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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 (Kirkel 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
pressure [N/m?]
volumetric flow rate [L/s] Ac
absolute salinity [g/kg] cf
conservative temperature [°C| Ch

ity [ke/m3 c
density [kg/m3] 5
RANS model Dy,
diffusivity of Salinity [m®/s] g
gravity vector [m/s?] h
unit matrix |- ]
turbulent kinetic energy [m?®/s?] L
modified kinematic pressure Np
= L (P pg-r) + 3k (v
position vector w. r. t. water surface [m)] s
strain rate tensor = % (Vﬁ—i— (VH)T) U
[/
time [s] w
velocity vector [m/s] &
thermal diffusivity [m®/s]
kinematic viscosity [m?/s] Z o
deviatoric part of kinematic Reynolds "
stress tensor [m*/s?]
Subscripts Pav
constant reference quantity Pe
effective quantity = ¢ + ¢
quantity modeling turbulence effects i

¢top

Superscripts o
Reynolds-averaged quantity Gocean
transpose of tensor ¢ Gwall

1. INTRODUCTION

1D model

pipe cross sectional area [mﬂ
Darcy pipe friction factor |- ]
heat-transferring circumference [m]|
specific heat capacity [J/kgK]

pipe diameter [m]

hydraulic pipe diameter [m]
gravity [m/s?]

convection heat transfer coefficient
[W/m ]

pipe length [m]

diameter-based
— D[]

Nusselt  number
K

pipe wall thickness [m]

overall heat transfer coefficient across

pipe wall [W/m2 K]

pipe velocity [m/s]

vertical pipe coordinate (positive

down) [m]

thermal conductivity [W/mK]

radial temperature difference [K]

Subscripts

streamwise averaged quantity
quantity in regards to the outer di-
ameter of the inner pipe

quantity in inner pipe

quantity at upper pipe end

quantity in outer pipe

quantity in surrounding ocean
quantity of pipe wall material

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 CO2 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 CO2 uptake.
AU is thus considered as a standalone CDR option (Lovelock and Rapleyl 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.l 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 dataE 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

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 (ﬁ, O, Py + pog - r) 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.l |[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.
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The oceanic Boussinesq set of RANS equations can be written as:

(ig);t)Jrv_(w):V.Tg_v%jt(g-r)V;
V-u=0
9 () 70 —
—5 -tV (@) =V (\.V0) W
9 (Sa) N Sa

In Equation w is the velocity vector, p and pg 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 (Morrisonl, 2013,
p. 850)

— — 2

TE =208 — Ve (V-u)I, (2)
where v, is the effective viscosity and S is the mean strain rate tensor D oh in Equation is the
modified kinematic pressure, which is calculated from the static pressure as p; oh = p% (P —pg - 7') +§k,

with k being the turbulent kinetic energy.

The Finite Volume Method (FVM) is used to represent the equation set 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
FEuler 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

Pav w2 z=ztop+L z=2ztop+L
Crav g D“ZL =g / Poceandz — / pdz || . (3)

Ztop Ztop

Here, wg, 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 pocean 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

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

— Acwcpp% +CLUNAN,©=0. (5)

Here, A. is the cross sectional area of the pipe (%D2 for a circular pipe), C}, is the heat-transferring
circumference (7D for a circular pipe) and ¢, is the heat capacity of the seawater, while A, O 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, — — )
mﬂ inner pipe
1 D, .
Do hyy = { 2Fwalt In (E) , pipe wall "
m D .
Whhgmg, outer pipe
: ocean .

ND eKocean’

In Equation , 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;, Npe
and Npp,. While s and k,,; 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 c; 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 Sekuli¢
(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 (j5)) and (3) within a given tolerance. For the counterflow setup A, 0 = f (0;(2),0,(z)), so
Equation 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, © = f (0;(z), Opcean(2))
and Equation can be efficiently solved for O, using the Runge-Kutta (Burg et all [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 poceqn 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

I

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

no l

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

converged?

Figure 1: Flow diagram one-dimensional method

3In this work, the TEOS-10 equation of state for seawater TOC et al.| (2010) is used for p and cp, while kappa was
calculated using the method of |[Jamieson and Tudhope| (1970).

7
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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 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 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 Dy, = % with
C as wetted perimeter, the above methodology for determining Np and c; 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
The benchmark geometries are depicted in Figure [2|

I 12

] e |z g

(A) J ! ! J 2lg (B) =
: : <t [ap] <f

— —

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 . ja”

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

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 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. ©, S4 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
Chul (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

et al] (2015).

From Figure [ 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 [d] 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 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 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.

10
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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 [p|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 [ 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,0) 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) (B)
0
——  Background
— RANS
100 N 1 m - 1D
£ b
= 200 = - o
=
a
[}
o
300 - - a (©)
—— Counterflow inner pipe
---------- Counterflow outer pipe
400 | ‘ ‘ B 1 | s - Single pipe
10 15 20 25 25 —0.1 0 0.1
o [°C]

© — Oprans [°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 [f|and [0, 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 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 |§| (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 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 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
E\m 010~ | single 1D
g 0.05 |- | 4 counterflow RANS
single RANS
0.00 &= ! | | | T
(B) (©)
100 T T T T2 ] 1o00F T T T T ™
= N om0
= 200 | e g
4 a 0.00
0.00 - i 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, 0.05m
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 (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 S4). 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 ﬁ] (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
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a single inner pipe. The geometries follow the reference geometry defined in Section 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 shellEl 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 [§| 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

4For 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 0.437m 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
Figure [0 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 Dy, 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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