels in
wave simulations and thus needs to be stabilized. As the limiter approach of Larsen
and Fuhrman (2018) was found to be too intrusive on the plume dynamics, a vorticity-
based turbulence production term is used in the present work. This modified version
of the k-w SST turbulence model is known as the k-w SST-V model (Brown, 2011).
Throughout this work, the modification has been found to provide the necessary stabi-
lization of the turbulence levels without significant intrusion on the plume dynamics.

Figure 8 shows the temperature and salinity depth profiles used in this study, along
with the depth of the hypothetical wave pump device and the depth range resolved in
the present study. The profiles represent typical autumn conditions close to the Canary
Islands. Figure 9 shows the geometrical setup of the study domain. For simplicity,

Sa [¢/xel

36 36.5 37
0 T

computational

50 [ ,% ~| | domain
(=4
—_ =
£ 100 [~ g -
= [}
a z
g 150 & 8
200 |- -

0 [°C]

Figure 8: Temperature and salinity depth profiles with extent of upwelling pipe and computational domain

the pipe is fixed in space in this study, and steady inflow of deep ocean water with
temperature and salinity conditions at the source depth (200 m) and a volume flow rate
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Figure 9: Geometrical setup and boundary conditions for buoyant plume case with (red) and without (blue)
waves

a  of 510m°/n is assumed®. The pipe diameter is 1.9m. A small cross-flow velocity of
s7  0.041 m/s is introduced (by means of a global pressure gradient) to account for the fact
«s  that the pipe, if not moored, would drift at the speed of the mean current across the pipe
w9 depth, which (assuming a non-constant current profile) would lead to a relative flow in
w0 the modeled surface region. The same sea state as in Section 3.1 is used (see Table 1),
w1 but with an increased water depth of 1000 m.

w2 A hex-dominant meshing strategy is employed to discretize the computational do-
w3 main. The base mesh follows the recommendations from Section 3.1 close to the pipe
«s and is gradually coarsened in the far field. The mesh is permanently refined in four
ws  steps in the vicinity of the pipe, and prism layers are used on the pipe wall to ensure
ws  correct resolution of the boundary layer. The plume is resolved through adaptive mesh
«7 refinement, using up to three refinement steps based on the deep water concentration
«s  (as indicated by a passive tracer variable). This methodology ensures an optimal reso-
w9 lution of the plume without having to know its trajectory and refine the mesh a priori.
w0 Figure 10 shows a slice through the mesh at the beginning of the calculation and after
st 3600s of simulated time. The initial cell count is 3 Mill. and 2.5 Mill. while the final
w2 cell count after 3600 simulated seconds is 6.3 Mill. and 6.7 Mill. for the case with and
«s  without waves, respectively. The cases ran for about 180 and 80 hours on 64 processor
«ss cores (Xeon Gold 6426Y) across two cluster nodes. Processor load balancing through
4«5  the blastAMR library is applied in the case without waves, while the wave case had
s to be stopped and restarted a number of times to rebalance the processor load (see
47 Section 2.4).

458 Figure 11 shows snapshots of the final solution after 3600 s. Here, the deep water
40 concentration (indicated by the yellow color) is shown. It can be seen that the waves
w0 have a significant effect on the mixing of the discharged deep ocean water. The dis-
w1 charged deep ocean water is diluted faster and, as a result, shows less sinking tendency
«2 under wave influence. Figure 12 shows a histogram analysis of deep water concentra-

9The flow rate was chosen to be consistent with the assumptions of Oschlies et al. (2010) and Jiirchott
et al. (2023).
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Figure 10: Computational mesh for buoyant plume case without waves at times Os and 3600 s along with
upwelled deep water concentration contours

tion over depth at time 3600 s. The deep water concentration (as indicated by a passive
tracer) is analyzed in 2 m depth bins across the entire computational domain. In Fig-
ure 12, the amount of deep water in each bin is given, normalized by the total amount
released from the upwelling pipe. This representation allows for an analysis of the per-
centage of upwelled deep water located above a certain depth (lines in Figure 12). It
can be seen that for the case with waves 50 % of the upwelled water is located above a
depth of 15 m at this time, while for the case without waves the 50 % quantile is only
reached at a depth of 30 m. Due to the wave effect, the upwelled water is distributed
much more evenly throughout the ocean’s mixed surface layer than without waves. The
results thus show that waves significantly affect the mixing behavior of buoyant plumes
in the surface ocean, leading to a faster dilution of the upwelled water and a strongly re-
duced tendency to sink back down as a result of its high density. While this result has to
be generalized through additional studies with different sea states and upwelling rates,

Figure 11: Buoyant deep ocean water plume in cross-flow. Snapshots of the solution with and without waves
after 3600s.
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Figure 12: Histogram analysis of upwelled deep water concentration over depth at time 3600 s for case with
(red) and without (blue) waves. Concentration is analyzed in 2m depth bins and normalized by the total
amount of upwelled deep water. Lines give quantiles of upwelled deep water retained above a given depth.

a7 it marks an important indication for the feasibility of wave energy-driven artificial up-
«7 welling and partly contradicts earlier assessments Kirke (2003); Kemper et al. (2022),
«s which indicated that the upwelled water would sink back out of the surface ocean if no
a9 further action was taken. The present study thus demonstrates the applicability of the
s0  ALE-IT method to practical engineering problems.

w1 4. Conclusions

a2 An OpenFOAM®-based arbitrary Lagrangian-Eulerian interface tracking approach
s for free-surface wave propagation has been presented. The method is based on the
s work of Tukovi¢ and Jasak (2012), with a modified time integration algorithm, new
s mesh motion solvers, and several additional enhancements to enable efficient calcu-
«s lations of free-surface wave propagation. The method was further enhanced with an
«7 adapter class for the wave generation and absorption toolbox waves2foam (Jacobsen
s et al., 2011). Adaptive mesh refinement capabilities were implemented based on the
a0 blastAMR library, which was extended to enable simultaneous mesh motion and refine-
490 Mment.

491 A grid- and time-step convergence study has been performed to establish the dis-
42 cretization requirements for the method. It was found that, due to lower discretization
43 requirements, the ALE-IT method has significantly reduced computational cost com-
4« pared to an equivalent standard VOF approach for wave propagation. The accuracy of
4«5 the method was validated by a comparison against experimental data for wave propaga-
496 tion over a submerged bar. Finally, its applicability to advanced engineering problems
4«7 was demonstrated by performing a study on wave effects on the dynamics of a turbulent
48 buoyant plume from an artificial upwelling pump.
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Due to their limitations regarding the free-surface shape, ALE-IT methods have a
limited applicability to marine and coastal engineering problems. With recent advances
in high-performance computing, more general methods like VOF have become the
standard choice for free-surface flows. The present work shows that, in cases where
its limitations can be accepted, ALE-IT can be an efficient and accurate alternative
approach for free-surface flow problems. Its principal advantages are:

e Low spatial and temporal discretization demand
e Fewer numerical artifacts near the free surface

e Less spurious turbulence generation

No unphysical transport across the interface

Ability to apply boundary conditions (e. g., wind shear and heat flux) directly on
the interface

The method should be extended in the future with capabilities to handle floating bod-
ies and more general mesh motion in the free-surface plane. Existing limitations with
respect to adaptive mesh refinement and processor load balancing should be resolved.
Also, stabilization and parameterizations for breaking waves should be explored. Fi-
nally, the applicability of the method for marine and coastal engineering problems
should be further evaluated with a wider range of studies.
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Abstract

Artificial upwelling has been proposed as a marine CDR approach to enhance the ocean’s carbon sink,
but found to disrupt the ocean thermocline through the upwelling of cold water, which leads to severe
consequences for the Earth system, especially after pipe-termination. One potential approach to realize
artificial upwelling are counterflow Stommel-Pipes. These pipes establish a self-sustaining upwelling and
simultaneous downwelling flow through efficient heat exchange between both streams, which could avoid
ocean thermocline disruption. In this study, we simulate a specific Stommel-Pipe design in an Earth
system climate model between years 2025-2100 under low and high future CO,-emission pathways to
assess present to future pipe performance and impact on the Earth system. We find sustained peak
upwelling intensities up to 0.45 m?/s/pipe around subtropical gyres. However, by redistributing interior
DIC to the surface ocean, the Stommel-Pipe led to net CO outgassing to the atmosphere especially around

the South Pacific.

Plain Language Summary

Global mean surface air temperature has risen since preindustrial times due to the continuous release of
anthropogenic greenhouse gas emissions (mainly CO;) into the atmosphere. Marine carbon dioxide
removal (mCDR) methods aim to enhance the CO, uptake of the ocean to offset anthropogenic CO»-
emissions in an attempt to limit future global mean surface air temperature increase. Artificial upwelling
is a proposed mCDR technology that deploys vertical pipes in the ocean with the aim to upwell nutrient-
rich interior water to the surface, fertilising plankton ecosystems and promoting additional CO, uptake by
enhancing the ocean's biological carbon pump. In this study, we use an Earth system climate model of
intermediate complexity to investigate the global upwelling potential, mCDR implications and potential
side effects of the Stommel-Pipe upwelling concept, which establishes a self-sustaining upwelling and
simultaneous downwelling flow through efficient heat exchange between both streams. We find sustained
peak upwelling intensities up to 0.45 m3/s/pipe around subtropical gyres, but by redistributing interior
ocean DIC to the surface ocean, the Stommel-Pipe led to net CO» outgassing to the atmosphere especially

around the Southern Pacific subtropical gyre.
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1 Introduction

[1] The CO2 concentration in the Earth’s atmosphere has continuously risen since preindustrial times due
to human activity, such as fossil fuel burning and land-use change, and causes an increase in global surface
air temperature (IPCC 2022). In addition to extensive CO; mitigation efforts, a variety of geochemical
and biotic marine carbon dioxide removal (CDR) approaches are currently under investigation, which aim
to enhance the global ocean’s CO; uptake potential in an effort to compensate legacy and future hard-to-
abate CO»-emissions (NASEM 2022, Oschlies et al., 2025). Artificial upwelling is one proposed biotic
marine CDR approach, which uses vertical pipes to be deployed in the open ocean to upwell nutrient-rich
ocean interior water in an effort to stimulate and enhance the biological carbon pump (Lovelock & Rapley,
2007). However, recent studies found that the potential of artificial upwelling to increase the ocean carbon
sink is quite limited, if not combined with ocean iron fertilization and / or open ocean macro-algae farming
(Wuetal., 2023, Jiirchott et al., 2024). Like most biotic marine CDR methods artificial upwelling can also
enhance ocean deoxygenation and promote denitrification as a side effect (Oschlies et al., 2025).
Additionally, when done with, e.g., wave-driven pipes, artificial upwelling uniquely impairs Earth’s
energy balance by enhancing ocean heat uptake via transporting cold water to the surface ocean (Jiirchott
et al., 2025). The additional heat taken up by the ocean is stored in the ocean interior and can radiate back
to the atmosphere, which leads to an increase in surface air temperatures after pipe-termination at least
over the following decades in comparison to the reference (without artificial upwelling) experiment
(Oschlies et al., 2010). This specific side effect could be avoided through the use of a counterflow
Stommel-Pipe design, which simultaneously generates convective upwelling and downwelling, while
exchanging heat between both streams, leaving the ocean’s thermocline largely unaffected (Stommel et
al., 1956, Figure 1d). As a consequence, the Stommel-Pipe concept offers a conceptual advantage over
e.g., wave-driven artificial upwelling, which has so far not been investigated in detail in the context of
marine CDR (Pan et al., 2016, Kemper et al., 2025). However, a Stommel-Pipe can only lead to upwelling
in ocean regions in which the surface ocean has a higher salinity concentration in comparison to the
salinity concentration at the pipe’s source depth (Figure 1a-c). Additionally, the upwelling intensity of a
Stommel-Pipe is not constant, but depends on the specific pipe design, absolute surface salinity and
temperature, as well as their gradient between the surface ocean and the pipe’s source depth, and the

overall length of the pipe. (Kemper et al., 2025).
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[2] In this study we assess the present to future performance of a new Stommel-Pipe design in an Earth
system climate model of intermediate complexity with a maximum technical potential approach under the
future RCP 2.6 and 8.5 COz-emission pathways, quantify its impact on Earth’s heat distribution, carbon

cycle and ocean ecosystem and investigate the Earth system response after Stommel-Pipe termination.

RCP 2.6, yr: 2030 Stommel-Pipe
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Figure 1: Overview of physical preconditions for a Stommel-Pipe to lead to upwelling. (a) Difference in
salinity in PSU between surface ocean and 1103 meters depth for year 2030 along with global average
depth profile (pink) and local profile in Southern Atlantic subtropical gyre (black, location marked in
panel (a) with “X”) of (b) salinity in PSU and (c) potential temperature in °C for the reference (transient
climate change experiment without any marine CDR being simulated) experiment performed under the
future RCP 2.6 CO»-emission pathway. (d) Schematic illustration of general counterflow Stommel-Pipe
concept with color code representing water temperatures (red = warm, blue = cold), which leads to
simultaneous upwelling and downwelling under temperature and salinity conditions found in e.g.,

Southern Atlantic subtropical gyre (Kemper et al., 2025). Note that the implicitly simulated Stommel-Pipe
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design used in this paper assumes a technical design with 40 inner pipes with 25 ¢cm in diameter each and

one outer pipe with a diameter of 225 cm.

2 Methods

Model description

[3] In this study, we use the UVic 2.9 Earth System Climate Model of intermediate complexity (Keller et
al., 2012, Yao et al., 2019), which consists of a three-dimensional ocean circulation model, including a
sea-ice model, a land model and a simple one-layer atmospheric energy-moisture balance model (Weaver
et al., 2001). All model components share a 3.6° longitude and 1.8° latitude resolution. The model ocean
consists of 19 vertical levels with a 50 m thick layer at the surface and up to 500 m thick layers in the deep
ocean and includes eddy-induced tracer advection, as well as physical parameterizations for diffusive
mixing along and across isopycnals (Gent & Mcwilliams, 1990). Heat and carbon fluxes between all
model components are interactively calculated. The land model includes terrestrial vegetation, which is
sensitive to temperature and experiences a CO»-fertilization effect via atmospheric CO; concentrations,
and soil organic matter respiration, which is sensitive to and accelerates by increased temperatures
(Meissner et al., 2003). The model ocean contains a fully simulated carbon cycle, including CO; gas
exchange (Orr et al., 1999) and prognostic tracers like alkalinity and DIC, as well as the nutrients
phosphate, nitrate and iron. A marine NPZD-ecosystem model represents the biological carbon pump
(Frenger et al., 2024), in which we assume a fixed C-N-P-Fe organic matter stoichiometry and no CO»-
fertilization effect (Keller et al., 2012; Nickelsen et al., 2015; Yao et al., 2019). A simple CaCOs3 counter
pump approximation is included as well, but the production and dissolution of CaCOs is not sensitive to
COz (Schmittner et al., 2008). A detailed description of the model is given in the Supporting Information
S1.

Simulation of Stommel-Pipe

[4] We simulate a new shell-and-tube type Stommel-Pipe design as described in Kemper et al. (2025) in
a maximum potential approach from a technical perspective (i.e., a maximum potential ocean area pipe-
coverage) in the UVic Earth system climate model. The simulated pipe parameterization is based on
modelling results for a design with 40 inner pipes with 25 cm in diameter each and one 225 cm in diameter

outer pipe, which encloses the inner pipes. The dimensions were chosen based on an optimalization study
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presented in Kemper et al., 2025. As efficient heat exchange is assumed between the inner and outer pipe,
salinity remains within the pipe as the dominant variable to determine water density (Figure 1). This leads
to downwelling within the outer pipe, which is filled with heavier, high-salinity surface water, and
upwelling within the inner pipes, which are filled with lighter, low-salinity ocean interior water. Overall,
the upwelling intensity of a counterflow Stommel-Pipe design depends on absolute surface salinity and
temperature, as well as their gradient between the surface ocean and the pipe’s source depth, and the
overall length of the pipe (Kemper et al., 2025). A different Stommel-Pipe design would lead to a different

upwelling intensity per pipe under the same physical preconditions.

[5] We simulate 303, 643 and 1103 meter long pipes with different pipe per area ratios (Table S1) over
the entire ocean as part of our maximum potential approach. All three chosen pipe lengths are consistent
with depth levels on which ocean tracer calculations are performed within the used UVic model and cover
different temperature and salinity gradients between surface ocean and pipe source depth (Figure 1b,c).
The upwelling intensity per pipe is individually calculated in each ocean grid cell and time step during
model run time and depends on the absolute salinity concentration and temperature at the surface ocean,
as well as the relative gradients between the surface ocean and the pipe’s source depth. Thus, upwelling
intensity is expected to vary with pipe location, season and future COz-emission pathway, which also
implies a dynamically changing Stommel-Pipe upwelling area during model experiments (see
experimental design section). The pipe-length dependent equations to perform this calculation are derived
from work of Kemper et al. (2025) and are shown in the Supporting Information (Equation S1 & Table
S2). The upwelling and simultaneous downwelling between the surface ocean and the pipe’s source depth
redistributes all ocean tracers in the UVic model between both layers, including salinity, DIC, alkalinity
and all nutrients, but excludes temperature. This implementation implies the assumption of a 100%
efficient heat exchange between the inner and outer pipes of the Stommel-Pipe. Thus, the ocean
thermocline is not directly impacted via the Stommel-Pipe’s activity. The real-world heat exchange
efficiency of a Stommel-Pipe would depend on pipe design and build material, length of the pipe and
upwelling intensity, i.e., how much time would the upwelling and downwelling streams within the pipe
have to exchange heat, and the temperature difference between surface ocean and pipe source depth. The
heat exchange is a key advantage of the counterflow Stommel-Pipe design, as e.g., wave-driven artificial
upwelling pipes are expected to redistribute heat in the ocean through the upwelling of cold water to the

surface ocean and thus, cause major issues within the ocean’s and atmosphere’s heat content, especially
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after pipe-termination (Oschlies et al., 2010). However, the Stommel-Pipe directly redistributes salinity
and thus, can lead over time to a reduced vertical salinity gradient, which impacts ocean physics and the
large-scale circulation in the model, as well as impairs the Stommel-Pipe’s own upwelling potential, which

strongly depends on the vertical salinity gradient.

Experimental design

[6] Following model spin-up under preindustrial pCO> conditions for 10,000 years, we simulate the
historical period from the year 1765 to 2006 with COz-emissions to the atmosphere, which are consistent
with historical fossil fuel and land-use CO»-emissions, and continue until the year 2100 with either the
low RCP 2.6 or high RCP 8.5 CO;-emission pathway as our reference experiments (Meinshausen et al.,
2011). Branching from the reference experiments in year 2025, artificial upwelling via the Stommel-Pipe
design is simulated continuously (from the year 2025) until 2100 (“AU-cont.”) under both CO;-emission
pathways with different pipe lengths and pipe per area ratios (Jiirchott & Kemper 2025). Additionally, we
performed experiments in which we stop artificial upwelling in the year 2050 (“AU-stop”), but continue
the experiment until year 2100. An overview of all performed model experiments is shown in Table S1.
We choose both COz-emission pathways to assess 1) the potential CO2-emission pathway dependency for
future predicted Stommel-Pipe upwelling performance and ii) the Stommel-Pipe’s impact on Earth’s
carbon cycle. The simulated future CO2-emission pathways has previously been shown to be one key
variable to determine the marine CDR potential of wave-driven artificial upwelling (Jiirchott et al., 2023).
Artificial upwelling stop-experiments are performed to investigate potential termination issues, which

have previously been observed in wave-driven artificial upwelling simulations (Oschlies et al., 2010).

3 Results and Discussion

Stommel-Pipe upwelling potential

[7] Stommel-Pipes with either 643 or 1103 meter length are able to generate significant upwelling over
up to 1.9 * 10 km? of the ocean’s surface covering regions around the equator and subtropics with hotspots
around the subtropical Atlantic and Pacific gyres (Figure 2, S1 and S2). With annual mean upwelling
intensities of up to 0.45 m3/s/pipe (Figure 2b) the detected peak upwelling intensity of the Stommel-Pipe
in our model is nine times higher than what is currently assumed to be the technical feasibility limit of

ocean upwelling devices (0.05 m?/s/pipe, Koweek 2022). The pipe-covered area for 643 and 1103 meter
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pipe length experiments declines over time (Figure 2a). This reduction intensifies with an increase in the
simulated pipes per km? ratio and causes a decline in the pipe covered area of 45% down to 1.05 * 10%
km? for the 10 pipes per km? experiment until the end of the century under RCP 8.5. We trace the decrease
in pipe-covered area back to a degradation of the vertical salinity gradient, which intensifies with stronger
overall upwelling (Figure S4a,b). This causes pipes, especially in initially less efficient upwelling regions,
to shut down over time, as the physical preconditions for the Stommel-Pipe to lead to upwelling are locally
no longer present. However, the annual mean upwelling intensity within the remaining pipe-covered area
remains quite stable, but the upwelling efficiency per pipe reduces with a greater pipe per km? ratio (-25%
from 1 to 10 pipes per km?, Figure 2c). Shorter 303 meter long pipes show overall very limited potential
in terms of area and upwelling intensity, as the vertical salinity gradient is not particularly prominent and

as a consequence of seasonality effects (Figure 2f, next paragraph).
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Figure 2: Overview of present to future Stommel-Pipe performance under future RCP 8.5 COz-emission
pathway. Change in (a) global pipe-covered area in km? and (c) global mean upwelling intensity within
the pipe-covered area in m*/s/pipe over time with (¢) monthly resolution for year 2030. Color code
represents simulated pipe lengths of 303 (orange), 643 (green) and 1103 meter (black), line style represents
simulations of 1 pipe per 10 km? (doted), 1 pipe per 1 km? (continuous) and 10 pipes per km? (dash) and

upward / downward pointing triangles are contribution of pipes located in the Northern / Southern
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Hemisphere. The (b) pipe-covered area is spatially resolved for simulations performed with 1 pipe per
km? and for year 2030 and shown in shades of blue via the upwelling intensity in m?®/s/pipe for 1103 meter
long pipes and via the pipe’s active upwelling days per year (1 = 365 days active, 0 = 0 days active) for
(d) 1103 and (f) 303 meter pipe length. See Figure S2 for RCP 2.6 experiments.

[8] Seasonal changes in salinity and temperature impact the Stommel-Pipe’s physical preconditions to
lead to upwelling and thus, must be taken into account (Figure 2¢ and S2¢). We find a consistent pattern
of lower global mean upwelling intensities between February and March (up to 0.137 m3/s/pipe) and
higher upwelling intensities between September and October (up to 0.164 m?/s/pipe). This pattern is
dominated by the southern Hemisphere seasonal cycle, as the majority of upwelling generating pipes are
located there (Figure 2¢), and arises predominantly from seasonal surface ocean temperature changes, as
the salinity gradient between the surface and the pipe’s source depth is close to stable for 643 and 1103
meter long pipes (Figure S8 & S9). During local winter to spring, the temperature gradient over depth is
weakest, which reduces stratification and promotes upwelling via the Stommel-Pipe, while a strong
temperature gradient over depth in local summer to autumn reduces the pipe’s upwelling potential. For
303 meter long pipes, seasonal changes in temperature and salinity are sufficient to cause global failure
of the Stommel-Pipe to lead to upwelling between December and April. Despite simulating all
experiments under RCP 2.6 and 8.5 and thus, causing differences in ocean circulation, stratification, ocean
surface temperatures, sea-ice cover and evaporation, we find little to no future COz-emission pathway

dependency for the upwelling intensities of the Stommel-Pipe over time (Figure 2 vs. S2).

Earth system response

[9] In our maximum potential approach, artificial upwelling via Stommel-Pipes does not lead to significant
additional ocean carbon uptake but instead causes net ocean CO» outgassing (Table 1, Figure 3 and S3).
We find stronger CO; outgassing under greater overall upwelling and the outgassing is CO>-emission
pathway dependent, with less outgassing under RCP 8.5 compared to experiments performed under RCP
2.6 (up to -168 Pg C under RCP 2.6) due to differences in the atmospheric CO; concentration (Figure
S5a). The terrestrial carbon cycle partly compensates higher atmospheric CO»-concentrations via a
carbon-concentration feedback (Figure S3c,d).The CO» outgassing occurs predominantly over the pipe-
covered area around the Southern Pacific (Figure 3g,h) due to the upwelling of DIC-rich ocean interior

water to the surface ocean (Figure 3f and S5b) and is accompanied by the accumulation of phosphate and
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nitrate at the surface ocean (Figure S6 and S7). The accumulation of phosphate and nitrate at the surface
ocean is an indication of an iron-limited ecosystem. Note that we assume a fixed carbon to nutrient
stoichiometry in the model’s ocean ecosystem, which implies that additional ocean carbon uptake via the
biological carbon pump can only occur via the utilization of upwelled preformed nutrients in addition to
fully utilization of upwelled remineralized nutrients (Jiirchott et al., 2023). Nonetheless, cumulative export
production out of the 130 meter depth layer strongly increases by up to 302 Pg C due to the upwelling of
ocean interior nutrients (Table 1) However, this increase does not lead to net ocean carbon uptake, but
promotes ocean deoxygenation of up to -8 Pmol as a side effect, especially within the mesopelagic zone
at around 300 meters depth (Figure 31). Thus, the stimulated biological carbon pump via Stommel-Pipe
upwelling did not compensate for the amount of simultaneously upwelled DIC and ultimately leads to net
CO»> outgassing into the atmosphere. As a consequence, artificial upwelling via the Stommel-Pipe causes
a redistribution of carbon from the ocean interior with a relatively long residence time of up to centuries

(DeVries & Primeau, 2011) directly to the surface ocean and atmosphere (Figure 3f).

[10] Artificial upwelling via the Stommel-Pipe enhances ocean stratification and slows down ocean
circulation (Figure 3c and Tablel). The increase in ocean stratification is the consequence of two
processes. First, the Stommel-Pipe upwells low-saline water and simultaneously downwells high-saline
water, without affecting the thermocline directly (Figure S4a,b), which increases potential density
differences between surface ocean and interior ocean (Figure 3¢). Second, the unintended CO> outgassing
promotes higher global mean surface air temperature and, in consequence, higher sea surface
temperatures, which reduces CO;-solubility and further enhances CO> outgassing as a positive feedback
loop. Additionally, the increased temperature difference between surface ocean and interior ocean
promotes a stronger thermocline (Figure S4c,d) and further enhances ocean stratification. The
consequence is a reduction in ocean circulation (AMOC decrease of up to -4.56 Sv) with further
implications on ocean carbon and heat uptake and transport into the ocean interior (Table 1 and Figure
S3e,f). Conclusively, artificial upwelling via the Stommel-Pipe shows low potential as a stand-alone
marine CDR approach, as we find no significant additional ocean carbon uptake but net ocean CO;
outgassing, especially around the Southern Pacific, and enhanced ocean stratification, which causes a

significant slowdown in the overturning circulation.
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274

275  Table 1: Earth system response to different Stommel-Pipe experiments shown for year 2100 with continuous upwelling done between
276  year 2025-2100. Abbreviations: global mean surface air temperature (SAT), atmosphere (C*™), ocean (C°*) and terrestrial (C**") carbon
277  inventory, cumulative net primary production (cum. NPP) and export production (cum. EP) out of the 130m depth layer, ocean oxygen
278  (0O2) inventory, Atlantic Meridional Overturning Circulation (AMOC) and ocean heat uptake (OHU).

279

280  pipe configuration SAT Cam Coee Cter cum. NPP cum. EP 02 AMOC OHU
281 ["C] [Pg C] [Pg C] [PgC] [PgC] [Pg C] [Pmol] [Sv] [W/m?]
282
283 RCP 2.6
284 reference
285 (n/a) 14.68 900 37551 2021 3594 468 223 1455  0.92
286
287 AU - reference
288 303m, 1 pipe / km? -0.04 -0.8 -0.2 0.9 0 0 0.0 -0.14  0.03
289 643m, 1 pipe / km? 0.03 16.4 -20.9 4.5 1379 107 -4.4 -2.38  0.05
290 1103m, 1 pipe / km? 0.05 19.3 =259 6.6 1644 127 =53 -2.45  0.06
291
292 1103m, 1 pipe / 10km?>  0.01 1.4 -1.8 0.4 213 20 -0.9 -0.51  -0.01
293 1103m, 10 pipes / km? 0.34 122.1 -167.7 45.6 4350 288 -7.1 -4.56  0.39
294
295 RCP 8.5
296 reference
297 (n/a) 17.06 2041 37791 2200 3598 459 221 12.47 3.45
298
299
300
12
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301 AU - reference

302 303m, 1 pipe / km? 0.00 -0.2 -0.1 03 1 0 0.0  -0.10 001
303 643m, 1 pipe / km? 0.03 105 -6.5 40 1490 112 47 195 -0.03
304 1103m, 1 pipe/Ikm*  0.03 7.7 -4.6 31 1745 131 56 171 -0.03
305

306 1103m, 1 pipe/ 10km>  0.01 -0.2 11 09 218 20 -0 036 -0.01
307 1103m, 10 pipes / Tkm*  0.20 97.8 -96.6 13 4737 302 80 -3.04 003
308

309

13
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Figure 3: Earth system response to 1103 meter long Stommel-Pipe perturbation (Stommel-Pipe —
reference experiment). Temporal changes in global mean surface air temperature (a,b) in °C and ocean
carbon inventory (d,e) in Pg C and spatial change in positive downward surface carbon-flux (g,h) in
mol/m?/yr for year 2030 under RCP 2.6 (left column) and RCP 8.5 (middle column). Right column shows
global average change over depth for year 2100 and 1 pipe / km? experiments under RCP 8.5 of (c)
potential density in kg/m?3, (f) DIC in mol/m? and (i) oxygen in mol/m?. Color code represents continuous
artificial upwelling between year 2025-2100 (black) and artificial upwelling being stopped after year 2050
(red). Line style represents simulations of 1 pipe per 10 km? (doted), 1 pipe per 1 km? (continuous) and
10 pipes per km? (dash). Black and red lines do partly overlap. See Figure S3-S5 for additional

information.
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Termination effect

[11] After artificial upwelling via Stommel-Pipes is terminated in the year 2050, ocean CO; outgassing
stops and global mean surface air temperature, ocean temperatures and other impaired Earth system
variables slowly return towards reference experiment levels (Figure 3, S3, S4 and S6, red lines). However,
the ocean carbon inventory remains reduced until the end of the century under both CO;-emission
pathways, especially for the 10 pipes per km? experiments. The redistribution of interior ocean DIC to the
surface ocean, the CO; outgassing into the atmosphere or the increase in ocean stratification do not resolve
50 years after pipe-termination. Therefore, in our model experiments, artificial upwelling via the
Stommel-Pipe has no immediate termination effects, as has been previously shown for wave-driven
artificial upwelling, where surface air temperatures spiked above reference experiment levels after pipe-

termination (Oschlies et al., 2010, see next section).

Wave-driven vs. Stommel-Pipe upwelling

[12] Artificial upwelling via wave-driven pipes and Stommel-Pipes conceptually differ in terms of their
potential ocean application area. While wave-driven pipes can be deployed in theory everywhere in the
ocean, Stommel-Pipes only function under previously discussed physical preconditions, which get altered
through the Stommel-Pipe’s own upwelling activity (reduced salinity gradient over depth). Additionally,
the upwelling intensity of a Stommel-Pipe changes with length, location and season, whereas wave-driven
pipes would upwell a wave-dependent flow to the surface ocean. Second, Stommel-Pipe upwelling
enhances ocean stratification and reduces the overturning circulation, while wave-driven upwelling
reduces stratification, enhances the overturning circulation, and strongly enhances ocean heat uptake via
the upwelling of cold ocean interior water to the surface ocean (Oschlies et al., 2010, Jiirchott et al., 2025).
Under large-scale simulation of wave-driven pipes the upwelling of cold water enhances surface ocean
CO:z solubility and cools down the atmosphere, which causes a carbon-climate feedbacks and enhances
terrestrial carbon uptake (Jiirchott et al., 2025). The thermocline disruption and terrestrial carbon-climate
feedback do not occur under Stommel-Pipe upwelling due to efficient heat exchange between the upward
and downward streams within the pipe. Furthermore, enhanced ocean heat uptake via wave-driven pipes
causes additional heat to be stored in the ocean interior, which resurfaces after pipe-termination, causing

global mean surface air temperature to rise beyond reference experiment levels without simulated artificial
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upwelling (Oschlies et al., 2010). This undesirable termination effect also does not occur under simulated
Stommel-Pipe upwelling. Artificial upwelling via wave-driven and via Stommel-Pipes are similar in terms
of their stimulation of the ocean ecosystem. Both pipe types enhance net primary production, export
production and promote deoxygenation, but fail to enhance ocean carbon uptake via the biological carbon

pump as a consequence of iron-limitation especially in the Pacific Ocean (Jiirchott et al., 2024).

5 Conclusions and Outlook

[13] From a technical perspective, artificial upwelling via the simulated counterflow Stommel-Pipe design
(Kemper et al., 2025) can lead to significant upwelling, especially around the subtropical Atlantic and
Pacific gyres, if done with either 643 or 1103 meter long pipes, and without the immediate risk of directly
redistributing ocean heat throughout the water column via the pipe’s upwelling and downwelling activity.
However, the redistribution of salinity leads to an increase in ocean stratification and causes a slowdown
in the overturning circulation. We note that the assumed and simulated 100% efficient heat exchange
between the inner and outer pipes, as well as the calculated upwelling intensities, need to be verified with
e.g., a prototype field trial, as these details are key assumptions of our study, which could impact the pipe’s
upwelling performance, marine CDR potential and the overall response of the Earth’s carbon cycle and
heat budget during pipe-deployment and after pipe-termination. From the perspective of the surface ocean
ecosystem, artificial upwelling is very effective in upwelling nutrient-rich ocean interior water and
promoting net primary production, possibly with the potential for improved fish production (Kirke 2003,
Goldenberg et al., 2024), but is strongly limited by iron availability at the surface ocean in the Pacific
ocean and leads through enhanced export production to enhanced ocean deoxygenation as a side effect.
From a marine CDR perspective, artificial upwelling via the Stommel-Pipe would cause CO»-emission
pathway dependent net ocean CO> outgassing, especially around the Southern Pacific subtropical gyre,
and accelerate future global mean surface air temperature increase via the redistribution of carbon from
the ocean interior to the surface ocean and atmosphere. Conclusively, Stommel-Pipe upwelling should not
be considered or pursued as a stand-alone marine CDR approach to be deployed in the Southern Pacific.
However, artificial upwelling via the Stommel-Pipe could be further investigated around the Atlantic
Ocean or as a supporting technology for other marine CDR approaches, such as ocean iron fertilization
(Jirchott et al., 2024) or in combination with open ocean macro-algae farming (Wu et al., 2023), which

strongly relies on additional nutrient supply to the surface ocean.
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Text S1.

Supplementary Methods

UVic model

The UVic 2.9 Earth System Climate Model of intermediate complexity (Weaver et al.,
2001, Keller et al., 2012, Yao et al.,, 2019) consists of three components: a three-
dimensional ocean circulation model, including a sea-ice model, a land model, and a
simple one-layer atmospheric energy-moisture balance model. All model components

share a 3.6° longitude and 1.8° latitude resolution.

In the atmospheric energy-moisture balance model, the heat and water fluxes to the
ocean, sea-ice, and land model components are interactively calculated. We prescribe
wind forcing via monthly mean winds from NCAR/NCEP climatological data. The CO>
concentration in the atmosphere is influenced via introduced CO; emissions and the
respective response of the terrestrial and ocean carbon sink / source behavior, which
allows for carbon concentration and carbon climate Earth system feedbacks. Gas
exchange of oxygen and CO; with the ocean model component is simulated as in Orr et

al. (1999).

The ocean circulation model (MOM, Modular Ocean Model 2) includes physical
parameterizations for diffusive mixing along and across isopycnals and eddy-induced
tracer advection (Gent & McWilliams, 1990). The model ocean consists of 19 vertical
levels with a 50 m thick layer at the surface and up to 500 m thick layers in the deep
ocean and contains a fully simulated carbon cycle including prognostic tracers like
alkalinity and dissolved inorganic carbon (DIC), as well as the nutrients phosphate,
nitrate and iron (Nickelsen et al., 2015) The calibrated and prognostic iron cycle of the
model includes a monthly and spatially resolved dust deposition surface mask,
hydrothermal iron sources and the process of iron-scavenging, thus, affecting dissolved
iron distribution through the water column (Figure S7h). A marine NPZD (Nutrients -

Primary Producers - Zooplankton - Detritus) ecosystem model represents the biological

2
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carbon pump (Keller et al., 2012). We assume a fixed nutrient organic matter
stoichiometry with C-N-P ratio following Redfield and a N-Fe ratio of 1 mol N per 10
umol Fe (Yao et al., 2019). The marine ecosystem experiences no CO-fertilization effect
(Keller et al., 2012). A simple CaCO3 counter pump approximation is included, but the
production and dissolution of CaCOs is not sensitive to CO2 (Schmittner et al., 2008). In
order to avoid excessively long model spin-up times for our model experiments, we do
not simulate sediment processes. Any organic detritus or CaCO3 reaching the bottom of

the model is dissolved in the deepest wet box instantaneously.

The land model is based on the Hadley Center model TRIFFID and contains vegetation
and an interactive carbon cycle with five soil depth levels (Meissner et al., 2003, Keller et
al., 2012). Terrestrial vegetation is sensitive to surface air temperature and experiences a
fertilization effect via atmospheric CO> concentrations. Soil organic matter respiration is
sensitive to and accelerates by an increase in surface air temperature (Meissner et al.,

2003).

Stommel-Pipe implementation

We simulate the shell-and-tube type Stommel-Pipe concept described in Kemper et al.
(2025) in a maximum potential approach from a technical perspective (i.e., everywhere in
the ocean, where upwelling is possible, Figure 2d,f) in the UVic Earth System Climate
Model. The simulated pipe design parameterization assumes 40 inner pipes with 25 cm in
diameter each and one 225 cm in diameter outer pipe. This system has a length of either
303, 643 or 1103 meters. All three chosen pipe lengths are consistent with depth levels on
which ocean tracer calculations are performed within the UVic model. The upwelling and
simultaneous downwelling between the surface ocean and the pipe’s source depth
redistributes all ocean tracers in the UVic model between both layers, including salinity,
DIC, alkalinity, and all nutrients. Since we assume 100% efficient heat exchange between
the inner and outer pipe, we exclude the ocean’s temperature tracer from the pipe’s

pumping activity. The downwelling intensity is assumed to be equal to the upwelling

Supporting information for Contribution [PPB] 213

@)y |


https://creativecommons.org/licenses/by/4.0/deed.en

82  intensity. Thus, the Stommel-Pipe implementation does not violate mass conservation
83  within the ocean model.
84
85  The upwelling intensity of the Stommel-Pipe is dynamically calculated at each ocean grid
86  cell and during every model time step and depends on the prevalent absolute salinity
87  concentration and temperature at the surface ocean, as well as the relative gradients
88  between the surface ocean and the pipe’s source depth. The pipe-length-dependent
89  equations to perform these calculations are derived from Kemper et al. (2025) and are
90 shown as Equation S1 and Table S2. These equations were fitted to data from global
91  simulations using the numerical performance prediction method for Stommel-Pipes
92  SPID. The SP1D method solves two basic equilibria governing the flow in Stommel-
93  Pipes on a one-dimensional grid using pipe flow theory. A full description of the SP1D
94  method, along with extensive validation against Reynolds-Averaged Navier-Stokes based
95  CFD calculations, is presented in Kemper et al. (2025) and references. As the run time
96  required by the SP1D method to compute upwelling intensities for each UVic grid cell
97  exceeds the runtime for one time step of the UVic model by several orders of magnitude,
98 a direct coupling between both was not considered practical. We thus decided to fit an
99  algebraic meta model to global upwelling data calculated with the SP1D method for a
100  single time step. The resulting polynomial functions to calculate the upwelling intensity
101  of the considered Stommel-Pipe system (see Equation S1 and Table S2) were directly
102  implemented into the UVic model to control the pipe’s upwelling intensity.

103
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104  Equation S1. Calculation of Stommel-Pipe upwelling intensity in m3/s/pipe built into the
105 UVic model after Kemper et al. (2025). Variables: “topPT” = surface potential
106  temperature, “topPS” = surface practical salinity, “deltaPT” = difference in potential
107  temperature between surface and pipe’s source depth, “deltaPS” = difference in practical
108  salinity between surface and pipe’s source depth. Coefficients (Cx)) are pipe-length
109  dependent and are shown in Table S2.

110
111 upwint = Cyy + ((Cizy * topPT) + (C(3) * deltaPT) + (C4) * topSP)
112 + (C(s) * deltaSP) + (C(q) * topPT?) + (C(7 * topPT * deltaPT)
113 + (C(S) * topPT =* topSP) + (C(g) * topPT = deltaSP)
114 + (C(10) * deltaPT?) + (Cyq) * deltaPT * topSP)
115 + (C(1z) * deltaPT  deltaSP) + (C(13) * topSP?)
116 + (C(14) * topSP * deltaSP) + (C(5 * deltaSP?))
117
118
119
5
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120
121
122
123
124

125
126

127
128

129
130
131
132
133

134
135
136
137

138

139
140
141
142
143

144
145
146

147
148

Table S1: Overview of conducted experiments performed with the UVic 2.9 Earth

System Climate Model of intermediate complexity with information about the experiment

name, the future RCP CO;-emission pathway, time period and simulated Stommel-Pipe

length and amount deployed per area.

experiment name: COs-emission time period  pipe length  pipes per area:
pathway: [years]: [m]:

REF 2.6 RCP 2.6 2025-2100 n/a n/a

AU 303 1x 2.6 RCP 2.6 2025-2100 303 1 Pipe / 1 km?

AU 643 1x 2.6 RCP2.6 2025-2100 643 1 Pipe / 1 km?

AU 1103 1x 2.6 RCP 2.6 2025-2100 1103 1 Pipe / 1 km?

AU 1103 0.1x 2.6 RCP 2.6 2025-2100 1103 1 Pipe / 10 km?

AU 1103 10x 2.6 RCP 2.6 2025-2100 1103 10 Pipes / 1 km?

AU stop 1103 1x 2.6 RCP2.6 2050-2100 n/a n/a

AU stop_1103 0.1x 2.6 RCP2.6 2050-2100 n/a n/a

AU stop_1103_10x 2.6 RCP 2.6 2050-2100 n/a n/a

REF 8.5 RCP 8.5 2025-2100 n/a n/a

AU 303 1x 8.5 RCP 8.5 2025-2100 303 1 Pipe /1 km?

AU 643 1x 8.5 RCP 8.5 2025-2100 643 1 Pipe / 1 km?

AU 1103 Ix 8.5 RCP 8.5 2025-2100 1103 1 Pipe / 1 km?

AU 1103 0.1x 8.5 RCP 8.5 2025-2100 1103 1 Pipe / 10 km?

AU 1103 10x 8.5 RCP 8.5 2025-2100 1103 10 Pipes / 1 km?

AU stop 1103 1x 8.5 RCP8.5 2050-2100 n/a n/a

AU stop 1103 0.1x 8.5 RCP 8.5 2050-2100 n/a n/a

AU stop 1103 10x 8.5 RCP 8.5 2050-2100 n/a n/a
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149
150
151
152

153
154

155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

171
172

Table S2: Overview of pipe-length dependent coefficients to be used in equation S1 to
calculate Stommel-Pipe upwelling intensity in m?/s/pipe in the UVic model after Kemper
et al. (2025).
coefficient:  pipe-length:
303 m 643 m 1103 m
Cay 4.5829 22.7668 30.3903
Cp) 0.1119 0.5969 0.3285
Cp) -0.1217 -0.9968 -1.1713
Cu -0.311 -1.3617 -1.7217
Ces) 0.4625 1.8318 10.8028
Ce) 0.0003 0.0007 -0.0025
Cay -0.0007 -0.004 0.001
Cs) -0.0035 -0.0168 -0.0084
C) 0.0012 0.0096 0.0444
Cao) 0.0005 0.0039 0.0015
Can 0.0036 0.0285 0.0332
Caz) -0.0083 -0.0447 -0.0853
Cas) 0.0052 0.0203 0.0243
Caa) -0.0103 -0.0365 -0.3006
Cas) 0.0162 0.0475 0.3224
7
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173

174  Figure S1. Present to future global Stommel-Pipe upwelling intensities in Sverdrup under
175 RCP 2.6 (a) and RCP 8.5 (b). Color and line code same as in Figure 2.
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Figure S2. Overview of present to future Stommel-Pipe performance under future RCP
2.6 CO,-emission pathway . Change in (a) global pipe-covered area in km? and (c¢) global
mean upwelling intensity within the pipe-covered area in m?/s/pipe over time with (e)
monthly resolution for year 2030. The pipe-covered area is spatially resolved for
simulations performed with 1 pipe per km? and for year 2030 and shown in shades of
blue via the upwelling intensity in m?®/s/pipe for 1103 meter long pipes (b) and via the
pipe’s active upwelling days per year (1 =365 days active, 0 = 0 days active) for 1103 (d)
and 303 (f) meter pipe length. Color code and line style same as in Figure 2.
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187

188  Figure S3. Earth system response to 1103 meter long Stommel-Pipe perturbation
189  (Stommel-Pipe — reference experiment) under RCP 2.6 (left) and RCP 8.5 (right).
190  Temporal changes in the atmosphere (a,b) and terrestrial (c,d) carbon inventory and
191  ocean heat uptake (e,f, OHU). Color code and line style same as in Figure 3.

192
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193
194  Figure S4. Change in global average depth profiles of salinity (a,b) and temperature (c,d)

195  (Stommel-Pipe — reference experiment) under RCP 2.6 (left) and RCP 8.5 (right) with 1

196  pipe per km? pipe-configuration. Color code and line style same as in Figure 3.
197
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198
199  Figure S5. Overview of reference experiments for RCP 2.6 (pink) and RCP 8.5 (blue).

200  Transient response in (a) global mean surface air temperature (SAT), (¢) ocean heat
201  uptake (OHU) and (e) atmosphere, (g) ocean and (i) terrestrial carbon inventory. Global
202  average depth profiles for year 2100 of (b) DIC, (d) oxygen, (f) potential density, (h)
203  salinity and (j) temperature.
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Figure S6. Change in ocean phosphate (top row), nitrate (middle row) and dissolved iron

(bottom row) nutrients (Stommel-Pipe — reference experiment) under RCP 8.5 with 1

pipe per km? pipe-configuration. Change in ocean surface (0-130m) inventories (left

column), global average depth profiles (middle column) and spatially resolved surface

concentrations (right column) for year 2100. Color code and line style same as in Figure
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Figure S7. Overview of reference experiments for RCP 2.6 (pink) and RCP 8.5 (blue) for
ocean phosphate (top row), nitrate (middle row) and dissolved iron (bottom row)
nutrients. Change in ocean surface (0-130m) inventories (left column), global average
depth profiles (middle column) and spatially resolved surface concentrations (right

column) for year 2030.
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229

230  Figure S9. Overview of seasonal changes in horizontally averaged temperature in ‘C
231  over pipe-covered area between surface ocean and pipe length (continuous lines) for 1
232 pipe per km? under RCP 2.6 (left column) and RCP 8.5 (middle column) for year 2030
233 (a,b) and year 2100 (d,e). Color and line code same as in Figure 2. Spatially resolved
234  changes in temperature in ‘C over pipe-covered area (shades of blue) between surface
235  ocean and 1103 meters depth under RCP 8.5 with 1 pipe per km? with 1103 meter long
236  pipes for the months February (c¢) and October (f) of the year 2030.

237

16

226 Supporting information for Contribution [PPB]

@)y |


https://creativecommons.org/licenses/by/4.0/deed.en

Erklarung

Ich erklare hiermit:

a) dass die Abhandlung - abgesehen von der Beratung durch meine Betreuer - nach
Inhalt und Form eine eigenstdndige und nur mit den angegebenen Hilfsmitteln von
mir verfasste Arbeit ist.

b) dass die Arbeit weder ganz noch zum Teil einer anderen Stelle im Rahmen eines Prii-
fungsverfahrens vorgelegen hat. Folgende Teile dieser Arbeit sind bereits an anderen
Stellen verdffentlicht bzw. zur Verdffentlichung eingereicht:

[JPA]

[JPB]

[JPC]

[JPD]

[CPA]

Kemper, J., Riebesell, U., Graf, K., 2022. Numerical flow modeling of artificial
ocean upwelling. Frontiers in Marine Science 8. doi:10.3389/fmars.2021.
804875.

(akzeptiert und verdffentlicht)

Kemper, J., Mense, J., Kroger, J., Slawig, T., Graf, K., Riebesell, U., 2025c.
Performance prediction for Stommel’s perpetual salt fountain in the context of
artificial ocean upwelling. Applied Ocean Research 160, 104624. doi:10.1016/
j-apor.2025.104624.

(akzeptiert und verdffentlicht)

Kemper, J., Mense, J., Kroger, J., Slawig, T., Graf, K., Riebesell, U., 2025b.
On the potential of Stommel’s perpetual salt fountain for artificial upwelling.
Environmental Research Letters 20, 074047. doi:10.1088/1748-9326/ade0d3.
(akzeptiert und verdffentlicht)

Yao, W., Morganti, T.M., Wu, J., Borchers, M., Anschiitz, A., Bednarz, L.,
Bhaumik, A., Bottcher, M., Burkhard, K., Cabus, T., Chua, A.S., Diercks, I.,
Esposito, M., Fink, M., Fouqueray, M., Gasanzade, F., Geilert, S., Hauck, J.,
Havermann, F., Hellige, 1., Hoog, S., Jiirchott, M., Kalapurakkal, H.T., Kemper,
J., Kremin, I., Lange, I., Lencina-Avila, J.M., Liadova, M., Liu, F., Mathesius, S.,
Mehendale, N., Nagwekar, T., Philippi, M., Luz, G.L.N., Ramasamy, M., Stahl,
F., Tank, L., Vorrath, M., Westmark, L., Wey, H., Wollnik, R., Wolfelschneider,
M., Bach, W., Bischof, K., Boersma, M., Daewel, U., Fernandez-Méndez, M.,
Geuer, J.K., Keller, D.P., Kopf, A., Merk, C., Moosdorf, N., Oppelt, N., Oschlies,
A., Pongratz, J., Proelss, A., Rehder, G.J., Riipke, L., Szarka, N., Thraen, D.,
Wallmann, K., Mengis, N., 2025. Exploring site-specific carbon dioxide removal
options with storage or sequestration in the marine environment — the 10 Mt
COy yr! removal challenge for Germany. FEarth’s Future 13. doi:10.1029/
2024e£004902.

(akzeptiert und veréffentlicht)

Kemper, J., Mense, J., Graf, K., Riebesell, U., Kroger, J., 2023. Towards reliable
performance predictions for Stommel’s perpetual salt fountain, in: Proceedings of
the 10th Conference on Computational Methods in Marine Engineering, Madrid,
Spain. doi:10.23967/marine.2023.018.

(akzeptiert und verdffentlicht)

c¢) dass diese Arbeit unter Einhaltung der Regeln guter wissenschaftlicher Praxis der
Deutschen Forschungsgemeinschaft entstanden ist.

d) dass mir kein akademischer Grad entzogen wurde.

Jost Kemper


http://dx.doi.org/10.3389/fmars.2021.804875
http://dx.doi.org/10.3389/fmars.2021.804875
http://dx.doi.org/10.1016/j.apor.2025.104624
http://dx.doi.org/10.1016/j.apor.2025.104624
http://dx.doi.org/10.1088/1748-9326/ade0d3
http://dx.doi.org/10.1029/2024ef004902
http://dx.doi.org/10.1029/2024ef004902
http://dx.doi.org/10.23967/marine.2023.018

	Introduction
	Carbon Dioxide Removal
	Artificial Upwelling
	Flow modeling in the context of AU
	Thesis motivation
	Thesis objectives and contributions
	Objectives
	Contributions
	List of publications

	Thesis Structure

	Derivation of the numerical methodology
	Fundamental equations
	Conservation of mass and momentum
	Scalar transport
	Conservation of energy
	The Boussinesq assumption

	Pressure decomposition
	RANS turbulence modeling
	Reynolds averaging
	Eddy viscosity turbulence modeling

	The finite volume method
	The PIMPLE algorithm
	The OpenFOAM® framework
	Usage

	ocean4Foam: A new toolbox for oceanic flow in OpenFOAM®
	Usage


	Modeling buoyant oceanic flow in the context of AU
	The AU modeling problem
	Previous work
	Contributions to model development for buoyant oceanic flow
	Additional advances in RANS turbulence modeling approaches for buoyant plumes
	Buoyancy adaptations for eddy viscosity turbulence models
	RANS modeling of turbulent scalar fluxes

	Application to AU

	Modeling of free-surface and cross-flow effects
	Previous work on ALE-IT modeling of free-surface waves
	Advancement of the ALE-IT method for OpenFOAM®
	Verification, validation, and performance assessment
	Adaptive mesh refinement
	Application to AU

	Techno-economic feasibility and effectiveness studies for AU
	Performance prediction for Stommel’s perpetual salt fountain and its potential in the context of AU-based CDR
	Assessment of proposed technical options for artificial upwelling
	Wave-driven upwelling
	Propeller-driven upwelling
	Buoyancy-driven upwelling


	Conclusions and outlook
	Model development
	Flow modeling for AU

	Bibliography
	Appendix
	 Numerical Flow Modeling of Artificial Ocean Upwelling
	 Performance prediction for Stommel's perpetual salt fountain in the context of artificial ocean upwelling
	 On the potential of Stommel's perpetual salt fountain for artificial upwelling
	 Exploring Site‐Specific Carbon Dioxide Removal Options With Storage or Sequestration in the Marine Environment – The 10 Mt CO2 yr−1 Removal Challenge for Germany
	 Towards Reliable Performance Predictions for Stommel’s Perpetual Salt Fountain
	 ALE interface tracking for wave propagation and effects on submerged buoyant plumes: A modified OpenFOAM® approach including adaptive mesh refinement
	 Artificial upwelling via Stommel-Pipe as a marine CDR option? A present to future performance assessment in an Earth system model
	Supporting information



