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Abstract

Groundwater heat pump (GWHP) systems utilize groundwater for heating and cooling
applications in buildings. The main study site for this PhD project is in Melhus, Norway, where
ten different GWHPs utilize an unconsolidated aquifer beneath the town center. This has provided
a unique opportunity for field investigations, operational experience, and data acquisition from
different GWHP systems. It is vitally important to understand how groundwater flows through
both the aquifer and the GWHP system to ensure a reliable and sustainable utilization of the
groundwater resource.

Both the design and the operational strategy employed by the GWHP system influence their long-
term operations. All GWHP systems in Melhus are affected by clogging problems that disrupt the
heating and cooling process. Clogging is a severe challenge for the successful long-term
operation. One possible trigger event has been analyzed, which occurs when vacuum pressures
develop in the pipes. Vacuum pressures affect the solubility of gases in water and can trigger
exsolution of gas, which has the potential to catalyze precipitation reactions and cause clogging.
Vacuum pressures should therefore be avoided in GWHP systems when the aquifer is sensitive
to pressure variations and hydraulic stresses due to pumping.

In some cases, clogging caused the entire GWHP system to malfunction due to absence of
surveillance and maintenance routines. Routine maintenance is important for GWHP systems.
Surveillance equipment that measures the hydraulic and thermal performance of the GWHP
system must be installed in order to detect where and when maintenance is needed. This also
allow the step-test surveillance procedure to detect clogging in the system. A GWHP-specialist
should follow up and interpret the performance data and schedule for the correct maintenance
measures. Maintenance and operational control necessitate that the GWHP design and the
groundwater pipe layout allow easy access for cleaning equipment to all parts of the groundwater
system. The pipeline should not enter the building and the groundwater heat exchanger should
therefore be installed in the production well manhole. A module-based design strategy is
favorable where one production well and one injection well function as a well-pair. This will
enable one pair to be cleaned while other well-pairs can ensure that the GWHP system is
operational throughout the cleaning process.

When designing GWHP systems it is crucial that the GWHP-specialist is involved at an early
stage in new projects and that pre-investigations are performed on-site in advance of system
construction. It is recommended to utilize the full thermal potential of each liter of groundwater.
The groundwater temperature should be lowered as much as possible, restricted to the lower limit
of 2°C after heat exchange. The required pumping rate needed in the heat production process can
then be minimized according to the local aquifer conditions and the available groundwater
temperature, normally 3-8°C in Norway. This will minimize the hydraulic stresses enforced on
the aquifer through pumping and reduce the risk of clogging.

The hydraulic stresses induced in a porous aquifer is governed by the permeability of the pores
within the soil. This phenomenon was studied by means of a novel and innovative 3D technique.
It is demonstrated that the permeability of a single pore can be described by the Stokes equation.
The permeability is a function of the pore geometry, where the pore shape, the specific porosity,
the specific surface area, and the contraction ratio of the pore channel, have governing roles. This
knowledge is valuable when interpreting hydrogeological data, GWHP performance data, and for
numerical modeling of groundwater flow.
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1 Introduction

The challenge of this century is to tackle the ongoing climate changes due to man-made CO, emissions
and pollution. We see an increased attention globally on the use of renewable energy to reduce the
global greenhouse gas emissions. Buildings are estimated to expend 40% of all the energy that is utilized
in EU, making buildings the largest single energy consumer in Europe (European Commission, 2021).
Heating and cooling of buildings and infrastructure currently amount to an annual energy load of 72,5
TWh in Norway (Oslo Economics / Asplan Viak, 2020). To improve the energy efficiency of buildings
is therefore considered an important measure in order to reach the national decarbonization goals of 50
percent reduction of CO. equivalent emissions by 2030 compared to the 1990 levels (Oslo Economics
/ Asplan Viak, 2020).

In European context the decarbonization goals for the building sector aims to replace the fossil fuel-
based energy sources, e.g. from oil, gas, and coal industries. These are replaced by electricity generated
from renewable and environmentally friendly energy sources e.g. from solar, wind and hydro power
(Spilde, et al., 2019). However, the Norwegian energy market is different and rather unique due the
highly developed hydro power industry. In 2019 the hydro-power industry produced 93,4 % of the 135
TWh annual electric energy production in Norway and covers 100 % of the national onshore electric
energy demand in a normal year (Statistisk sentralbyrd, 2021). This already makes Norway’s power
production nearly emission free in terms of CO, equivalent emissions.

With regard to heating and cooling of buildings it is estimated that 48 TWh are provided by an electric
power source, covering approximately 67 % of the annual 72,5 TWh heating and cooling load (Oslo
Economics / Asplan Viak, 2020). Electric resistance panels, electric boilers, and heat pumps are typical
heating applications. Electricity covers 80 % of the total energy load in the household sector. The goal
is therefore to reduce the electric energy required for space heating, so that electric energy can be made
available for the industry sector, the export industries, and for the transportations sector (Olje- og
energidepartementet, 2016). It is estimated that the nationwide demand for electrical energy will
increase towards 2040, predicted to be 159 TWh per year in 2040 (Spilde, et al., 2019). This growth is
projected in the industry and transportation sector, while the building sector is predicted to decrease its
electrical demand in the future (figure 1-1).

Shallow ground source heat pump (GSHP) systems are one of the key technologies and one of the best
energy alternatives for achieving our energy goals within the building sector (Oslo Economics / Asplan
Viak, 2020). Ground source heat pump systems produce thermal energy (heat) from the ground beneath
the building itself. This is beneficial for space heating in buildings because GSHP applications allow
buildings to acquire their thermal energy from a local energy source.

Local thermal energy production is beneficial because it reduces the demand for bought electrical
energy and the heating costs for the building owner. A typical heat pump system reduces the electrical
energy costs by 60-80%, or even more in the case of free cooling. Secondly, local energy production
reduces the burden on the electric power grid (Stene, 1997; Banks, 2012). There is currently a strong
focus in Norway to strengthen the supply capacity and supply safety of the electric power grid (Olje-
og energidepartementet, 2016). This makes GSHP systems advantageous in view of a nationwide
energy perspective.

Ramstad (2011) estimates that the national demand for thermal energy can be covered by GSHP
technology. Compared to Sweden we see that this is a viable statement. Sweden has a more mature
GSHP industry, particularly in the household sector where the development of GSHP utilization has
been ongoing since the 1970°s (Gehlin, et al., 2020).
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Figure 1-1 Projected demand for electrical energy in Norway towards the year 2040

(Spilde, et al., 2019).

Before the 1970°s Sweden relied heavily on oil as the thermal energy source in buildings. Following
the oil price crises in the 1970’s, this reliance on oil triggered a nationwide effort to achieve an oil-
independent energy system. Heat pump technology was then promoted and funded by the government
through the Swedish Council for Building Research (Gehlin, et al., 2020). Today Sweden has more than
590.000 GSHP systems installed and an average of 12.000 — 14.500 new GSHP units are being installed
per year (Gehlin, et al., 2020). Norway has 60.000 installed GSHP installations today (Midttemme, et
al., 2020) and has historically seen annual sales of 2500 — 3450 new GSHP units (Midttemme, et al.,
2020; Norsk Varmepumpeforening, 2021). The potential for further development and utilization of
GSHP technology in Norway is thus apparent.

GSHP technology is competitive, both economically and technologically, for large-scale thermal
applications (Midttemme, et al., 2020; Midttemme, et al., 2016). Between 2010 and 2015 the
Norwegian GSHP industry experienced a market development trending towards larger GSHP
installations. Similar trends are now seen in Sweden since the market for single-family buildings are
becoming saturated (Gehlin, et al., 2020).

Low electricity prizes are one of the reasons why GSHP technology is less utilized in the Norwegian
energy market compared to other European countries. The Norwegian sales figures of 2019 now show
a decreasing trend in number of new GWHP installations, with less than 1500 new installed units (Norsk
Varmepumpeforening, 2021). One factor for this trend might be the relatively low price on electricity
during the recent years (Statistisk sentralbyra, 2021). However, Midttemme et al. (2020) suggest that
this trend is rather due to the recent reduction of subsidies provided by the government.

1.2 General background

A number of different solutions and technologies exists among low-temperature ground source heating
and cooling applications. These various technologies are designed and developed for different
geological settings and the main differences of design are primarily seen in the type of equipment
installed in the ground (Banks, 2012; Stene, 1997; Rees, 2016; Laloui & Rotta Loria, 2019)



There are two main categories of system design for GSHP systems: the direct solution and the in-direct
solution. The most common type in Norway is the in-direct solutions, typically labelled “closed loop”
systems. Closed loop systems acquire thermal energy from a geological source by circulating a fluid in
a closed piping system (figure 1-2). The fluid undergoes a minor temperature change and a change in
thermal energy throughout the process of circulation. These pipes are typically installed vertically in
boreholes that are about two to four hundred meters deep. More than 90 % of all GSHP systems in
Norway are energy-well systems in crystalline bedrock (Midttemme, et al., 2016).

Another closed loop system design is where the pipes are installed horizontally in dug ditches in the
ground, typically 1-2 meters below the terrain surface (figure 1-2). Horizontal closed loop systems are
relatively rare in Norway but are common in other European countries, e.g. Sweden where more than
140.000 horizontal loop GSHP systems are registered (Gehlin, et al., 2020).

Figure 1-2 Common types of ground coupled heat pump systems. (left) Energy wells in bedrock (in-direct
closed loop system). (middle) Horizontal pipes in dug ditches. (right) Groundwater systems that
pump groundwater from aquifers (direct system). Modified after Normann Etek AS (source
unknown).

The heat pump system considered in this PhD thesis is the groundwater heat pump (GWHP) system
(figure 1-2). GWHP systems extract heat from groundwater and belong to the direct solution category,
typically labeled “open loop” systems. The groundwater is physically extracted from the ground and
pumped into the building and through a heat exchanger. The heat is thus acquired directly from the
source by bringing the source into the building. GWHP systems must be located close to an aquifer and
their efficiency relies on the local hydrogeological conditions within this aquifer. Some aquifers are
used for seasonal storage of thermal energy and these GWHP systems are labeled aquifer thermal energy
storage (ATES) systems (Abesser, 2010; Abuasbeh & Acufia, 2018; Andersson, et al., 2013).

An aquifer refers to a saturated region of the subsurface that can produce an economically feasible
quantity of water to a well (Fetter, 2001). Suitable aquifers are relatively rare in Norway (Frengstad &
Dagestad, 2008), and GWHP systems currently account for a small fraction of the total number of GSHP
systems. Midttamme, et al. (2020) report on approximately 30 known aquifer heat pump systems at
present. Sweden has more than 10.000 GWHP, ATES installations and surface water installations
installed to date, most of which were installed in the 1980°s (Gehlin, et al., 2020).

Today Sweden sees 5-10 new large groundwater systems (>100 kW power capacity) being installed
annually and Gehlin & Andersson (2019) report that approximately 300 medium and large GWHP
systems (>50 kKW power capacity) and 180 medium and large ATES systems are active today, providing
approximately 185 MW of thermal power capacity.
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Another large GWHP and ATES nation in Europe is the Netherlands. Almost 95 % of all GSHP systems
in the Netherlands are GWHP or ATES systems. Bakema (2016) estimated that there would be about
2600 GWHP and ATES installations in the Netherlands by 2018. These systems provide up to 2600
MW of thermal power capacity and produce 2 TWh each year. The number of new installations has
typically seen a 10 % growth each year, where GWHP technology typically replaces gas as the
predominant heat source in the domestic sector. However, Bakema (2016) foresees that the growth of
new GWHP systems will be slowing down in the future, partly due the economic situation in the
Netherlands and the relatively low cost of gas, but also due to new governmental legislations.

Legislation in the Netherlands requires GWHP owners to conduct an environmental risk assessment,
where the influence of the GWHP activity on the local environment and on neighboring properties has
to be evaluated and documented. Similar legislations are enforced in many other European countries
e.g. Denmark, Germany, and England (H&hnlein, et al., 2010). Norwegian legislation does not currently
enforce such requirements directly, but ongoing research activities focus on this topic. Solli’s (2020)
PhD thesis has produced the first extensive legal analysis of the Norwegian legislation and The
Norwegian Ministry of Petroleum and Energy (OED) now evaluates whether new legislations should
be enforced. The obligation to conduct an environmental risk assessment might therefore become a
requirement also in Norway in the future.

To evaluate a GWHP system is a multidisciplinary task and involves the disciplines of thermodynamics,
fluid mechanics, hydrogeology, geology, water chemistry, environmental legislations, climatic
concerns, heat pump technology, automation, finance, and practical engineering tasks. Each of these
disciplines are individual topics of scientific importance, but they inevitably rely on each other when
viewed from a GWHP design perspective.

1.3 PhD thesis background

This PhD thesis focuses on the Melhus aquifer in Trendelag, Mid-Norway. The town of Melhus has
utilized GWHP technology since 1999 which makes it a pioneer in Norwegian GWHP context. The
Melhus aquifer was one of the main study sites for the research project Optimal Resource Utilization
of Groundwater for Heating and Cooling in Melhus and Elverum, the ORMEL-project. This Ph.D.
project was initiated as an integrated part of the ORMEL-project.

The ORMEL-project was conducted between 2015-2019 and was initiated by the Norwegian University
of Science and Technology (NTNU, project leader) and Melhus municipality (project owner) to
improve their management of the groundwater resource in Melhus. The ORMEL-project comprised of
a working group of participants from the municipalities of Melhus and Elverum, researchers from The
Geological Survey of Norway (NGU), NTNU, and the consulting company Asplan Viak AS. The
project had a budget of 8 million NOK where six million NOK was funded by the Regional Research
Fund Mid Norway (RFFMN grant number: 239074) and two million NOK was funded by the project
partners. In addition, the Faculty of Engineering at NTNU provided the full funding for this Ph.D.

Several of the GWHP systems in Melhus faced operational problems in the years prior to the ORMEL-
project (Rolf Aune, pers. comm.; Riise, 2015). These problems typically affected the parts of the
systems that are in contact with circulating groundwater. Clogging tended to occur within these
important components and rendered these GWHP systems unable to produce sufficient groundwater.
This made these systems seem unreliable. Failure and critical malfunction of key components happened
to some of these installations (Riise, 2015). During the ORMEL-project it became clear that the different
GWHP owners in Melhus were satisfied with the financial benefit of their systems, but they often
highlighted their concerns for these seemingly unpredictable clogging issues.



Riise (2015) highlights some possible causes to the operational problems observed prior to the ORMEL
project. Clogging problems are linked to an inappropriate system design. It was concluded that a lack
of knowledge of the local hydrogeological-conditions, poor as-built documentation and a lack of
systems surveillance were a part of the problem (Riise, 2015). The local geological conditions were
rarely considered sufficiently before construction of the systems, and hydrogeological expertise was
rarely consulted.

The need for a design strategy that ensures a reliable, predictable, and sustainable form of utilization of
the groundwater resource became apparent from Riise’s (2015) studies. This is also stressed as key
success factors in the GWHP literature (Andersson, et al., 2013; Banks, 2012; Rees, 2016; Midttemme,
et al., 2017). The work presented in this doctoral thesis is a result of the expressed needs from the
industry for a better understanding of the dynamic behavior of aquifers and of groundwater heat pump
systems.

1.4  Research objectives

A major goal for a GWHP system is to ensure a reliable and sustainable flow of groundwater through
the system so that it can produce thermal energy for the building. The fluid mechanical properties that
control the flow of water through each part of the system are central to this goal. The hydraulic
performance of each individual component in the system layout will therefore have implications for the
design. Four hypotheses are formulated and tested to investigate how a GWHP system functions and
how clogging of key components can influence the performance of a GWHP system:

. Clogging is triggered by the design and operation of GWHP systems.

Il.  Monitoring of the GWHP system performance with a hydraulic step-test surveillance procedure
will improve the reliability of the GWHP systems and provides a means for early detection of
clogging in distinct parts of the system.

I1l.  Fluid flow in unconsolidated aquifers is similar to fluid flow in pipes. The Hagen-Poiseuille-
relations of pipe flow therefore applies to unconsolidated aquifers.

IV.  The permeability of unconsolidated sediments is directly related to the diameter of the
particles that constitute the soil.

By testing these four hypotheses, conclusions can be drawn that lead to a better understanding of the
design conditions and limitations of GWHP systems. This can contribute to improve the basis from
which the appropriate GWHP design can be evaluated and determined.

15 Thesis structure.

The thesis is presented as a compilation of four journal articles and two conference papers, proceeded
by a summarizing part. The articles focus on specific and individual aspects of a GWHP system. The
intention of the summarizing section is to supplement the articles and present an overview of the work.
The summarizing section consists of an introduction to the research field, the thesis project, and the
study site. The main findings are discussed, and a design strategy is presented.



2 Theory

This chapter provides a brief overview of the state-of-the-art of the GWHP technology and Norwegian
unconsolidated aquifers.

2.1  Groundwater heat pump systems — State-of-the-art

There are two main categories of GWHP systems employed in Norway and worldwide today, the
exploitation scheme and the re-injection scheme (figure 2-1) (Bakema, 2001; Stene, 1997; Abesser,
2010; Banks, 2012; Abuasbeh & Acufia, 2018; Andersson, et al., 2003; Garcia-Gil, et al., 2016). The
goal of the designs is to provide the building with thermal energy by pumping groundwater from a
production well through a groundwater heat exchanger. Thermal energy in the groundwater is extracted
by the heat exchanger, and the water temperature is decreased in heating mode or increased in cooling
mode. In figure 2-1 this is exemplified by the groundwater having a AT ~ 3K lower temperature after
heat exchange.

Figure 2-1 Sketch of two typical GWHP system configurations. Groundwater is extracted from an aquifer
through a production well and utilized as a heat source by a heat pump system or as a heat sink
by a chiller. The water is either (a) disposed of to a nearby discharge site (river), or (b) re-
injected into the aquifer.

The two designs differ in the way they dispose of the groundwater. The exploitation scheme physically
disposes of the groundwater away from the premises, e.g. by discarding the water into the local storm
drain system that leads the water towards a river (figure 2-1a). This is termed an exploitation scheme
because the water is permanently withdrawn from the aquifer (Abesser, 2010; Banks, 2012). This is an
early type of design and is not common in Norway today because exploitation of groundwater is
regulated by the water authorities. Contractors have to apply for extraction permits if the GWHP
requires more than 100 m® of groundwater per day (§ 45 of LOV-2000-11-24-82 (Olje- og
energidepartementet, 2000)). Another reason is that aquifers might not receive sufficient groundwater
recharge to accommodate the pumping capacity required by the exploitation scheme. The re-injection
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scheme ensures that the GWHP system can maintain a reliable groundwater level throughout the whole
year (figure 2-1b). Additionally, the contractors do not have to apply for extraction permits when
constructing a re-injection GWHP system.

The thermal power supplied by the water is directly proportional to the quantity of water that is pumped
through the groundwater heat exchanger. This is shown in the heat rate equation (2.1) which states that
the thermal power from the groundwater P (kW) is proportional to the temperature alteration AT (K) of
the groundwater. Each liter of water has a volumetric heat capacity pCe = 4,2 kJ/I-K. This water is
provided to the building at a steady rate Q (I/s) by the groundwater pump.

P=Q: AT pC, Eq. 2.1

Equation 2.1 is typically used to determine the pumping rate required from the groundwater wells. A
single production well in an ideal unconsolidated aquifer might yield more than 20 I/s of groundwater.
This enables GWHP systems to be highly cost effective because even large buildings only need one set
of wells (>100 kW thermal power capacity) (as seen in figure 2-1). This differs from the more common
GSHP systems with closed loop energy-wells in bedrock where >100 kW thermal power capacity will
require multiple energy-wells.

Still, very large buildings might require several groundwater wells. Norway’s largest groundwater heat
pump system is the Oslo Airport Gardermoen ATES system, which utilizes 9 production wells and 9
injection wells to accommodate the thermal energy demand of the airport buildings. Each of the wells
provides approximately 8.3 I/s of groundwater to the heat exchangers, yielding a total of ~75.0 I/s
pumping capacity (Eggen & Vangsnes, 2005).

Groundwater wells in unconsolidated soils are drilled with a steel welded casing (figure 2-2) preventing
the soil particles from collapsing into the well bore. The most important aspect of the well design is
linked to the well screens. The well screens are perforated sections of the well where water is allowed
to enter the well bore, while still retaining the soil outside of the well. This is achieved by customizing
the size of the screen slot openings with respect to the soil particle grain size distribution (Fetter, 2001;
Driscoll, 1986). A common design in sorted soils is to utilize a filter pack with properly graded sand or
gravel that will retain the aquifer material (Gustafson, 1983). The preferred design method in Norway
is a methodology where the screen slots are customized to the in-situ soil conditions. This type of well
is often termed naturally developed wells in the literature (Driscoll, 1986; Houben & Treskatis, 2007).

The hydraulic properties of the nearby sediments are then improved through well conditioning methods.
This involves periodic pressure shocking and flushing methods, so called airlifting (Driscoll, 1986).
Figure 2-3 shows airlifting of a well in Melhus. The well conditioning is vitally important because it
removes fine particles from the vicinity of the well, while the coarser particles remain and constitute a
“natural formation filter” in the near well region (figure 2-2). This method of design is often successful
in glaciofluvial soils, because they are well graded and consist of a mixture of different soil particle
sizes (Gustafson, 1983).

The methodology utilized for sizing the GWHP wells is equivalent to the conventional design of
drinking water wells. The groundwater wells are typically designed to have a flow entrance velocity
less than 3.0 cm/s in all parts of the screen, and this is a traditional well dimensioning approach in many
countries (Driscoll, 1986; Banks, 2012; Houben & Treskatis, 2007; Fetter, 2001; Van Beek, 2010). The
specific dimensions of the well screens are always specified to the soil particle grain sizes. The length
of the well screen and the screen slot openings are designed so that the entrance velocity criterion is
met. The injection well screen is often longer than the production well screen.



Figure 2-2 A typical con-slot well screen utilized in Norwegian groundwater wells. The well conditioning
removes the fine particles in the vicinity of the well screen and the remaining soil material
function as a naturally developed filter (Driscoll, 1986).

Figure 2-3 Periodic airlifting, shocking and flushing, of the groundwater well is crucial for developing a
proper naturally developed well filters (Photo: Randi Kalskin Ramstad).

The diameter of the groundwater wells is determined by the size requirements of the groundwater pump
(figure 2-4). The re-injection well does not have a pump and the diameter is therefore often smaller than
for most production wells.
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Figure 2-4 Groundwater wells in Norway. (left) Installation of the well screen within the well bore. (right)
Sketch of the typical GWHP well design with components. The length of the screened section
varies depending on the required flow rate. The diameter of the well varies depending on the
size of the submersible pump or injection pipe. The injection well screen is often longer than the
production well screen.

2.2 Hydraulic properties of GWHP systems

A GWHP system connects to the aquifer through five major components (figure 2-1): the production
well, the submersible pump, the injection well, the groundwater heat exchanger, and the connecting
piping system. The specific layout and design of these five components determine the functionality and
the pumping capacity and thereby they control the thermal power capacity of the system (ref. equation
2.1).

The submersible pump converts electrical energy into mechanical energy and induces a flow of water
through the piping system. The size of the submersible pump motor determines the pumping capacity
of the system and the size of the pump must be selected in accordance with the hydraulic resistance of
the system. Equation 2.2 states that the electric power required to run the submersible pump Woump (KW)
is proportional to the hydraulic resistance h (m) of the system, the rate of flow Q (I/s) and the weight of
the water pwg (N). The efficiency of the pump #ump is typically 50 % or less for most submersible pumps
and demonstrates that a significant amount of the energy is converted to heat in the pumping process
(Grundfos AS, 2021).



Wpump = M Eq. 22
Npump

The total hydraulic resistance (h) is a sum of the static and the dynamic heads of the entire system layout
(equation 2.3). The static head hsic (M) is the elevation difference from the water table to the discharge
site (figure 2-5). The dynamic head haynamic (M) are frictional resistances and inertial resistances enforced
by the motion of the water through the aquifer and the piping system. The magnitude of the resistances
is unique for any GWHP system and is a function of the components utilized in the design.

h = hgatic heaa + hdynamic head Eg.2.3

As an example, we can evaluate the two simplified hydraulic systems illustrated in figure 2-5, one
exploitation system (red) and one re-injection system (blue). Assume that both systems are constructed
with the same type of pump and pipe components, but the length of pipeline and the distance to the
discharge site are different between the two designs. In the exploitation system the groundwater is
pumped to a local storm drain channel and requires only 50 meters of pipe. However, there is a 10-
meter static elevation head to the manhole.

In the re-injection system, the groundwater is reinjected to the aquifer and since the water is injected
below the water table the static elevation head is saved. The injection well is placed a fair distance away
and the piping system is 200 meters long. The hydraulic resistance of these two designs can be estimated
through the energy equation (described in detail in Paper I11). The final form of the equation is shown
in equation 2.4 to demonstrate the effect of the example design layouts in figure 2-5.

h=a+b-Q+c-Q? Eq.2.4

The a-factor (m) corresponds to the static head, the b-factor (s) is associated with the frictional
resistance that occurs in the aquifer and in the piping system. The c-factor (s>-m) is associated with
the inertial resistances in the piping system, but some inertial resistance can originate from the aquifer
if the groundwater flow velocity is relatively high (e.g. more than the 3.0 cm/s guideline) (Driscoll,
1986).

Combined with equation 2.2 this shows that the work required by the pump is subjected to hydraulic
resistances of the first, the second and the third power of the pumping rate (Eq. 2.5). The b- and c-
factors are directly associated with the length and diameter of the piping system and it is here that the
system design can be modified to reduce the hydraulic resistance of the piping layout. The aquifer
resistances are a function of the in-situ soil conditions. These soil conditions will be equal for both the
exploitation system and the re-injection system design.

Pw g (a-Q+b-Q*+c- Q%)
W pump = Tpump Eq. 25
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Figure 2-5 Principle sketch of two GWHP piping systems that utilize an aquifer found 10 meters below the
surface (not to scale). A) The exploitation system where water is pumped 50 meters to a
manhole. B) The re-injection system where water is pumped 200 meters to an injection well.

The main difference in the pump performance is seen in figure 2-6, where a typical set of pump
performance curves for a 5.8 kW submersible pump is drawn with respect to the pumping rate. The
performance of a pump depends on the motor speed (60%, 80 % and 100%). The operating point of the
system is located where the performance curves (black lines) intersect the hydraulic resistance curves
of the exploitation system (red dashed line) and the re-injection system (blue dashed line), respectively.
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Figure 2-6 Principle performance curves of hydraulic head, h (m), (left) and power requirement, Woump

(kw), (right) for the groundwater pump in figure 2.5. The pump operates at three different pump
speeds (60%, 80% and 100%). The head is calculated from the energy equation, where the final
equation is seen in the legend. The Wpump is calculated from equation 2.5 with p = 998 kg/m®, u
= 1.0 mPas, g = 9,81 m/s? and pipe internal diameter is 3" in both cases. Constant pump
efficiency is assumed for each speed and the efficiency of system B is slightly higher because it
operates closer to the “best efficiency point” (BEP) of the 5.8 kW pump.
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At the 30 Hz speed this intersection occurs at Q = 6 I/s flow rate for the exploitation system and at Q =
8 I/s flow rate for re-injection system. The elevation head of the exploitation system causes the hydraulic
system curve (red) to start at 10 m, while the re-injection system (blue) starts at 0 m because the
reinjection pipeline is installed below the water table. This causes the re-injection system to perform
better than the exploitation system at low motor speeds and enables the pump to produce higher rates
of flow at the same workload Wump.

However, there is a flow rate threshold (at Q > 11.0 I/s) where the long piping layout of the re-injection
system requires more power for groundwater circulation than the exploitation system. This occurs
because the magnitude of friction and inertial resistance in the pipes increase proportionally with the
flow rate and with the length of the pipe. The friction head and inertial head within the pipes will
eventually surpass the elevation head of the system when the pump operates beyond a given rate of
flow. This can cause the re-injection system to perform worse than the exploitation system at higher
rates of flow and the maximum capacity of the pump is lower. The exploitation system can produce 6
I/s < Q < 17 /s, while the same pump will have a narrower range of flow rates between 8 I/s < Q < 13
I/s in the re-injection system.

This shows that the piping layout can have important implications for the hydraulic performance of the
GWHP system. In this particular example, the exploitation system is more flexible due to the lower
dynamic head of the system which allows the pump to produce a relatively larger range of flow rates at
the same range of motor speeds 30 — 50 Hz. The piping layout will therefore determine the capability
of the system to provide variable rates of groundwater flow. This is an important topic because the
hydraulic performance of the system will indirectly determine the range of thermal power capacity
available for the GWHP system (ref. equation 2.1).

2.3 Hydraulic properties of aquifers

The hydraulic properties of the aquifer govern how groundwater flows through the soil formation and
towards a groundwater well. These properties therefore govern the aquifer’s potential as a thermal heat
source. The most important hydraulic properties of unconsolidated aquifers are the hydraulic
conductivity K (m/s) of the soil and the porosity of the soil (n).

The hydraulic conductivity is a proportionality coefficient in Darcy's law (2.6) and describes the ease
with which water can move through the soil (D’arcy, 1856). The response of the hydraulic gradient 64
(m) is linear with respect to the average superficial flow velocity us (m/s) of the water as it flows through
a soil section of length L (m). This is visualized in figure 2-7 where water flows through a cylinder filled
with sand. The flow path of the fluid leads the water past the sand particles, and this will induce viscous
strain that reduces the hydraulic head in the direction of the groundwater flow.

Sh=—-u,-L Eq. 2.6

The superficial flow velocity (us) demonstrates that the Darcy equation considers the average behavior
of the whole section of the soil filled cylinder. The movement of water is impeded by the soil particles
and the flow of water has to “zigzag” around the soil particles (figure 2-7). This causes the actual flow
velocities within each of the pores to be higher than the average velocity of the whole section of soil.
The size and shape of the soil particles also affect the pore channel shape. It is typical for the hydraulic
conductivity to have large spatial variations in natural soils and in aquifers where the soil composition
often varies.
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Figure 2-7 The principle of Darcy’s law. The flow of water through a soil specimen induces a reduction of
the hydraulic gradient (%) in the direction of flow. The magnitude of reduction is proportional
to the velocity of the flow (Us) and the length (L) of the specimen and inversely proportional to

the hydraulic conductivity (K) of the soil, seen in equation 2.6.

The porosity n (-) of the sediment is particularly important in GWHP applications because this
represents the ratio of water per unit volume of soil. Water has a higher volumetric heat capacity (oCp
~ 4.2 kJ/1-K at 20 °C) than rocks and minerals (e.g. pCr = 1.9-2.0 kJ/ I-K at 20 °C for quartz). A high
porosity is beneficial because this provides more heat per unit volume of aquifer. Relevant ranges for
soil porosities and hydraulic conductivities for typical unconsolidated soils are provided in table 2-1.

Table 2-1 Typical ranges for various hydraulic properties in unconsolidated soils (Fetter, 2001; Johnson,
1967; Domenico & Schwartz, 1990).
. . Specific yield, Dominant particle Hydraulic
Segim'nntag[ pe Pcr)]r(cz);!;y, S (%) diameter size, conductivity,
(typical ranges) d (mm) m/s

Clay 30-60 0-12 d <0.002 1012-10®

Silt 35-50 3-19 0.002 — 0.063 10°-10°

Sand 25-51 10-35 0.063-2.0 107-10°%

Gravel 20-40 21-26 d>2.0 104-10*

When the in-situ properties of an aquifer are determined in the field, e.g. during pumping tests, the
hydraulic properties of the whole geological unit affect the outcome of the test. The properties often
vary because the size and the shape of the soil particles might be different in various parts of the aquifer.
The Transmissivity, T (m?/s) of the aquifer (Theis, 1935; Thiem, 1887) is therefore considered. The
transmissivity is a function of the thickness of the aquifer times the average hydraulic conductivity of
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the soil and describes the aquifer’s over-all ability to transmit groundwater flow towards a well
(equation 2.7).

T = Kg,4 - saturated aquifer thickness Eq. 2.7

Similarly, the in-situ porosity of the soil is not determined in the field. It is the storativity of the aquifer
that is measured from field testing with pumping tests (Driscoll, 1986; Fetter, 2001; Johnson, 1967).
The storativity S (-) of the aquifer is a dimensionless property that describes the aquifer’s capacity to
release water from storage during pumping. The theoretical maximum amount of water that can be
released from storage corresponds to the porosity of the soil. However, water molecules readily cling
to the surface of soil particles during drainage, and the actual water volume available for release is less
than the porosity (equation 2.8).

S<n Eq. 2.8

Soils dominated by smaller particle grains will release less water because small grains have a relatively
larger amount of surface area per unit volume. This phenomenon effectively reduces the storativity of
the fine sediments, which is evident by comparing the typical porosity values and storativity values of
soils in Table 2-1. Aquifers utilized for GWHP purposes are typically dominated by sand and gravel
soils, where the both the hydraulic conductivity and the storativity are favorable. Table 2-1 demonstrates
the potential for large variations in natural soils and it is therefore important to conduct field
investigations to determine the local hydraulic properties of aquifers.

2.4 Aquifers as heat sources — In Norway

Aquifers can be categorized into unconsolidated aquifers and bedrock aquifers. Bedrock aquifer GWHP
systems are rare in Norway because the greater part of the Norwegian bedrock consists of impermeable
crystalline rocks. Groundwater flow occurs along fracture systems in bedrock aquifers. Fracture systems
in crystalline rocks seldom produce sufficient quantities of groundwater for waterworks (Frengstad &
Dagestad, 2008). There are a few examples of Norwegian GWHP systems in bedrock aquifers, e.g. the
Asker Panorama installation in Asker, the @kern Portal installation in Oslo and installations in Tensberg
(NGU, 2014).

The majority of GWHP system in Norway utilize groundwater from unconsolidated aquifers. To locate
such aquifers within the subsurface is an early goal for a new GWHP project. The Geological Survey
of Norway (NGU) has conducted pre-investigative studies across Norway to determine the potential for
GWHP technology (e.g. Hansen, et al., 2005; Hilmo, et al., 2000; Larsen, et al., 2016; Dagestad, et al.,
2005; Midttgmme, et al., 2000; Solberg, et al., 2014; Ramstad & Hilmo, 1999). Many of these locations
now utilize the aquifers for GWHP heating and cooling applications and are listed in the NGU database
(NGU, 2014). There are active GWHP systems in almost all parts of the country, i.a. Troms, Rana,
Melhus (Storrg, 2000), Elverum (Elverum kommune, 2018), Luster, Kvinesdal, Seljord (Dyrud, 2008),
Sande, Lier, Drammen, Gausdal, Oppdal, VVoss, Alvdal and Gardermoen (Eggen & Vangsnes, 2005).

Aquifers have a potential for large spatial variations, both in regards of the in-situ hydraulic properties
and in view of the size and spatial extent of the formation. It is therefore important to conduct sufficient
field investigations when evaluating the potential utilization of GWHP technology in new projects. The
most important hydrogeological conditions that must be quantified are visualized in figure 2-8. These
hydrogeological and hydrological conditions influence an aquifer’s capacity to provide groundwater
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flow towards a well in a reliable and consistent manner, and will govern the design of the GWHP system
(Abesser, 2010; Andersson, et al., 2003; Banks, 2012; Schomburgk, et al., 2005; Snijders & Drijver,
2016).

The depth to the water table determines the static head required by the groundwater pump. Large depths
are unfavorable because the electric power required for pumping will be correspondingly large. Too
shallow depths are also unfavorable because this limits the possibility to re-inject the water with
sufficient over-pressure (Banks, 2012). Shallow depth is also unfavorable in Norway due to the cold
ambient air temperatures during the winter, which pose a certain risk of freezing the upper soil crust.
The preferred extraction depth in Norway is therefore at a depth of 15-25 meters below the surface.
Local geological and climatic conditions always play a role and site-specific field investigations are
always required.

One important consideration is the amount of groundwater that is available for the GWHP system. This
is controlled by the thickness of the saturated deposit and the spatial extent of the aquifer. Some authors
provide “rule of thumb” guidelines for this, but the size requirement of the aquifer is essentially a
function of the amount of heat required by the building.

Rain recharge ?

River recharge g mpermeable
boundary?

Figure 2-8 A typical permeable soil formation that can be utilized by GWHP systems. The depth to the
water table, the thickness of the deposit and the hydraulic properties of the soil govern the flow
of water through the formation.

The thickness of the saturated deposit limits the length of the production well screen and the injection
well screen in the GWHP design. Together with the hydraulic conductivity of the soil K (m/s), the
aquifer thickness governs the over-all flow properties of the aquifer, as shown in equation 2.7. An ideal
aquifer refers to a thick gravel aquifer, which has T > 102 m?/s (Snijders & Drijver, 2016; Schomburgk,
et al., 2005). Transmissivities in the range 10 < T < 102 m?/s are still reasonable for GWHP systems
and infer a thin gravel aquifer or a thick sand aquifer. Transmissivities of less than 102 m?%s refer to
thinner sand aquifers or soils dominated by fine sand and silt sediments, which can be challenging to
utilize for GWHP purposes.

An aquifer that is hydraulicly connected to a nearby river or lake is ideal for exploitation systems.
However, the contractors must apply for a permit if the production rate exceeds 100 m® per day (Olje-
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og energidepartementet, 2000). If the aquifer receives insufficient recharge, e.g. through limited local
rain and snow (precipitation), the re-injection system is more appropriate. This also applies if recharge
to the aquifer is hindered by impermeable boundaries. Impermeable boundaries limit or hamper
groundwater flow and unconsolidated aquifers are often bound by the impermeable crystalline bedrock
below the aquifer or might be surrounded by unconsolidated soils of silts and clays with low
permeability.

An important limiting factor for utilization of groundwater for heating purposes is the freezing point of
water at approximately 0°C. During heating mode, the temperature of the groundwater is reduced
(figure 2-1) and the heat pump systems must avoid freezing of the groundwater to avoid damage to the
piping system and disrupt the flow of water. The groundwater temperature is typically kept above 2°C
after heat exchange (Jgrn Stene, pers. comm.). Typical GWHP systems are designed to extract AT=2-
4°C from the water. The natural groundwater temperature in Norwegian aquifers should therefore
ideally be 4-5°C or more if utilized for heating purposes. This is similar to the guideline limits for
utilization of freshwater found in lakes or rivers (Smebye, et al., 2011).

The groundwater temperature is basically governed by the local annual average surface air temperature
which is progressively colder further to the north of Norway (figure 2-9). The steady groundwater
temperature is typically highest along the coastal regions of Norway, and gradually decreases further
inland and towards higher elevations.

300 km

Groundwater
Temperature
°c

Figure 2-9 Groundwater temperature map for Norway, Sweden, and Finland (Modified from (Stene, et al.,
2008), constructed from original data found in (Kirkhusmo & Sgnsterud, 1988).
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Along the northern coast of Finnmark the average annual groundwater temperature is typically 2-3°C
(Sand, 1989; Harstad, 1988). While along the southern coast of Norway the temperature is typically 7-
8 °C (Kirkhusmo & Sgnsterud, 1988; Blaker, et al., 2019; Gundersen, et al., 2019) In Mid-Norway the
temperatures are typically 5-6 °C (Kirkhusmo & Sensterud, 1988; L’Heureux, et al., 2019; Quinteros,
et al., 2019). Local variations occur, and the Melhus aquifer in Mid-Norway has stable annual average
groundwater temperatures of 6-9°C or higher depending on the depth and location of the wells in the
aquifer. Groundwater located close to the terrain surface tends to display a seasonal variation in
temperature, while groundwaters located deeper than 10-15 meters below the terrain often display a
constant groundwater temperature all year round (Kirkhusmo & Sgnsterud, 1988).

The constant groundwater temperature at > 10 meters depth is often higher than the annual average
surface air temperature. The slightly higher temperature of the ground can have many local causes, e.g.
due to urbanization and industry, but in northern countries this is typically a function of the amount and
duration of snow cover during the winter. The snow provides additional insulation from the coldest
winter temperatures and the ground temperature is often up to ~1.5°C higher than the local annual
average surface air temperature (Kjellsson, 2009).

2.5  The Melhus aquifer — a brief description

The Melhus aquifer is the main study site of this PhD thesis. The town of Melhus is located in the
Gauldal valley in Mid-Norway, approximately 20 km south of the city of Trondheim (figure 2-10). The
town center is situated on a floodplain on the Gauldal valley floor, separated into a western and eastern
part by the river Gaula. Immediately to the north of the populated area, the town scenery is dominated
by Melhusryggen, an 80 to 110 meter high forested ridge that stretches halfway across the valley from
the mountain of Vassfjellet to the river Gaula.

@ Production well
@ Injection well

@ Observation well
[IHeating only
NHeating/cooling

T

Figure 2-10 Overview of the town center of Melhus with the ten GWHP installations (yellow buildings) and
the corresponding groundwater wells indicated. The ORMEL-project has monitored several
observation wells since 2015. Well numbers 1-6 are highlighted because they are mentioned in
the text (original map source: www.kartverket.no).
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Melhusryggen marks the upper part of the Quaternary deposit known as the Melhus aquifer, an aquifer
that in part extends beneath the town center to the south of the ridge. The river Gaula represents a
hydraulic source of groundwater recharge and drainage, which divides the Melhus aquifer into a western
and eastern part that fluctuate in response to the river water level.

Today this aquifer supplies ten building complexes with heat, and three of them with cooling (figure 2-
10). Two are exploitation systems where the exploited groundwater is returned to the river Gaula
through the local storm drain system. The rest are re-injection systems that re-inject the groundwater
locally within their property. The size of the installations ranges from 50 — 600 kW installed heat
production capacity, with most installations within the range of 100 — 200 kW (Riise, 2015). The GWHP
systems broadly follow the design principles presented in chapter 2.1. All of the systems utilize a single
production well for their operation and rely on a single re-injection well, except one which has two re-
injection wells. The main difference among the ten installations is the depth and size of the groundwater
wells. The aquifer soil is not uniformly distributed along the valley and this causes the well depths to
vary depending on their location.

The Melhusryggen ridge is a glaciofluvial landform created in the last phase of the former ice age
(figure 2-11). The origin of the aquifer is related to the glacial fluctuations in this region during the ice
age in the Younger Dryas era, approximately 10 800-9 700 years BP. Multiple glacial advances and
recessions during this time period resulted in several large glaciofluvial depositional landforms along
the Gauldal valley, so-called sub-marine terminal moraines (Reite, 1983; Reite, 1985; Reite, et al.,
1999).

Ice

Clay and silt Lo

g

Figure 2-11 Schematic sketch of a sequence of depositional events which might have created the
Melhusryggen ridge (Reite, et al., 1999). A) A glacial retreat allows marine sediments to settle
in the valley. B) The glacier readvances and halts for a period at the location of today’s ridge.
C) A subsequent retreat allows for more marine sediments to cover the ridge. D) The post glacial
rebound has elevated the land above sea level into the present-day situation.
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Melhusryggen is a terminal moraine and consists of glaciofluvial sand and gravel covered by marine
silt and clay sediments. The local marine limit is located 170 meters above the current sea level. These
sediments therefore indicate that the Melhus aquifer was originally deposited below the sea water
surface. The aquifer is covered by progressively more clay and silt further away from the crest, and the
depth to the glaciofluvial sediments increases further southwards from the foot of the ridge (figure 2-
12). The GWHP systems situated close to the ridge need only drill the groundwater wells to 20 — 30
meters depth to access the aquifer, while the GWHP systems located further away from the ridge need
to drill 60 — 80 meters or more. This has inevitably led to some slight variations in well design among
the various installations, mainly with regards to the well depths, diameters and installed location of the
submersible pump in the wells.

The Melhus aquifer has been investigated in the ORMEL-project. Several deep wells were drilled for
scientific mapping purposes in 2015-2016 (green color in figure 2-10). The deepest observation well
was drilled to 94 meters depth (no. 6), without encountering bedrock. Only the wells on the western
side of the river encountered bedrock. One of these wells is highlighted in figure 2-10 (no. 1) where
bedrock was encountered at 27.5 m depth below the surface. The drilling log-data of well no. 1 shows
a five-meter-thick layer of clay sediments covering the bedrock floor (Hellestveit, 2018). This clay layer
provides an impermeable barrier beneath the sand and gravel aquifer.

Forde (2015) and Hellestveit (2018) have compiled all the available geological data and the new
ORMEL-data into 3D-models of the aquifer (figure 2-12). The wells in figure 2-10 are seen in the model
and indicate that the thickness of the clay deposits (blue color in the columns) gradually increases to
the south of the ridge. A wide range of geophysical methods have been applied to locate the bedrock
floor throughout the valley, i.a. reflection seismic (Sindre, 1980), refraction seismic (Mauring , 1992),
2D receptivity measurements (Solberg, et al., 2014), and gravimetry (Tassis, et al., 2016). The depth to
bedrock is considered to be more than 200-300 meters below the terrain level in the town center area
east of Gaula.

564400 564800 BAA200° . . o
T

Figure 2-12 3D-model overview of the Melhus aquifer (Hellestveit, 2018). The Z-axis elevations refer to the
sea level elevation (NN2000). The terrain surface and the bedrock surface are shown as grey
sheets. The groundwater wells are shown as vertical cylinders with marine sediments (blue) and
glaciofluvial sediments (orange).
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Hydrogeological data from observation wells have been collected since 2015 and is presented in detail
by Riise (2015), Ferde (2015), Broste (2017) and Hellestveit (2018). The river is considered to be the
primary source of groundwater recharge to the aquifer. The data show that the aquifer water table is
controlled by the water level in the river Gaula and varies between 1-5 meters above sea level. The
water level displays seasonal variations and trends that mimic the flooding events in the river throughout
the year.

Three GWHP systems extract about 35 I/s in total from the aquifer and discharge the water to the river
Gaula down-stream of the town. The amount of groundwater recharge supplied from the river is
sufficient to maintain the current level of exploitation and the aquifer water level does not currently
show any signs of over-exploitation and permanent lowering of the water table. Relatively large local
differences in water temperatures and chemical signatures are reported by Hellestveit (2018) and Brgste
(2017), but no field data or field observations currently suggest that the limit for the thermal exploitation
is reached.
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3 Summary of articles

This section presents the motivation and background for the work leading to the scientific articles. Some
additional information that was not included in the original papers is also provided. Figure 3.1 shows
the overall topic of focus in the articles and gives an overview of the hypotheses that are addressed.

System design: System surveillance: || Groundwater flow in aquifers:
Paper I, 11, 111 Paper IV & V Paper VI
Hypothesis 1 Hypothesis 2 Hypothesis 3 & 4
Figure 3-1 Structure of the doctoral thesis articles.

The articles are attached after the synthesis section and the proper introduction to the topics, the data
analysis, and the scientific methods are provided in the articles.

3.1 Papersl &ll:

Paper I: Gjengedal, S., Ramstad, R. K., Hilmo, B. O. & Frengstad, B. S., 2018. Video inspection
of wells in open loop ground source heat pump systems in Norway. Editor: Prof. Jeffrey
D. Spitler. International Ground Source Heat Pump Association, Oklahoma. In
IGSHPA conference proceedings 2018.

Paper II: Ramstad, R. K., Gjengedal, S., Frengstad, B. S., Hilmo, B. O.; Riise, M. H. &
Holmberg, H., 2020. Groundwater for Heating and Cooling in Melhus and Elverum in
Norway — Highlights from the ORMEL-Project with Focus on Infiltration Wells.
Proceedings World Geothermal Congress 2020. Reykjavik. Iceland.

Background

Inspection of the GWHP systems in Melhus revealed that the systems were poorly outfitted with sensory
equipment. This made it difficult to evaluate or predict whether the systems required maintenance.
Routine maintenance was rarely performed, and several critical clogging faults were often detected at
late stages in their development when critical malfunctions became apparent.

The ORMEL project therefore conducted systematic video inspections of the GWHP wells in Melhus
(figure 3-2). Most wells were usually found to be affected by some type of clogging, particularly the
re-injection wells. A variety of different cleaning methods were tested on these wells, e.g. a high-
pressure jet, airlifting methods, and sequential pumping methods. The Lena Terrace GWHP is presented
as a case study in Paper Il that exemplifies the complexity of the clogging problems and the effects of
the different cleaning techniques.
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Results

Video inspection is a very useful tool for inspection of wells and pipes. The cause and severity of
clogging problems can be assessed, and detailed images allow experienced observers to distinguish
between different clogging types based on the clogging texture, color, and growth in the well. Clogging
due to sediment particles, precipitation compounds or bacterial slimes were found in the different wells
in Melhus and Elverum.

Video inspections were useful to evaluate the effectiveness of cleaning methods. The cleaning technique
that combines the use of water steaming and sectional screen pumping was the best cleaning method
for removal of iron incrustations and sediments from groundwater wells in Melhus. The rehabilitation
of the Lena Terrace GWHP system shows that the development of clogging can vary with time. Routine
surveillance is therefore proven essential for avoiding critical malfunctions, especially because the
removal of material from the well screen and sump pipe can be challenging if the cleaning is performed
at a late stage in the clogging development. The ORMEL-project concluded that video inspections
should be a standardized documentation and surveillance method for GWHP systems.

Figure 3-2 Video inspection of wells. (Left) The Supervision™ SVR 140/SVC100 pan and tilt video camera
(Gjevaag AS). (Middle) The camera is remotely controlled from the inspection vehicle (Gjgvaag
AS). (Right) In this Melhus installation the pipe is 24 meters long and a large crane and several
people had to help in order to lift it out of the well bore (Picture by Mari Helen Riise).

The main drawbacks with the video inspection of wells involve the cost of preparing the wells for
assessment. The conventional well design is compact and does not have enough space for a camera in
the well. This requires the pipe and groundwater pump to be lifted out of the well before inspection
(figure 3-2). The GWHP system is shut-off during the inspection.

It can be challenging and costly to dismantle deep wells in an urban environment, e.g. damage to the
cars parked in a nearby parking lot must be avoided (figure 3-2). An alternative groundwater well design
that enables video inspection with ease during operation is suggested. The new design is essentially a
well bore with a slightly larger diameter than is required by the pump alone. This will allow for a camera
and cleaning equipment to fit along the pipe (figure 3-3).
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— Fitting for
cleaning bypass

Traditional well design:
pump and pipe connection
pressure sensor

power cable

Inspection hatch

/ for cleaning jet
and camera

Well pressure
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Alternative well design:
Increasing the size of the
well diameter provide
space for an inspection
hatch Alternative
Inspection hatch

for camera

Figure 3-3 Principle sketch of the suggested GWHP well design. Increasing the diameter of the well
provides space for an inspection hatch. An alternative hatch on the casing is possible.

3.2 Paper Il1:

Gjengedal, S., Stenvik, L. A., Storli, P. T., Ramstad, R. K., Hilmo, B. O. & Frengstad, B. S.,
2019. Design of groundwater heat pump systems. Principles, tools, and strategies for
controlling gas and precipitation problems. Energies.12. 3657.

Background

Clogging problems in GWHP systems are typically linked to precipitation reactions that produce
various iron compounds. Redox reactions are an important mechanism that produce these compounds
and may occur if the groundwater is mixed with oxygen from the air, or by mixing of water bodies with
different chemical qualities and redox potentials.

Clogging problems in Melhus have therefore been viewed as an issue that is caused by oxygenation of
the groundwater. Investigations in Melhus revealed that the re-injection systems had vacuum pressures
in the pipeline-loop. This was identified as a potential problem because some of the piping-systems
were not air-tight. Air entered the piping-systems and mixed with the water before re-entry to the
aquifer. This allowed air to oxygenate the water and facilitate precipitation reactions.

Other GWHP systems had no observable leakages of air into the system, but they still had problems
with iron precipitation, even with low dissolved oxygen levels. A question arose whether other parts of
the design could cause alteration to the groundwater chemistry and trigger precipitation reactions. Gas
bubbles were later observed in the groundwater during water sampling in some installations and
observation wells (Brgste, 2017). The odor of the water (e.g. rotten eggs) indicated the presence of non-
atmospheric gases in the water. The ability of the GWHP systems to prevent gas exsolution and
alterations to the groundwater chemistry was therefore questioned.
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A new hypothesis was developed: that vacuum pressures could trigger precipitation reactions in water
when e.g. carbon dioxide (COz) was allowed to de-gas temporarily in a pipeline (figure 3-4). The time
needed for the water quality to recover could possibly allow precipitation reactions to occur within a
limited timeframe of chemical imbalance, even though the pressure should be restored at a later stage
in the GWHP system.

Wamning
Fault imminent ) my system from
0 doing that to the

Water
Delivery

Figure 3-4 The graphical abstract of Paper Ill is presented in the on-line version of the paper
(https://doi.org/10.3390/en12193657)

Results

The paper demonstrates a hydraulic grade line analysis that shows how pressure and temperature change
in the groundwater as it travels along the piping system of a fictional GWHP system. Pressure and
temperature variations influence the solubility of gases in the water and the gas will form a separate
phase as bubbles if the saturation limit is breached. This is visualized for the solubility of CO, with a
solubility grade line (SGL). The analysis show that the saturation limit can be breached at specific
locations in the system design. This typically occurs due to vacuum pressures in the reinjection pipeline.

It is shown that key components have an influence on the pressure of the system, dependent on their
specific location in the design layout. To avoid gas exsolution within the system one must select the
proper location for the submersible pump, the groundwater heat exchanger, and the injection pipeline
within the injection well. Vacuum pressures can only be entirely avoided if the induced suction pressure
in the injection well pipe is kept above the atmospheric pressure. This will typically require some type
of flow controlling devise to be installed in the injection well, for example a backpressure valve or
turbine installed at the reinjection pipeline exit.
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3.3 PaperslIV&V:

Paper IV: Gjengedal, S., Ramstad, R. K., Hilmo, B. O. & Frengstad, B. S., 2019. Fouling and
clogging surveillance in open loop GSHP systems. A systematic procedure for fouling
and clogging detection in the whole groundwater circuit. Bulletin of Engineering
Geology and the Environment. Springer Berlin Heidelberg.

Paper V: Gjengedal, S.; Stenvik, L. A.; Ramstad, R. K.; Ulfsnes, J. I.; Hilmo, B. O. & Frengstad,
B. S., 2020. Online remote-controlled and cost-effective fouling and clogging
surveillance of a groundwater heat pump system. Bulletin of Engineering Geology and
the Environment. Springer Verlagen.

Background

Operational data were important for the ORMEL-project as a means of evaluating the influence of
GWHP activity on the aquifer. However, none of the GWHP systems had installed sufficient sensory
equipment to monitor this in their system. Current Norwegian legislations do not require GWHP
systems to monitor their system nor to document their impact on the local environment.

The clogging issues shown in Papers I, Il and Il demonstrate that GWHP systems require tools that
can evaluate and predict the need for maintenance. This motivated for the development of a surveillance
procedure that enable measurements of operational data to serve a practical surveillance function. This
is beneficial because operational data also can be used to document the potential impact of the GWHP
system on the local environment.

Results

The effects of clogging and fouling on the system performance are exemplified and the theoretical
foundation for a surveillance procedure based on performance data is presented. The performance of
GWHP systems can be monitored with four temperature sensors and two pressure sensors when a step-
test performance test is conducted.

The Lena Terrace tests were applied routinely over a period of seven weeks to assess the performance
of the GWHP system through the autumn of 2019. The performance data revealed that clogging
problems could be detected in the production well, injection well, and within the groundwater heat
exchanger. Maintenance of the groundwater heat exchanger was then performed before the problem
became too severe. The effect of this cleaning was measured by a step-test afterwards. The two articles
demonstrate that the step-test surveillance procedure can be conducted within a 1-hour test period
without shutting off the heat pump. The step-test procedure is thus proven to be a cost-effective and
accurate monitoring method for GWHP systems.
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3.4  Paper VlI:

Gjengedal, S.; Brgtan, V.; Buset, O. T.; Larsen, E.; Berg. O. A.; Torsater, O.; Ramstad, R. K.;
Hilmo, B. O.; Frengstad, B. S., 2020. Fluid flow through 3D printed particle beds. A new
technique for understanding permeability and validating and improving predictability of
empirical equations. Transport in Porous Media. Vol 134-1. pp. 1-40. Netherlands. Springer
Verlagen.

Background

It is important to evaluate the hydraulic properties of an aquifer when conducting site investigations for
GWHP systems. The best method for determining the hydraulic properties is through pumping tests,
but this is time consuming and costly. It is therefore common to perform simple empirical correlations
at an early stage in new GWHP projects.

A frequently applied method in Norway is the grain size correlation method. This empirical approach
estimates the hydraulic conductivity K (m/s) of a soil sample from a grain size distribution analysis.
This analysis gives a sieving curve (figure 3-5) which shows the weight percentage of the different
intervals of soil particle diameters in the sample. Numerous soil scientists have correlated these
diameter sizes to hydraulic conductivity measurements and these empirical correlations are often used
for prediction purposes (Chapuis, 2012).
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Figure 3-5 The size of the particles that intersect the 10% weight line of the grain size distribution curve

represents the characteristic length dimension of the sediment in the empirical Hazen method.
Data from (Temmerdal, 2017).

A common empirical correlation is the Hazen-equation (3.1) (described in Fetter, 2001), where the dio
particle diameter size (cm) from the sieving curves is selected to represent the characteristic length
dimension of the sediment (figure 3-5). The geometry coefficient C (-) is a function of the sorting and
packing arrangement of the sediments.

K=C-dq Eg.3.1
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In the preliminary phase of the PhD work, equation 3.1 was rigorously tested through conventional
permeability tests with the permeability apparatus at the IGP laboratory. Soil samples were collected
from the drilling spoils from the ORMEL-wells in Melhus and Elverum. Haugen (2016) and Tgmmerdal
(2017) conducted a total of 21 and 12 tests on these soil samples, respectively.

Haugen (2016) and Tegmmerdal (2017) concluded that the Hazen-equation and many other empirical
equations give poor and inaccurate correlations. Temmerdal (2017) also concluded that the Kozney—
Carman equation was the best alternative among all of the empirical correlations, in good agreement
with the recommendations of Chapuis (2012). This motivated for the work presented in Paper V1.

Results

Paper VI approached this topic through constructing artificial samples of porous media with 3D
printing. The development and fabrication of the 3D geometries was a challenge. The sample design
had to fit with numerous other laboratory equipment, while still preserving the integrity and the
geometrical properties intended with the design. Most of the laboratory equipment and the testing
procedures had to be customized to produce reliable measurements. A 2-year long trial period of testing
with different additive manufacturing (AM) techniques, materials and building strategies finally gave
acceptable results (figure 3-6), owing to the expertise of Dr. Vegard Bratan and Olav A. Berg at SINTEF
Manufacturing AS.

Figure 3-6 Additive manufacturing facilities at the NTNU AM laboratory in Trondheim and at SINTEF
Manufacturing AS. (Left) Cleaning of the samples after fabrication. Health and safety measures
are important because the microscopic Marlok C1650 powder particles are very fine. (Top
Right) Vegard Brgtan is preparing the Concept Laser M2 PBF-LB machine with the four CAD
models. The building chamber is within the grey machine to the right. (Bottom right) A failed
test specimen of Samples A-D shows the first 1 cm of fabrication. The machine can fabricate all
24 samples simultaneously. This required one full week of continuous fabrication.
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Another 6 months of testing was needed in the permeability laboratory at the Department of Geoscience
and Petroleum at NTNU. Numerous permeability tests were performed with oil, water, and air. Different
problems were encountered with each fluid type. One problem with the air-permeability equipment was
the inaccurate pressure recordings due to the high permeability of the samples. The main problem with
the distilled water tests was the corrosion of the samples. The water permeability would typically change
during the test and could not be reproduced. Oil was therefore the best fluid for these tests.

The tests also showed that adjustments had to be made to the standard Hassler flow cell configuration
(figure 3-7). Two enlarged feeding nodes were needed to reduce the parasitic hydraulic losses through
the cell. Highly accurate pressure sensors and recording equipment were essential to produce reliable
measurements. The combination of one 260D Teledyne ISCO pump and two VP-12K Vindum Pumps
were used to obtain the pressure response from the Darcy flow regime and the Forchheimer flow regime
for all four sample types. Finally, a predefined testing procedure was developed to ensure proper
propagation of the test and to reduce uncertainties in the least square regressions of the data.

The major findings and results presented in Paper VI concluded with a new semi-analytical equation
based on the Navier—Stokes equation of fluid mechanics. This analogy represents a new equational form
that describes the Darcy-equation in a new way.

Figure 3-7 Permeability laboratory and facilities at the Department of Geoscience and Petroleum at
NTNU. (Left) The Hassler flow cell during sample saturation. Air is evacuated from the cell
through the top fitting. (Middle) The SI Analytics Capillary Viscometer D50 with the EXXSOL
D60 oil. (Top right) The two VP-12K Vindum Pumps and fluid reservoirs. The control panels
were integrated in the computer (Bottom right) The horizontally oriented Hassler flow cell
during test start-up.
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4 Discussion

In this section the results of the doctoral thesis work are discussed with respect to the underlying
hypotheses. It is recommended that the papers are read beforehand.

4.1  Hypothesis I
Clogging is triggered by the design and operational strategy of GWHP systems.

Clogging is a phenomenon where a blockage disrupts the fluid flow. There are several types of clogging
that affect GWHP systems and groundwater wells (e.g. (Driscoll, 1986; Fetter, 2001; Van Beek, 2010;
Bakema, 2001; Banks, 2012; Snijders & Drijver, 2016; Garcia-Gil, et al., 2016; Andersson, 1999;
Houben & Treskatis, 2007; Houben, 2006) (Houben & Weihe, 2010). The most common problems are:

Sediment particles — Suffusion mechanisms

Gas — pressure/temperature/solubility mechanisms

Chemical clogging - precipitation mechanisms or corrosion mechanisms
Biofouling — bacterial slimes.

It is common to distinguish between mechanical clogging and chemical clogging depending on the
origin of the clogging material. Mechanical clogging is typically associated with suffusion of soil
particles through the well screen during pumping or entrainment of gas in pores. Chemical clogging is
associated with precipitation reactions in the water. These reactions might be catalyzed by biological
processes.

The subject of clogging is intricate, and several clogging mechanisms are often at work simultaneously
in the GWHP systems. In Melhus it was typically found that chemical clogging affected the
groundwater heat exchanger, while suffusion mechanisms clogged the re-injection well, or a
combination of both occurred in the entire system. Mechanical clogging by soil particles typically
develops due to an incorrect production well design (Rafferty, 2001). Inappropriate production well
performance in terms of sand and silt content inevitably means that this material will be deposited in
the injection well. Injection systems require particle free groundwater circulation and special care must
be devoted to the well design when designing a re-injection GWHP system. Alternatively, some systems
should employ a surface removal system for extra precaution (Rafferty, 2001).

The literature states that the pumping rate has a governing role for most problems found to occur in
groundwater wells, both in terms of chemically and mechanically induced problems (Driscoll, 1986;
Fetter, 2001; Houben & Treskatis, 2007; Van Beek, 2010; Roscoe Moss Company, 1990; Vikovic &
Soro, 1992; Bieske, et al., 1998). Reduction of the pumping rates from a given well will directly reduce
the problems and the risks associated with:

e Dynamic head losses

o Suffusion of fine particles from the aquifer into the well and piping system
e Exsolution of dissolved gases

e Mixing of incompatible waters (precipitation reactions)

e Corrosion of system components, e.g. valves, pumps, and pipes.

e Alteration of the natural groundwater flow regime and water level
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Minimized pumping rates should therefore be emphasized in the design (Rafferty, 2001). This entails
that a relatively large portion of the heat production in GWHP systems should be provided through
extended temperature alterations (A7) rather than high pumping rates (Q).

The chemical clogging problems are often complex. The chemical equilibrium of aqueous solutions
relies on a variety of chemical, thermodynamical, and mechanical properties. The most important
properties are listed below (Stumm & Morgan, 1996).

e pH of the groundwater
e Eh of the groundwater and available oxidants in solution
e In-situ temperature and pressure of the groundwater
e Types and amounts of dissolved gases and the corresponding gas/water equilibrium
e Types of dissolved ions and their speciation determine the possibility for:
o Precipitation reactions (i.a. Iron, Manganese, Carbonates)
o Corrosion (i.a. Sulphates, Nitrates, Chlorine)

The ideal intention behind the GWHP design is to avoid alterations of the chemical equilibrium of the
groundwater. This implies that all of the above-mentioned properties must remain unchanged
throughout the entire GWHP operation. This is not possible because the temperature and the pressure
conditions of the groundwater are always altered by a GWHP system. The main concern for GWHP
designers should therefore be to minimize the risks and consequences of chemical alterations. This
requires the designer to know how the system design can influence the chemical equilibrium of the
groundwater.

A major challenge for GWHP systems, compared to e.g. domestic water wells, is the re-injection design
where the water is returned to the aquifer in a different location. This location in the aquifer might have
different chemical compositions than the extraction site, which by itself can facilitate an imbalance in
the groundwater mixture. Alteration of the groundwater temperature and pressure before re-injection
can also facilitate other side-effects, e.g. lower the gas solubility in the water and trigger pH alterations.
It is therefore clear that a GWHP system in itself has the potential to alter the chemical equilibrium of
the groundwater in numerous ways.

Some design rules are described in the literature for avoiding chemical precipitation issues. The most
important rule is to prevent mixing of groundwater with air. Mixing will enable oxygenation of the
water, and CO. can exsolve from the water. Both situations will subsequently trigger precipitation
reactions (Bakema, 2001; Banks, 2012; Garcia-Gil, et al., 2016; Rafferty, 2001). Mixing dissimilar
groundwater qualities should be avoided for the same reason. In practice this means that the designer
must install the wells in the appropriate geological stratum and control the stresses enforced on the
aquifer during pumping.

In Paper Il the influence of the GWHP design is investigated on two other types of mixing, namely
pressure mixing and temperature mixing. Clogging due to gas bubbles and chemical precipitation can
occur due to pressure or temperature alterations (Bakema, 2001; Sniegocki & Reed, 1963). It is often
stated that the changes in pressure and temperature must be large for this to affect the chemical
equilibrium directly (Garcia-Gil et al., 2016), but this is not the case if the pressure change can facilitate
pH alterations (e.g. exsolution of CO;). Even small pH alterations can trigger precipitation reactions in
aqueous solutions if the water is saturated with dissolved ions and result in e.g. calcium carbonate
scaling or ferric iron precipitation (Stumm & Morgan, 1996).

The occurrence of vacuum pressures can potentially trigger gas exsolution. Whether gas exsolution is
a primary cause for precipitation clogging in Melhus is not clear and further studies on this topic are
necessary. The presented studies show that vacuum pressures should be avoided in GWHP systems.
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One important reason for this is that vacuum pressures allow air to enter into the piping system if the
pipes are not fully airtight. This can trigger oxygenation of the water and should be avoided.

The theoretical calculations in Paper 11l show that a back-pressure device should be installed at the
injection well pipe exit to fully avoid vacuum pressures in the piping system. This device should ideally
be a turbine because this will recover some of the energy used by the submersible pump. There are no
known GWHP systems that employ turbines for pressure control. Other back-pressure devices are
applicable, but it is not clear how they will function in practice. Further studies on this topic are
necessary and a systematic testing scheme should be employed to investigate how the backpressure can
be maintained in GWHP systems without causing harm to the other components.

Experience shows that it is difficult to avoid clogging problems altogether. Regular maintenance of
GWHP systems must therefore be scheduled. The pipeline and the wells should have easy access for
the most common cleaning methods. Typical on-site cleaning methods employed in Norway today are:

e Cleaning of the pipeline:
o High pressure jets and flushing techniques similar to the methods employed for
cleaning of sewer systems.
e Cleaning of the groundwater heat exchanger:
o Acid treatment methods are used if the clogging consists of chemical incrustations.
o Back-flushing is sometimes sufficient if the clogging consists of particles and
sediments.
o Dismantling before cleaning is often needed in severe clogging and fouling cases.
e Cleaning of the wells:
o Reversed flushing and airlifting are common techniques for removal of soil particles.
o Steaming methods if the clogging consists of chemical incrustations.
o Acid treatment methods can be used but are rarely used in wells.
o Disinfectants (chlorine) are used in wells affected by bacterial slimes.

Easy access for these methods should be quite straightforward by incorporating fittings and fixtures
along the pipeworks. However, this is not easy for groundwater wells in Norway today because the
wells are not constructed with this in mind. The most common airlifting and reversed flushing methods
will typically require dismantling of these wells before cleaning. This increases the total costs of the
maintenance operation and necessitate that the GWHP is shut-off during the cleaning process.

It is recommended to have larger diameter wells that enable cleaning equipment and inspection
equipment to be employed without having to dismantle the well. A temporary surface disposal system
might also come in handy as a means of diverting the water flow in the event that the injection well
must be removed from service. This will allow continued operation of the system during routine
maintenance.

In summary, the presented work demonstrates that the design and operation of GWHP systems can
trigger clogging. Many design solutions can be applied to limit the consequence of clogging and this
must therefore be given high priority when designing GWHP systems.
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4.2 Hypothesis 11

Monitoring of the GWHP system performance with a step-test surveillance
procedure will improve the reliability of the GWHP systems and provides a
means for early detection of clogging in distinct parts of the system.

It is recognized that GWHP systems must be associated with a certain degree of operational risk. GWHP
systems are prone to clogging and the survey of Bakema (2001) concludes that clogging problems were
encountered in at least 25-30% of new ATES systems in Europe during the 1980-1990s. Andersson et
al. (2003) report of similar problems in 40% of ATES systems in Sweden. The Gardermoen ATES
system in Norway has similar problems (Eggen and Vangsnes, 2005) and the ORMEL-project found
that clogging problems affect all of the GWHP systems in Melhus.

Clogging and fouling should be treated at an early stage in their development. The incrustation of
sediments and precipitates becomes harder to clean with time and this reduces the effusiveness of
cleaning (Andersson, 1999; Bakema, 2001; Houben & Treskatis, 2007; Mansuy, 1998; Kerner, 2011).
Groundwater wells will deteriorate more rapidly if the wells have been severely clogged in advance,
because the clogging material might have been able to penetrate deep into the aquifer and cannot be
sufficiently removed (Van Beek, 2010; Houben & Treskatis, 2007). Similarly, if the groundwater heat
exchanger is severely clogged, cleaning methods are ineffective because the clogging deposits in-
between the heat exchanger plates cannot be accessed by cleaning fluids.

The risks of clogging should be dealt with in the GWHP design and implanted in the operational strategy
of the system. A typical strategy can be seen in the Gardermoen ATES system where they schedule for
regular cleaning of the groundwater heat exchanger every other year and the wells at a few years’
intervals. The annual maintenance costs amount to approximately 2% of the initial investment costs
(Eggen and Vangsnes, 2005). This level of maintenance is typical for many large-scale heat pump
applications (Stene, 2001).

Similar maintenance strategies should be adopted by the Melhus systems. However, the challenge for
the Melhus GWHP systems is that these GWHP systems are much smaller than the Gardermoen ATES
system. The annual costs for maintenance can therefore be comparatively higher. Yet, the consequences
of critical malfunctions can be relatively larger for small GWHP systems, since small systems usually
rely on only one well-pair for their heating system. Critical malfunctions might force the heat pump
system to be shut off. The back-up boiler must then supply the whole heat load at a much higher cost.
The importance of performing regular maintenance even in small GWHP systems should therefore be
apparent.

Deciding the optimal timeframe of maintenance intervals for the various cleaning methods can be
challenging (Kerner, 2011). A common maintenance strategy in the district heating industry is to
perform cleaning when it is profitable (Gudmundsson, et al., 2016; Kerner, 2011). This strategy should
be well understood by the GWHP owners because the cost of allowing the system to operate at lower
levels of efficiency will be higher than the cost of cleaning. Systematic surveillance of the GWHP
performance allow the interval for cleaning to be prescribed according to the performance enhancing
benefits of the cleaning.

Paper 1V describes how the surveillance of the whole heat source system can be performed with pressure
and temperature sensors. This type of performance monitoring is ideal for GWHP systems because all
system components can be assessed simultaneously by conducting a ““step-test” during regular operation
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of the GWHP system. In Paper V it is shown how the Lena Terrace GWHP system was tested via remote
control.

A revised version of sensor configurations is shown in figure 4-1, modified to include the experience
gained from recent testing at Lena Terrace in Melhus. The sensor configuration suggested in Paper 1V
was initially developed with the minimum number of sensors required for the test. The new
configuration in figure 4-1 is easier to work with in practice.

A flow meter (FL) is added, in addition to two more pressure sensors (p2 and p3) on each side of the
groundwater heat exchanger. These sensors are added because the temperature sensors at Lena Terrace
were not properly calibrated and would not produce reliable results. If the flow meter and the p2 and p3
sensors are added, the test can be conducted without relying on the temperature sensors.
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Figure 4-1 Revised principle sketch of the typical open loop GSHP system surveillance scheme with

temperature sensors (red dots, T1-T4), pressure sensors (green dots, pl-p4), pressure &
temperature sensors (orange dots, pT1-pT2) and flowmeter (yellow dot).

The accuracy of the surveillance method relies on the individual sensors used in the instrumentation. If
the sensors are not properly calibrated the test will produce erroneous results. This also occurs if the
sensors have too poor accuracy, or too large measuring ranges compared to the measuring intervals that
are relevant for each component. The sensors must be installed at the correct location in the piping
system and have sufficiently sampling frequency. Data logging at least every minute when performing
a step-test is recommended to provide an adequate overview of the situation.

The pressure sensors in the production well and the injection well should ideally have + 1.0 mbar
accuracy (equivalent to £ 1.0 cm water column height). This accuracy provides proper data resolution
in a groundwater well in gravel and sandy soils. Similarly, the temperature sensors should have a high
quality, e.g. accuracy of + 0.1 °C or less. The temperature response in T1-T4 will be delayed due to the
relatively slow reaction time and the interpretation of the transient time temperature data can be
challenging (Gudmundsson et al., 2016).

For maximum cost-benefit it is important for the surveillance procedure to discover the location of the
clogging in the systems at an early stage. Correct data interpretation is therefore important, and
personnel with hydrogeology and heat pump knowledge is needed for data interpretation. It is also
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recommended to have “un-clogged” reference data from the first start-up of the GWHP system. Sensory
equipment must therefore be an integrated part of the GWHP design in the planning stage of projects.

Monitoring and surveillance alone do not make a GWHP system reliable. The consumer will still suffer
if the systems are not designed with easy access for effective cleaning methods. The design of the
GWHP systems should not only focus on detecting clogging problems, but also to reduce the
consequences of these faults. It is crucial that the GWHP designer and hydrogeological consultant are
involved at an early stage in new building projects and that site-specific testing and pre-investigations
are performed in advance. Only then will the full potential of the surveillance system be realized.

In summary, surveillance and monitoring of the system performance can improve the reliability of
GWHP systems because clogging can be detected in an early stage and critical faults can be avoided.

4.3  Hypothesis IlI:

Fluid flow in unconsolidated aquifers is similar to fluid flow in pipes. The Hagen-
Poiseuille-relations of pipe flow therefore applies to unconsolidated aquifers.

The Hagen—Poiseuille-equation of fluid flow in pipes is a steady linear flow equation that describes the
proportionality of pressure drop (4P) versus the average fluid velocity (Q/A) of an incompressible
Newtonian fluid () flowing through a length of pipe (L) of uniform internal circular cross section
(Dpipe) (equation 4.1).

AP 32 QL Eq 41
= u— q. 4.
Dlz’ipe A

The equation describes how a fluid in motion interacts with the pipe wall. The flow induces viscous
friction along the pipe wall surface and results in a loss of pressure within the fluid. The Hagen—
Poiseuille-equation describes exactly how the pressure reduction occurs in a perfectly uniform circular
pipe. The circular geometry produces a proportionality factor of 32/D?%pipe.

The Hagen—Poiseuille-equation is often referred to in traditional porous media flow studies as an
analogy for how fluid flow through a pore channel might behave (e.g. (Kozney, 1927; Carman, 1937;
Eurgon & Orning, 1949). When one visually compares the Hagen—Poiseuille-equation to the empirical
Darcy-equation (4.2) the analogy seems fitting. The Darcy-equation is also a steady linear flow equation
that describes the proportionality of pressure drop (4P) versus the average superficial fluid velocity
(us=Q/A) of an incompressible Newtonian fluid (1) flowing in a porous media of length (L).

L
AP = -”-QT Eq. 4.2

& =

The resemblance of the two equations is apparent and the analogy to the Hagen—Poiseuille-equation
appears to be appropriate. By comparing the two equations one observes that the permeability of the
porous media (k) should be analog to the diameter of a pipe. Even Kozney (1927) viewed each pore
channel as though it represents a small pipe. The whole porous media was then viewed as a bundle of
multiple pipes oriented along the flow axis through the media.
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It is therefore tempting to assume that the permeability of the Darcy-equation is also related to some
form of representative diameter size. This is often assumed in soil sciences where the diameter of a
particle is used in empirical correlations, e.g. the Hazen-equation (3.1) (Chapuis. 2012). This
assumption is falsified by Paper V1. The four different samples that were tested show that none of their
permeabilities are comparable to a bundle of straight and circular pore channels.

A new analog to the Stokes flow approximation was therefore proposed. The differences between the
Stokes analogy and the Hagen—Poiseuille analogy might not seem substantial, but the theoretical
implications are significant and have consequences for how the behavior of fluid flow in porous media
should be perceived. The major difference of the Stokes analogy versus the Hagen—Poiseuille analogy
is how the velocity distribution of the fluid flow is described. In Hagen—Poiseuille flow the velocity
distribution is viewed to be consistent throughout the pipe, because the geometry of the pipe never
changes. The fluid velocity will therefore never change along the pipe length. This analogy is correct
for uniform straight channels, but pore channels in unconsolidated soils are not straight nor uniform.

In this respect the Stokes flow approximation is distinctively different because the velocity distribution
in the flow field will continuously change along the pore channel due to a variation in the channel
geometry. This causes the fluid to consistently accelerate and decelerate from one pore to the next. This
acceleration has a profound effect on the flow dynamics and probably explains why the Stokes flow
approximation is found to better describe the data in Paper V1.

The influence of acceleration explains why porous media flows generally exhibit larger losses of
mechanical energy than due to the viscous shear alone. This can be justified through the conservational
laws, the conservation of mass, of momentum, and of energy. Mass balance requires that the fluid mass
that flows through the pore body also flows through the pore throat. Since the channel opening of the
pore throat is smaller than the pore body, the velocity of the fluid must increase as it approaches the
pore throat (and vice versa). This change of velocity through the channel induces a redistribution of
energy forms, from static energy to dynamic energy. These energy forms are associated with different
forces that act on the fluid and balance each other, in accordance with the energy equation. As a fluid
flows from one pore body to the next, the energy needed to accelerate the fluid flow and the force and
energy needed to overcome the friction render the pressure unable to fully recover upon deceleration in
the next pore. This energy is converted to heat (Cengel & Cimbala, 2014).

Figure 4-2 visualizes the distribution of friction forces and pressure forces acting on a solid surface
along a non-uniform pore channel. The pressure forces are induced normal to the solid surface and the
pressure forces are largest in areas of the pore where the velocity is low, corresponding to the pore body
region of the pore. Fluid motion parallel to the solid surface induces frictional shear forces and is largest
in the pore throat region where the velocity is high. The force of convective acceleration is exerted on
the whole fluid mass in motion and the acceleration force is largest where the change of the velocity is
greatest. This corresponds to the areas where the channel geometry changes the most.
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Figure 4-2 Sketch of forces exerted by fluid flow through a non-uniform pore channel (not to scale). The
velocity of the flow increases as the channel contracts. The frictional shear forces (red arrows)
on the particle act parallel to the solid surfaces and increase as the velocity increases. The
pressure forces (black arrows) act normal to the solid surfaces and decrease as the velocity
increase. The convective acceleration is largest in areas where the channel geometry changes
the most (blue arrows). The size of the arrows indicates the relative change of magnitude of the
forces along the channel.

The implications of the Stokes flow analogy might not be easy to distinguish from the Hagen—Poiseuille
analogy in practice, because it is always the average superficial velocity that is actually measured in
experiments. The superficial velocity of the flow is often averaged over the length of the porous media
sample and the velocity of the flow is seemingly constant to the observer. Consider then the following
simile to fluid flow in porous media:

Envision that a single pore channel through a soil sample is comparable to a winding road
from point A to point B. A fluid flowing in this pore channel is comparable to a car driving on
that road. In practical experiments the velocity of interest is the speed with which the car can
drive from point A to B on the road. The Hagen—Poiseuille analogy views the speed of the car
to be constant from A to B and the expected amount of fuel (energy) spent by the car is reflected
in this assumption. The Stokes flow analogy states that the speed of the car is consistently
accelerating and decelerating on the winding road. The Stokes flow car is able to achieve the
same average velocity as the Hagen—Poiseuille car and arrives at point B at the same time, but
this is achieved by expending much more fuel and energy than the Hagen—Poiseuille car.

This simile illustrates the behavioral difference of the two analogies. In fluid mechanics this difference
implies that the Hagen—Poiseuille equation is only applicable in steady state conditions, both with
respect to time & space, while the Stokes flow equation only relies on steady state conditions with
respect to time.

The influence of convective acceleration explains why porous media flows deviate from linearity. It is
not possible to explain this phenomenon by the Hagen—Poiseuille analogy. The effects of acceleration
influence the flow progressively more at higher velocities, where the inertial properties of the fluid
gradually start to dominate the flow resistance. This occurs due to the non-uniformity of the pore
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channel which causes the flow to bend and curve along the pore surfaces. Chengle & Chimbala (2014)
portray the following simile to the influence of inertia on the fluid flow:

“When driving on country roads, it is a common safety measure to slow down at sharp turns in
order to avoid being thrown off the road. Many drivers have learned the hard way that a car
refuses to comply when forced to turn curves at excessive speeds. We can view this phenomenon
as “the separation of cars” from roads.... A fluid acts much the same way when forced to flow
over a curved surface at high velocities... At sufficiently high velocities, the fluid stream

>

detaches itself from the surface of the body. This is called flow separation”.

Envision that two fluids are two differently sized vehicles, for example a small car and a large bus, both
driving along the same curved stretch of “road” at high speed. Because of its greater weight, the bus
would have to drive at lower speeds than the car if not to be thrown off the road. The same phenomenon
explains why water has a lower velocity threshold than oil, because water has a higher density than oil.
Data from Paper VI (Figure 14) show that the divergence from linearity is observed at lower velocities
for water (0.29 cm/s) than for oil (0.47 cm/s) for Sample A3, but these velocities still correspond to the
same Reynold number (Recz.0i=0.28 and Reca.water=0.28). Non-linear pressure responses develop earlier
for dense fluids because the force of acceleration increases proportionally with the fluid density (force
= mass - acceleration).

The Hagen—Poiseuille equation is essentially an explicit solution of the Stokes equation in the special
case of a circular geometry. In equation 4.3 all the relevant components of the Stokes flow equation are
given mathematically, as described in Paper V1.

Fyiscous strain =C- p-V-L Eq. 4.3
where C (-) represents the dissipating coefficient of viscous strain
K (Pa-s) is the dynamic viscosity of the fluid (temperature dependent)
V (m/s) is the reference velocity of the fluid within the pore
L (m) is the length of the pore channel

The mathematical implications of the Stokes flow approximation are here seen in the dissipating
coefficient C (-). This coefficient accounts for the spatial variations of the viscous stresses that is
induced along the channel. The viscous stresses vary along the pore channel because the fluid velocity
varies along the pore channel (figure 4-2). A reference velocity V must therefore be chosen, from which
the distribution of viscous stress is evaluated. A unique dissipating coefficient C will then result
depending on the choice of reference velocity V.

In Paper VI it is suggested that the reference velocity should be the average fluid velocity in the pore
body. It is argued that this choice give rise to the Stokes sphere constant (C=3x) as a representative
approximate value for the constant C. The results of the presented experiments in Paper V1 support this
assumption.

However, this is only appropriate as long as the pore channels induce convective acceleration to the
flow velocity. If the channel geometry is straight and uniform the fluid velocity will not accelerate, and
the 3w constant is therefore not appropriate. In the case of a uniform pore channel, similar to that of a
pipe, no convective acceleration occurs (figure 4-3). The forces of viscous stress along the whole pore
channel can therefore be associated with the same velocity vector along the entire length of the channel.
Consequently, there are no spatial variations of the viscous stresses along the pore channel and the
dissipating coefficient C = 1.
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Figure 4-3 Schematic sketch of forces exerted by fluid flow through a straight and uniform pore channel

(not to scale). The frictional shear forces (red arrows) on the particle act parallel with the solid
surfaces and are constant along the entire length. The pressure forces (black arrows) act normal
to the solid surfaces. The size of the arrows indicates the relative change of magnitude of the
forces along the channel.

The Stokes flow equation (equation 4.3) is then simplified to equation 4.4 (note that the dissipating
coefficient C seemingly does not occur in the Hagen—Poiseuille-equation).

Foiscous shear = LV - L Eq.4.4

The reference velocity V is then representative for the entire pore channel and the maximum velocity
of the flow is usually selected for this purpose. In fluid mechanics of pipes this force is normally
expressed in terms of the fluid pressure (Chengle and Chimbala, 2014). Rearranging equation 4.4 into
a pressure relation provides equation 4.5.

1

where the characteristic length unit m (m) expressed in equation 4.6 is the classic description of the
characteristic geometry of the pipe. The characteristic length unit describes how the pressure forces
and the friction forces of the fluid motion interact with the channel geometry (Schiller, 1923). For a
circular pore this simplifies to an expression described by the pore diameter (Dpore).

_ volume of fluidinpore  m- rf,,,,e "L Dpore Ea 46
~ poreinternal surfacearea 2T Tppre-L 4 9%

The Stokes flow equation can then be expressed in terms of the pore channel diameter since the diameter
is a representative length unit for the entire pore channel length.

16
pore

Finally, the reference velocity V as the maximum velocity of the flow is rarely convenient in practice.
A correction to the average velocity Vayg is therefore typically performed in practical experiments. For
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a circular channel this is half the maximum velocity (Geometry factor ko = 2.0, (Cengel & Cimbala,
2014)). The Stokes flow equation then becomes identical to the Hagen—Poiseuille-equation if the
geometry of the pore is identical to a circular pipe (equation 4.1 = equation 4.8).

32
AP= ——— - VapyL

Eq. 4.8
szore a

If the channel shape is different from a circle, the Stokes flow equation will change accordingly. In
Figure 4-4 the corresponding equation for a uniform pore channel shaped like a square, an infinite
rectangle (two plates), and an equilateral triangle are developed by the same procedure. These turn out
identical to the ones found in the literature of fluid mechanics (e.g. (Cengel & Cimbala, 2014)). This
demonstrates that the Hagen—Poiseuille analogy can only be correct for porous media in the special case
where the pore channel geometry is identical to a uniform circular channel, where no convective
acceleration occurs in the flow.

D b=o00 D

Volume: D-D-L
Surface area: 4D-L
Geometry factor ko= 1.78

Volume: D-b-L
Surface area: (2D + 2b) - L
Geometry factor ko= 3.0

Volume: D-D-1/2-L
Surface area: 3D-L
Geometry factor ko= 1.67

m = D/4 m = D-b/ 2(D+b) = D/2 m = D/6
16-1.78 4-3.0 36-1.67
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Figure 4-4 The influence of the channel shape on the Stokes flow equation for uniform pore/pipe channels.

The direction of flow is towards the reader

In summary, the presented work demonstrates that the Hagen-Poiseuille-equation only applies to fluid
flow in unconsolidated aquifers in the special case when the pore channel geometries within the aquifer
are identical to uniform circular pipes. This is obviously never the case in nature because individual soil
particles cannot be arranged so that they produce a pipe geometry.
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4.4  Hypothesis IV:

The permeability of unconsolidated sediments is directly related to the diameter
of the particles that constitute the soil.

Within hydrogeology and soil engineering it is common to estimate the hydraulic conductivity of a soil
sample indirectly via a grain size correlation. Typically the dio Size from the sieving curve is selected,
as in the Hazen-equation (3.1) (Fetter, 2001; Chapuis, 2012). However, the properties that should be
investigated is the actual pore-space properties of the soil (Chapuis, 2012). In 1880 Seelheim (described
in Chapuis (2012)) argued that the hydraulic conductivity of the soil should be compared to some
representative pore diameter of the soil, not a particle diameter.

Paper VI reveals that neither the size of the particles nor the size of the pore diameter influence the
permeability in the direct sense. It is the ratio of pore volume to pore surface area m (m) that defines
the permeability. This is also the case for pipes, as the discussion in chapter 4.3 shows. But since a pipe
has a uniform shape along the whole pipe length, the geometry of the pipe volume and pipe internal
surface area can be fully described by the pipe diameter (equation 4.6).

This is not true for soils. The pores of unconsolidated soils are not uniform or consistently shaped
channels, but a collection of different pores of various shapes and sizes. Even the geometry of a single
pore requires multiple geometrical variables to properly describe the permeability of the pore. This is
observed in equation 4.9 from Paper VI.

ko -n?
k=377 Eq. 4.9
where the permeability k (m?) includes the geometrical parameters:

n(-) is the specific porosity of the pore

S (m1) is the specific surface of the pore

7(-) s the tortuosity of the pore channel

ko (-) is the shape of the pore channel at the pore body cross sectional area

C (-) s the dissipating coefficient of viscous stress, here equal to 3x

For this equation to be correctly expressed by means of the particle diameter of the particles that
surround the pore, the equation must be modified e.g. in equation 4.10 (Carman, 1937).

Area of sphere i L . 6:-(1—n)
= -Volume ratio of solids in the porous media = ———
Volume of sphere @-d

Eq. 4.10

where the particle dimeter, d (m), the porosity of the bed (n) and a surface factor that accounts for
particle roughness and shape, ¢ (-), are needed to describe the specific surface area, S. Incorporating
this into equation 4.9 provides equation 4.11.

k0_¢2,d2_n3

k=087 2 d=np Eq.4.11
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Equation 4.11 shows that the soil particle diameter is only one of many geometrical parameters that are
needed to describe the permeability of a pore. This can be observed for the Sample B type in Paper VI
which consists of 1.0 mm octahedrons (figure 4-5). Six copies of sample B were tested, and each sample
had a unique permeability within the range 7.79-10° — 1.00-10° m?. CT imaging and image analysis
of the B3 and B6 samples showed that the specific porosity and specific surface of the samples were
slightly different, but the diagonal diameter of the particles was always 1.0 mm for all samples.

This demonstrates that the permeability cannot be described correctly by a single diameter alone. It is
therefore evident that traditional empirical correlations that rely on measurements of the soil particle
diameter cannot account for the large variability in geometrical properties in soils. The predictability of
the Hazen-equation (3.1) and similar empirical equations will therefore always contain a large degree
of uncertainty.
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Figure 4-5 Schematic sketch of the porous media geometries tested in Paper V1. The A type consists of 1.0
mm spheres and has a permeability of 6.38:10"** — 7.28.10'! m2. The B and D types consist of
1.0 mm octahedrons and have a permeability of 7.79:10%° — 1.00-10° m? and 4.35-10 —
6.22-10"** m?, respectively. The C type consists of 0.5 mm octahedrons and has a permeability
of 7.45-101* - 9.10-10* m2.

The main reason for continuous use of the simple empirical equations in engineering is the relatively
low cost of acquiring the data and performing the analysis. A detailed description of the pore space of
a given soil sample is a scientific challenge and requires comprehensive laboratory work. This is rarely
included in the budget of most engineering projects. Simple grain size distribution curves are more
routinely available in engineering projects because they often serve several purposes. The continuous
use of empirical equations should therefore rely on the best empirical equations available.

The predictability of empirical equations has been extensively investigated by Chapuis (2012). Chapuis
(2012) concluded that the best empirical equations rely on information of both the porosity and the
specific surface area within the sample. For high quality data the Kozney-Carman-equation predicts the
hydraulic conductivity value between one-third and three times that of the correct hydraulic
conductivity measured in the laboratory (Chapuis & Abertin, 2003). A similar range is found in the
results of the experiments in Paper VI where the Kozney-Carman-equation predicts the permeability
value between 0.78 and 1.52 times the correct permeability. It is therefore recommended that an
evaluation of the sample porosity and specific surface area should be included in the empirical analysis
in engineering projects. A detailed step-by-step procedure is described in Chapuis (2012) and this
should be implemented in engineering tasks when evaluating the hydraulic conductivity of soils.

Acquiring higher precision in the prediction of hydraulic conductivity than that of Chapuis and Aubertin
(2003) with the Kozney-Carman-equation is not easy without comprehensive laboratory studies.
Equation 4-9 suggests that the remaining discrepancies with the Kozney-Carman-equation are due to
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the shape of the pore (ko) and the tortuous pathway (z) of the pore channel. To quantify these parameters
requires a detailed internal inspection of the pore-space. This is challenging for in-situ unconsolidated
soils. It is therefore doubtful that equation 4-9 or equation 4-11 are applicable in practical engineering
tasks in their current form without data from comprehensive laboratory studies.

Equation 4-9 can provide much information to engineers that need to interpret permeability data or
determine input data for numerical modelling. Unlike the Kozney-Carman-equation, equation 4-9 states
that the direction of flow through a pore network has an influence on fluid flow. This is shown in the
homogeneous cubical packing of uniform spheres in figure 4-6. The flow is uniform in any of the main
axis directions (X, Y or Z) and the flow characteristics will be equal because the geometry and the
tortuosity of the pore channels are identical in these directions of flow.

Figure 4-6 Sketch of the pore matrix derived from a homogeneous porous media of uniform spheres stacked
in a cubic array. The flow can be viewed as isentropic in the direction of the main axis (X, Y, Z)
of the beds only (blue arrows). For radial flow towards a well it is impossible for the fluid to
follow a straight flow path in all directions (e.g. red arrows). The permeability of the bed is thus
affected by the direction of the flow with respect to the pore matrix orientation.

However, if the flow is radial towards a point the most direct radial flow-path is obstructed by particles.
The flow must “zigzag” around the particles and the tortuosity is not unity in all directions other than
the main axis directions. The ratio of the highest to the lowest permeability would be 2/1 for the Kmax/Kmin
in this case and is attributed to the variations in tortuosity only. The Kmax/Kmin ratio in most soils is often
less than 4/1 (Chapuis & Gill, 1989). Hughes (1951) argues that anisotropic hydraulic conductivities
are caused by directional and orientational properties of non-spherical particles in the soil. Equation 4-
9 states that the anisotropic behavior also applies to uniform spherical particles and that the direction of
flow has a governing role. Consulting equation 4-9 to evaluate the geometry of the pore space in
numerical models might therefore be useful from an interpretational point of view.

In summary, the presented work demonstrates that the particle diameter sizes cannot be said to influence
the permeability of a sediment directly. It is the pore shape, the ratio of pore volume to pore surface
area and the direction of flow through the sediment that control the permeability of a soil.
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45  The recommended GWHP design strategy

A design strategy is presented in figure 4-7 as an alternative to the state-of-the art in figure 2-1. The
GWHP design should be module-based, and each module consists of one production well and one re-
injection well. This well-pair is connected to an individual groundwater heat exchanger. For most small
to medium scale GWHP systems (e.g. <200 kW or less) the operation will usually require only one set
of wells and the module-based strategy will not differ much from the state-of-the art design. However,
for large GWHP systems this module-based strategy will prevent mixing of water from different wells
and enables one well-pair to be cleaned while others can maintain their function and ensure that the
GWHP system is operational through the cleaning process. This is relevant both for exploitation
systems and re-injection systems.

Production well

o

Injection well
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Temporary: 3 Figure 4.9 = ’
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Figure 4-7 Principle sketch of the recommended module based GWHP design.

The operational strategy for a GWHP system should minimize the quantity of groundwater needed in
the heat production process. A relatively large portion of the extracted heat should originate from the
AT rather than from the quantity of groundwater (Q). This strategy reduces the risks of clogging and
fouling in the groundwater system. A similar strategy is promoted by Rafferty (2001) and Snijders &
Drijver (2016), but the Norwegian climate and aquifer conditions are colder than many European
countries and provide different limitations for the design. For Norwegian conditions it is suggested that
the return temperature after heat exchange should be lowered down to 2°C and that the required
groundwater pumping rate (Q) is reduced to accommodate this criterion. This lower temperature limit
is set to avoid freezing risks in the groundwater system.

The native groundwater temperature of Norwegian aquifers varies from 3-8°C (figure 2-9). The specific
proportion of Q versus AT will therefore depend on the geographical location of the system. GWHP
systems in northern Norway might have a AT=1-3°C, while systems in southern Norway might have
AT=5-6°C. It will thus be easier to utilize aquifers in southern Norway because these GWHP systems
will require less pumping capacity to achieve the same thermal power capacity (equation 2.1). However,
to achieve this goal it is crucial that the GWHP designer and hydrogeological consultant is involved at
an early stage in the building project and hydrogeological pre-investigations are performed in advance
on the site. It is only then that the GWHP design can be customized to the aquifer conditions.
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A principle sketch of the module is presented in figure 4-8 for an exploitation system, which is
connected directly to figure 4-9 for a re-injection system. A number of components are included in
figures 4-8 and 4-9 to ensure access for cleaning equipment. These components are explained in the
following list. The design layout of GWHP systems and thereby the costs are more variable than for
other heating and cooling alternatives. The relevance of cost is thus only mentioned in relative terms
where it is appropriate.
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Figure 4-8 Principle sketch of the suggested GWHP production/exploitation well design. The whole
installation can fit within the well manhole. The individual parts are numbered according to the
listed points in the text.
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Figure 4-9 Principle sketch of the suggested GWHP injection well design. A single injection well is
connected to a single production well in the well-pair module. The individual parts are
numbered according to the listed points in the text.
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gn strategy and the practical implications for the design are explained in the following list:
imize the pumping rate (Q) needed in the heat production process:

A higher success rate. It is easier to produce less water from an aquifer. More aquifers might
also become available for GWHP technology because the required aquifer thickness might
be smaller, or the required hydraulic conductivity of the soil can be lower when less water is
needed by the system.

Reduced the risk of thermal feed-back in re-injection systems. The wells must typically
be situated within the building’s property, which limits the available distance between wells.
The travel-time of the water in-between the wells is controlled by the spacing, the pumping
rate and the local hydraulic gradient. A lower flow velocity through the aquifer will increase
the travel-time and provide a larger buffer for thermal break-through. The travel-time is
increased further if the injection well is located “down-stream” of the production well.

Smaller well pump - lower capital costs. The size requirements for the submersible pump
and the sizes and length of the well screens are proportional to the pumping rate required by
the system. To minimize the required pumping rate can reduce the size of the submersible
pump. This will allow the driller to reduce the diameter of the well and the drilling cost.

Use frequency converters that allow for variable pumping rates. The GWHP system must
be able to adjust the speed of the pump motor so that the pumping rate can be adjusted
depending on the heat demand in the building. The return temperature of the groundwater
should be kept at 2°C. It must be possible to adjust the pumping rate so that the AT can
achieve this goal in the heat production process.

The logarithmic mean temperature difference (LMTD) of the groundwater heat
exchanger should be within 1-2°C. The temperature of the secondary fluid should be as
close as possible to the outlet temperature of the groundwater to maximize the evaporation
temperature in the heat pump (small approach temperature). A compact crossflow plate heat
exchanger is usually preferable due to their small size.

Smaller pipe diameters — lower capital costs. Lower pumping rate reduces the diameter
requirements of the pipeline. The pipe size must be large enough to allow the pump to
function over a wide range of flow velocities. Stene (1997) argues that the minimum flow
velocity within the pipeline should be higher than 0.3 m/s to reduce clogging. This can
function as a criterion for the pipeline dimensioning at the lowest pumping speed (30 Hz).

id altering the chemical composition of the groundwater:

Wells are only connected to other wells that have similar chemical signatures. If an
installation requires more than one well-pair, these well-pairs should not be interconnected
with each other. Each well-pair should have an individual groundwater heat exchanger instead
of a large shared heat exchanger. Water quality analysis is required to determine which wells
that have similar chemical compositions and that should be grouped into well-pairs. Pre-
investigations and water quality sampling must therefore be performed in advance.

The submersible pump should be installed close to the screened area of the production well.
The pump will typically be installed just above the well screen, but other locations should be
evaluated in some situations. The best hydraulic performance is achieved if the pump is
installed within the screened area of the well. The pump should be installed below the well
screen if the groundwater is saturated with gas.

The injection well screen should be installed at the same depth, or deeper than the production
well screen to reduce the risk of gas exsolution in the well screen area.
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d)

e)

The return pipe in the injection well should be installed close to the screened area of the
well. The pipe should be installed below the screen if the groundwater is saturated with gas.

A back-pressure device should be installed at the return pipe exit to control the pressure level
in the groundwater pipeline. This hinders vacuum pressures in the piping system. The
backpressure device should ideally be a turbine because this will allow for regeneration of
electrical energy and improve the COP of the system.

3. Minimize the required length of the groundwater pipeline. This does not entail that the distance
between the production well and the injection well should be short, but that the pipeline should be
as short as possible between the two wells:

a)

b)

c)

d)

e)

Smaller well pump — lower capital costs. Minimal pipeline length reduces the hydraulic
resistance in the groundwater pipeline. The size requirements of the submersible pump will
be reduced, which in turn reduce the size requirements of the production well. The driller can
reduce the diameter of the well and the drilling cost.

Increased energy efficiency for the GWHP system. The efficiency of a submersible pump
(npump 50%) is typically less than the efficiency of a high-quality circulatory pump used in the
secondary fluid loop (e.g. 7pump 60-80%). The secondary fluid pipeline has no static head and
no risk of clogging, so it is easier to select the best efficiency pump for this loop versus the
groundwater loop. To reduce the length of groundwater loop by increasing the length of the
secondary loop ensures less waste of energy and lowers the operational costs of the system.

Lowers investment cost on high-quality pipe components. A short groundwater pipeline
ensures that fewer parts come into contact with the groundwater. A shorter pipeline therefore
requires fewer parts of high-quality materials (e.g. corrosion proof pipes).

Lower maintenance cost. The number of components and over-all length of pipeline that
needs regular clogging maintenance is reduced.

Reduces the timeframe for the groundwater outside of the aquifer. The time spent by the
water outside of the aquifer is minimized and can possibly reduce the timeframe of chemical
imbalance and chemical reactions.

4. Do not allow groundwater into the building. The design of the groundwater pipeline is simplified
if the pipeline never enters the building and fewer valves, bends and pipefittings (etc.) will be
needed in the pipework. The groundwater heat exchanger should not be located in the basement of
the building, but in the production well manhole:

a)

b)

c)

d)

Less space required by the GWHP system in the basement installation. If the groundwater
pipeline and the groundwater heat exchanger is removed from the basement the heat pump will
require a smaller machinery room.

Reduces the flooding risks. The groundwater pipeline might rupture due to corrosion or

general deterioration. If the groundwater pipeline and the groundwater heat exchanger is

removed from the basement the risk of flooding is eliminated.

Easier to control the pressure in the groundwater pipeline. It is easier to control the pressure

and avoid vacuum in the pipeline if the pipework is straightforward. The pipeline layout should

be kept short and simple between the production well and the re-injection well with as few
bends, constrictions, and valves as possible.

No need to insulate components — easy leakage detection. The groundwater pipeline and the

groundwater heat exchanger do not need insulation if they are located in the production well

manhole. The temperature in the manhole will be similar to the water temperature and this

eliminates the problems of condensation. It will be easier to discover corrosion problems and

leakages from the heat exchanger and the pipeline.
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5. Easy access for maintenance equipment. Regular maintenance requires easy access for cleaning
equipment to the groundwater heat exchanger, piping system, injection well and production well.
The same access points can be used for inspections and for cleaning. The cleaning methods that
should be accounted for are:

a)

b)

©)

d)

Well access hatch for camera and cleaning equipment. Allows the wells to be inspected
during operation and the performance of the system will be easier to understand. This will
require a larger well diameter than what the pump requires alone. If the size of the submersible
pump is designed according to point 1c) and 3a) the new required well size should ideally be
reduced compared to the state-of-the art design. In this case the state-of-the art well size can
still be drilled, and the well will have additional room along the side of the pump, especially by
installing the pump slightly off-center in the well, which makes room for the yellow circle in
figure 4-9. Cleaning equipment can then be inserted into the well without having to dismantle
the submersible pump. Otherwise, this will require a larger well diameter than the normal well
design.

Acid treatment of the groundwater heat exchanger. Pipe fittings and valves that allow for
easy shut-off and cleaning of the heat exchanger are recommended and should be standardized
for GWHP systems.

Reverse pumping and flushing of the well screens. The wells should be reversed flushed
before the start of each heating season. The water from the flushing contain particles that must
be removed from the system and this requires a bypass in the pipeline via a temporary disposal
to the surface drain.

Jet cleaning of pipes and wells is recommended as an affordable routine cleaning strategy. This
can be done in conjunction with flushing and pumping maintenance.

6. Recommended surveillance equipment. The sensory equipment must be able to document the
performance of the system and its influence on the environment. The recommended level of
surveillance can be achieved by installing:

a)

b)

c)

d)

e)

Data storage. Record the surveillance data. Clogging and other problems can be detected more
easily if there exists a record of past performance data. All sensors should have digital memory
or be connected to a storage unit.

Calibration. The sensors and recording systems must be properly calibrated to ensure that the
recorded data is correct. The sensor accuracies should be routinely checked.

Four temperature sensors (per heat exchanger). The proper range for these temperature
sensors will be -5 — 20°C. Limiting the range of the sensors will improve the accuracy. The
sensors should have an accuracy of + 0.1 °C (Pt100A or Pt1000A resistance thermometers).

Pressure sensors. The minimum requirement is the water level measurements of the injection
well and the production well. Pressure drop across the groundwater heat exchanger is also
recommended. More sensors can be fitted along the groundwater pipeline on demand. The
proper range for these sensors will vary depending on the hydraulic resistance in the pipeline
and their accuracy might therefore vary. The pipeline sensors must be able to measure vacuum
pressures. The water level sensors in the wells should have + 1.0 mbar accuracy.

Volume flow meter in the groundwater pipeline. The accuracy of the flow meter is typically
limited within a certain range of pumping rates. The flow meter type must therefore be selected
according to the pumping rates required by the operation. It must be able to follow the whole
pump capacity range from 30-50 Hz motor speed.
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5 Conclusions

The conclusions of the four hypotheses are summarized. Additionally, there are some supplementary
findings regarding the GWHP design that are summarized after the hypotheses’ section.

Hypothesis I
Clogging is triggered by the design and operation of GWHP systems.

During the course of the ORMEL project and this PhD it was found that clogging problems affect all
of the GWHP systems in Melhus. These problems involve clogging due to sediment suffusion or due
to chemical precipitation and deposition of reaction compounds. These problems are typical for GWHP
systems (i.a. Bakema, 2001; Banks, 2012; Snijders & Drijver, 2016). The GWHP literature, the
ORMEL study, and this thesis show how an inappropriate well design can trigger sediment suffusion
or how the piping layout can affect the groundwater chemistry. Clogging must be taken seriously
because it causes system malfunctions. Chemically induced clogging is particularly challenging because
numerous events can alter the chemical equilibrium of aqueous solutions. Typical examples are
precipitation due to mixing of dissimilar groundwater qualities with each other or intermixing of air
into the groundwater during pumping.

The influence of the GWHP design on the groundwater pressure and temperature during operation has
been shown to affect the solubility of gases in the water. It is demonstrated that GWHP re-injection
systems used in Norway cause vacuum pressures in the piping system. The groundwater temperature is
also altered relative to the in-situ groundwater temperature. Both these events have the potential to
trigger gas exsolution. The gas solubility in water depends on the hydrostatic pressure, the temperature,
and the concentration of gas in the water. Some gases (e.g. CO>) regulate the pH of the water and if
these gases exsolve from the water they can catalyze precipitation reactions. One should therefore not
allow gas exsolution in GWHP systems.

The magnitude of temperature alteration (AT), the hydrostatic pressure in the piping system, and the
pumping rate (Q) are determined by the design and the operational strategy of the GWHP system. This
demonstrates that both the design and the operational strategy of a GWHP system influence the
solubility of gases in the water, which in turn has the potential to catalyze precipitation reactions. The
presented work, along with those published by others, therefore verifies hypothesis I.

Hypothesis II:

Monitoring of the GWHP system performance with a hydraulic step-test
surveillance procedure will improve the reliability of the GWHP systems and
provides a means for early detection of clogging in distinct parts of the
system.

The Melhus GWHP systems lack maintenance routines in the long-term operation. The presented work
confirms that GWHP systems must schedule for regular maintenance in order to improve the reliability
of the systems, as is frequently highlighted in the GWHP literature (i.a. Bakema, 2001, Andersson et
al., 2003). In this respect “regular” is a relative term and can be defined uniquely for each individual

GWHP system. A means to improve the reliability of the system is therefore to determine the
appropriate timeframe for maintenance. Key parameters that describe the performance of the GWHP
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system should be monitored routinely with a surveillance procedure. This will help determine the proper
timeframe for maintenance intervals.

The theoretical foundation for a surveillance procedure has been presented and shows that the hydraulic
and the thermal performance of the system can be used to schedule maintenance intervals. Both
performances fluctuate during normal operations and this requires a fixed point of reference for the
surveillance procedure. The fixed reference point is the so-called step-test procedure which can detect
if, when, and where a reduction of the hydraulic and the thermal performance has occurred.

The presented work therefore verifies hypothesis Il. Routine surveillance and maintenance require the
GWHP operation to have a competent operator/consultant that can follow up and interpret the
performance data and schedule for the correct maintenance measures.

Hypothesis III:

Fluid flow in unconsolidated aquifers is similar to fluid flow in pipes. The
Hagen-Poiseuille-relations of pipe flow therefore applies to unconsolidated
aquifers.

The pore channels in unconsolidated aquifers have non-uniform shapes. A channel will have a wide
pore body region and a narrow pore throat region along its length. The laboratory work presented in
Paper VI demonstrates that these geometrical properties have a significant influence on the fluid flow.
The non-uniformity of the pore channel induces a spatially dependent acceleration of the fluid velocity
along the expanding and shrinking pore channel. The Hagen-Poiseuille equation does not account for
this effect. The over-all effect of non-uniformity is that the loss of mechanical energy is relatively larger
for fluid flow in unconsolidated aquifers than in pipes. Fluid flow in unconsolidated aquifers is therefore
not similar to fluid flow in pipes and hypothesis 111 is falsified.

Hypothesis IV:

The permeability of unconsolidated sediments is directly related to the
diameter of the particles that constitute the soil.

The permeability of a pore describes how the pore shape and size affects the fluid flow and is
independent of the fluid properties and the temperature. The hydrogeological literature commonly
relates the permeability to the diameter of the particles that constitute the soil. However, the diameter
of the particles that surrounds the pore does not describe the shape of the pore nor its size, and the
diameter of the particles is therefore not directly related to the permeability.

Paper VI states that other geometrical properties are needed to describe the permeability of a pore; the
specific porosity, the specific surface, the shape of the pore channel and the contraction ratio of the pore
channel. The orientation of the pore channel with respect to the flow direction (the tortuosity) also has
an important role. These properties are unique for a pore. It is shown that the particle diameter cannot
describe the permeability of a single pore. Therefore, an average particle diameter is not able to describe
the average permeability of a soil either. Hypothesis 1V is not verified.
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Supplementary findings important for the design of GWHP systems.

It is important to utilize the full thermal potential of each liter of groundwater because this will reduce
the hydraulic stresses enforced on the aquifer through pumping. For Norwegian aquifer conditions the
groundwater temperatures are relatively cold (3-8 °C). The strategy then implies that the groundwater
temperature should be lowered as much as possible, restricted to the lower limit of 2°C after heat
exchange. To achieve this goal, it is crucial that the GWHP designer and hydrogeological consultant is
involved at an early stage in the building project and that site investigations are performed beforehand.
The required pumping rate (Q) needed in the heat production process can then be minimized according
to the local aquifer conditions and the available groundwater temperature (47).

Schedule for regular maintenance to avoid clogging in the long-term operations of GWHP systems. A
module-based design where a production well and an injection well function as a well-pair is favorable
and reduces the consequence of clogging. Maintenance is made easier because one well-pair can be
cleaned while others can keep their function and ensure that the GWHP system is operational throughout
the cleaning process. A best practice GWHP system should also have:

e Surveillance sensors that measure the hydraulic and the thermal performance of the system.

e Easy access for cleaning equipment to all parts of the groundwater system.

e Customized well design, piping layout, and a pumping strategy adapted to the in-situ pressure
and temperature conditions of the aquifer.

e Groundwater pipeline length reduced to a minimum.

e The groundwater pipeline kept outside of GWHP building.

e The groundwater heat exchanger installed in the production well manhole.
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ABSTRACT

This paper presents results from video inspections of groundwater wells in Melhus and Elverum, in Norway. The method has
identified iron hydroxides, bacterial growth and sand production as causes of clogging in different wells. Video inspection has proven itself

a reliable, inexpensive and quick method for such investigations. The videos supply do jon_for the building owner about the well
condition. A video inspection should be incorporated as a standard part of the tender document and an integrated part of the maintenance
routine. Finally, open loop GSHP and ATES system wells should be designed and mannfactured with integrated video inspection options.

This will ease the fanlt detection process and reduce maintenance costs of the system through the lifetime of the wells.

INTRODUCTION

Ground source heat is a renewable energy source that has a potential for increased use in Norway.
Through the ORMEL project, the municipalities of Melhus and Elverum are evaluating their potential for
further development, specifically with the open loop ground source heat pump systems (open loop
GSHP systems). Melhus has utilized ground water for heating and cooling purposes since 1999, with
good results, while Elverum is cutrently investing in such systems. Aquifer thermal energy storage
systems (ATES systems) are vulnerable towards many of the same problems as GSHP systems, but will
not be described further in this papet.

The typical open loop GSHP systems in Melhus and Elverum utilize an unconsolidated Quaternary
sand and gravel aquifer as a heat source. The production well and injection well connect to the aquifer
through customized screens, which withholds the sediments, while groundwater is allowed to flow freely
into the wells. A submersible pump in the production well pumps groundwater through a secondary heat
exchanger in the building, where a secondary fluid extracts heat. After heat extraction, the groundwater is
re-injected to the aquifer in the injection well. Elverum currently has one such open loop GSHP system
in operation. Melhus has nine such open loop systems, which utilize groundwater from the same aquifer.
Of the nine systems, seven have injection wells, while the remaining two utilize the local drainage system
for disposal of the return water.

Unlike domestic water works, there are no requirements regarding water quality in open loop
GSHP system in Norway. Specified water quality guidelines do not exist and water quality issues are often
disregarded or insufficiently emphasized during the planning and design phase of new projects. Lack of
specialist input from a hydrogeologist often leads to insufficient aquifer investigation. The production
wells ot injection wells are seldom sufficiently tested before or after the construction phase. Insufficient
instrumentation and lack of monitoring of the systems during operation also contribute to late discovery
of fouling and other water quality issues. All of these factors are likely contributors to increased risks of
problems caused by faulty design or inappropriate operational strategies. Similar findings are reported by
Bakema (2001) and Banks (2012) who emphasize that most open loop problems ate best dealt with
through correct system design.
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Since 1999, a wide range of problems has occutred with the systems in Melhus. These problems
often involve clogging of the well screens, either the production wells or the injection wells (Riise, 2015).
Typically, the injection wells are more prone to clogging than the production wells. All of the seven
injection wells in Melhus have had clogging issues. In comparison, clogging have been detected in two out
of nine production wells. In Elverum, one planned open loop GSHP system was terminated because
three of the four production wells showed severe clogging issues during the pre-investigation phase of the
project. The active open loop GSHP system in Elverum has experienced clogging issues in one out of its
two production wells. Common for the problems found in Melhus is a lack of monitoring of the wells
during normal system operation. Only three of the systems monitor groundwater flow rates and only one
system monitor pressure levels in the production well. None of the injection wells is monitored. As a
result, the faults are seldom detected before the clogging have had time to develop and have become a
sever problem.

Clogging problems can originate from a wide range of sources that yield similar symptoms, such as
reduced groundwater flow rates through the system and increased pressure drops in the groundwater flow
through the affected components (Bakema, 2001, Banks, 2012, Andersson et al., 1984). It is common to
distinguish between mechanical, chemical or microbial causes. Mechanical clogging involves incrustations
of sand, silt and other suspended particles, which fill the pore space in the soil and clog system
components. Chemical clogging involves precipitation of particles, which in turn incrusts on system
components. Microbial clogging, or biofouling, is caused by bacteria, which grow on system components.
All of these complications require different cleaning or corrective approaches (Andersson et al., 1984) and
there exists a need to distinguish between them. Flow rate and pressure monitoring is not capable of such
distinctions. Consequently, such problems often call for investigations by means of water quality analysis
or visual inspection of the affected area to identify the problem cause.

EXAMPLES OF SUCCESSFUL VIDEO INSPECTIONS IN MELHUS AND ELVERUM

Video inspection offers a familiar, hands-on, versatile and reliable approach. The method is
common in domestic waterworks in Norway, England (Banks, 1992), the Netherlands (van Beek et al.,
2017), USA (Jansen and LoCoco, 2007, Gorder, 1963) and most likely other countries. Similar methods
are common in other industries such as buildings and constructions, roads and sewage systems where
video inspection is a standardized part of any project. Today's high-resolution color imaging cameras are
capable of forward-looking and sideways-looking views with 360 degtees rotation and variable depth of
focus. During the inspection, the video is shown in real-time on a monitor with a depth display. Some
cameras, like the Supervision™ S1'R 140/ SV C100 pan and tilt camera utilized in this study, are equipped
with laser measuring tools, which for example enables measurement of screen slot openings in the well.

In groundwater wells, the usefulness of the method relies on the clarity of the water. Performing a
flushing of the well and allowing particles to settle is in some cases recommended before the inspection,
especially when inspecting new wells. Figure 1A shows a new well that had been pumped for 14 days and
where the pumping ended one week before the video inspection. The 1 mm screen slot openings were
measured to confirm that the well was constructed in accordance to the specifications given in the tender
document. The lodged sand grains and the clarity of the water indicate that the well was constructed in
good agreement with the local soil conditions.

The clarity of the water might be a good indication of a well’s current condition and an inspection
without pre-flushing might be useful in itself. Figure 1B shows a production well in Elverum where the
well screen is clogged by a biofilm of iron bacteria. This particular production well is less than 1 year old
and had not yet been connected to the heat pump system. It was not flushed before the inspection. In
this case the bacterial growth seems to favor specific patts of the screen and builds on the screen surface
in a foam-like structure, effectively clogging some of the openings. These observations might not have
been possible if the well was flushed before the inspection. Disinfection with chlorine and cleaning were
necessary before the well could be connected to the system.



Precipitated iron and manganese hydroxides is a common problem in Norwegian open loop
systems (Riise, 2015). Often these particles accumulate in the injection well, after a journey through the
rest of the system. But some examples of hydroxide precipitation is also found in production wells in
Melhus. The production well screen in figure 1C is incrusted with precipitated iron hydroxides at the
location of the pump inlet. The drawdown in the well was not monitored during operation and the water
table was lowered below the suction inlet section of the pump. Mixture of ait into the screen area allowed
the chemical reaction to occur. Unlike the iron bacteria in figure 1B the precipitated hydroxides seem to
evenly cover the screen slots. This well had functioned for 15 years before the problem was discovered
and the well had to be abandoned because of faulty design.

The injection well in figure 1D is clogged by fine silt and clay particles. The particles originate from
the sedimentary formation around the production well, where they are carried through the production
well screen by the flow of water. The particles are unable to infiltrate back through the injection well
screen and effectively clog the slots. Before the inspection the well was taken out of service and the
suspended particles were allowed to settle. The picture shows some small particles of black manganese
hydroxides still settling in the well. The problem was discovered 1.5-2 years after the plant was set in
operation. The problem was solved by installing a filter on a part of the pipe section in the machinery
room before reinjection of the groundwater back into the aquifer. The filter is regularly cleaned.
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Figure 1 Video inspections of well screens. A: a newly constructed well in Melhus. The 1 mm slots were measured
with a built-in laser tool. B: iron bacteria have infected this production well in Elverum. C: precipitated
iron hydroxide incrustations on a production well screen in Melhus. D: sand and silt clogging an injection
well screen in Melhus. Photos: Gjovaag AS (part of the ORMEL project).

19. 12. 2015)

BENEFITS, COST AND DRAWBACKS

The presented video photos demonstrate the applicability of the method in open loop GSHP
system wells. The investigation of newly constructed wells confirms that proper placement of screen,
pump and pressure sensors are ensured and that the wells are constructed in agreement with the soil



conditions and the tender documents. The method New well design
can identify location and type of debris, scale and

biofilm deposits in clogged wells. New vs. old well Traditional:
conditions can be compared and such information Pipe connection
supply vital knowledge to the system operator and Power cable

allow planning of appropriate maintenance and
i Pressure sensor
corrective measures. The method has also been

applied in real-time to direct rehabilitation Alternative:
operations in the well or to identify sand-production Slighﬂ)' la.rger well
zones in the well while pumping is in progress diameter swith

(Jansen and LoCoco, 2007).

o o . inspection hatch
The cost of a video inspection is a function of

for camera

the actual inspection time and transportation cost to
t}.le site. The actual 1nsPecn0n time required for a Productionwell Injection well
single well depends mainly on the well depth and

clarity of the water. For example, the depth of the
wells shown in figure 1A-1D are 40 (A), 22 (B), 24
(C) and 58 (D) meters, respectively. The time
needed for the inspections ranged from 15 (A), 15
(B), 23 (C) and 30 (D) minutes, respectively. The
total cost of the individual video inspections ranged
from 5000-5700 NOK (=520-590 €) per well. By
comparison, similar numbers have been reported by
Banks (1992), where an average cost of 2500-6000
NOK (=260-620 €) was registered in 1991.

A hydrogeologist can interpret the video
during the inspection of the well or in the office
afterwards. A digital copy of the video can also be
sent to an expert (e.g. a microbiologist) for further
evaluation.

The main drawbacks of the method involve
the cost of preparing the wells for inspection. In
Norway, the current open loop GSHP well designs
generally follow the more traditional well designs
applied for domestic drinking water purposes. Most
of these wells are designed around the space
required by the submersible pump, with minimum
space available for other equipment. The camera
utilized in this investigation required 90 mm
diameter free space. Normally, the pump or
injection pipe have to be dismantled and lifted out
of the well for the camera to fit. The heat pump
system must shut down during the video inspection,
adding additional cost to the investigation.

If the well designs include enough space for a
video camera while the pump and pipes are
operating, the time needed and the over-all cost of

the inspection is greatly reduced. A possible

Figure 2 The traditional well design does not
have space for a video camera. An alternative
sufficiently to give space for a camera along the side of design that allows for real-time video inspection
the pump or injection pipe. An inspection “hatch” next can reduce the over-all cost of fault detection.

alternative would be to increase the well diameter



to the pipe connections is a potential technique. By installing the pump and injection pipe slightly off-
center, the additional well diameter needed for the camera might be minimized (figure 2). The video
inspection can then be conducted during normal system operations and the actual well behaviors are
observed live on the monitor while groundwater flows through the system. The increased installation cost
due to a larger well diameter will be more than outweighed by the benefits of regular monitoring of the
well conditions during the lifetime of the wells. In addition, a larger screen diameter would in most cases
improve the well characteristics.

It might be argued that clogging problems also can be detected by measuring the specific flow or
the pumping capacity. Although a reduction of the specific flow is easily understood by a hydrogeologist,
a video presentation of the conditions in the well is a much stronger tool when trying to convince the well
owner that a costly well rehabilitation is needed. If there is any doubt whether the well is installed
according to order, a video inspection of the well can settle the dispute.

A record of routine video inspections from the wells were installed and onwards, will together with
data on the performance of the open loop GSHP, be a strong tool for monitoring and documentation of
the plant.

CONCLUSION

Video inspection of wells have proven to be a reliable, efficient and relatively low cost method for
investigation of production wells and injection wells. A video inspection of the wells should be a standard
part of the tender document in new open loop system and an integrated part of the maintenance routines.
Open loop GSHP wells should be designed and manufactured with integrated video inspection options.
This will ease the fault detection process and reduce maintenance costs of the system through the lifetime
of the wells.
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ABSTRACT

The main objective in the research project called Optimal Utilization of Groundwater for Heating and Cooling in Melhus and
Elverum (2015-2018) in Norway has been to provide a sufficient and sustainable base of knowledge for optimized utilization and
management of the aquifer in the two town centers. Many open system GWHP in the center of Melhus have challenges with
clogging of the injection wells due to iron and manganese precipitations, and/or filling of the wells with particles of sand and silt
pumped with groundwater. Precipitation of iron and manganese reduce the capacity of wells and affects pumps, pipes and heat
exchangers. The infiltration capacity is gradually reduced by the filling of the well screen part of the infiltration well. Therefore, the
screened groundwater wells in sand and gravel aquifers, and especially the infiltration wells have gained special attention in this
article. Re-infiltration of heat exchanged groundwater to the aquifer seems to be more challenging than pumping groundwater from
a production well. Another important point is that the experience with the use of screened infiltration wells at least in Norway, is
scarce and almost limited to the open ground source heat pump installations where the first ones were established around 20 years
ago. Before the ORMEL-projects including the sequel ORMEL2, there has been little systematic studies on the use of groundwater
for energy purposes in Norway.

The experience from rehabilitation of an infiltration well in an open system GWHP installation at Melhus, namely Lena Terrace,
has been used to illustrate the complexity of the problem to be addressed and the need for a systematic approach with the topic.
Here a mix of both precipitation of iron oxides and sedimentations seems to occur. Theoretically and in general, we cannot exclude
the possibility that some pumping wells also continuously produces suspended solids with the groundwater. The best rehabilitation
results of the infiltration well at Lena Terrace seems to be the steaming and the sectional mammoth pumping. Rehabilitation of
drinking water wells also often obtain good results with this method. However, the method is not widely used maybe due to limited
availability by the industry and knowledge. Compared to production wells, the need of rehabilitation of infiltration wells seems to
be more present with respect to both sediments and precipitation of e.g. iron and manganese oxides. Therefore, it is time to develop
the steaming and mammoth pumping procedure further so that this well cleaning method is easily available, effective and can be
used on a regular basis and before the infiltration rate in the infiltration well is critically low. Two more important issues are also
addressed in the Lena Terrace case, namely the usefulness of the video inspection and the need for good surveillance of the
operation of the open system GWHP. Video inspections document, and give a cost effective well condition analysis, and should be
used before and after well rehabilitations in addition to hydraulic tests. The need of a central control and monitoring system is
essential. With the new central control system available at Lena Terrace this winter, the last rehabilitation in July 2019 was initiated
with basis in the monitoring of the water level in the infiltration well and done as a preventive measure before the situation got
critical.

This broad perspective and approach concerning the use of groundwater to energy purposes should continue taking into account the
ongoing plans for establishing a large-scale system in Melhus. This involves further work with design, to understand precipitation
mechanisms and conditions, to achieve effective operating strategies with routinely and cost-effective maintenance and targeted
well rehabilitation procedures.

1. INTRODUCTION

The main objective in ORMEL has been to provide a professional and sustainable basis for an optimal use and management of the
groundwater resources in the town centers of Melhus and Elverum in Norway. The groundwater resources consist of sand and
gravel aquifers. A comprehensive program of investigations has been performed within the project (2015-2018), e.g. drilling of
investigations- and production wells, well testing, well rehabilitation and modelling. Previously, mapping of the groundwater
resources has been lacking, and different levels of experience and competence by the use of groundwater to energy purposes has
been limiting factors for the use of this renewable energy source.

The aquifer in Melhus is large and should be utilized on a commercial and large scale. The potential for heat extraction from the
groundwater in the center of Melhus is estimated to be in the range from 5-10 MW and 15-30 GWh/year depending on how the
systems are operated (Ramstad et al. 2018). The potential for cooling is in the same order of magnitude or more. These numbers are
larger than the demand for heating and cooling in the center of Melhus. There are also areas in Elverum where large quantities of
groundwater can be used locally. ORMEL2 (2018-2021) is a sequel to ORMEL focusing on iron and manganese issues in
groundwater, and a hydrogeological design and operational basis for a large scale utilization of the groundwater resource for energy
purposes in the center of Melhus.

The use of groundwater for energy purposes

The use of groundwater for energy purposes has a relatively short history in Norway. The ATES system at Oslo airport
Gardermoen build in 1998 is among the first systems in Norway (Eggen and Vangsnes 2005), together with the first in Melhus in
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1999 (Riise 2015). Traditionally, groundwater in sand and gravel aquifers in Norway has been used for drinking water purposes.
‘When starting to utilize groundwater for energy purposes, the heating industry was introduced for hydrogeology. Unfortunately, the
hydrogeological knowledge and experience already gained by the drinking water industry regarding groundwater wells in sand and
gravel aquifers, has to a little extent been taken advantage of by the heating industry. Thus, some mistakes experienced and
overcome within the drinking water industry, have therefore been redone within the heating industry when starting using
groundwater for energy purposes. The ORMEL-project has contributed to bridge this gap in every level of the value chain so that
there is enough system knowledge to design, operate and maintain profitable open system ground source heat pump systems
(GWHP) in a systematic way. The complexity of these kind of systems requires multidisciplinary skills spanning from knowledge
on extraction of groundwater from sand and gravel deposits, heat pump technology, automation/monitoring and operation and
maintenance. Extensive cooperation between the disciplines and a sufficient level of system knowledge are necessary to ensure the
integrity of the system as a whole.

Figure 1 shows the principles for the use of groundwater for heating purposes. In heating mode the groundwater is pumped from a
production well. The energy is extracted by lowering the temperature of the groundwater in a separate heat exchanger prior to the
heat pump. Finally, the groundwater is re-infiltrated into the aquifer by an infiltration well. Both the production and infiltration well
are typically made by continuous and slotted (con-slot) screens as seen to the left in Figure 2. In cooling mode, e.g. the system can
be switched.

An important difference between the use of groundwater for drinking and energy purposes, is the need for an infiltration well for re-
infiltration of heat exchanged groundwater to the aquifer. Due to the re-infiltration there is no net extraction of groundwater from
the aquifer, only a net extraction of energy either by lowering or elevating the temperature of the re-infiltrated groundwater. Except
for a few drinking water plants with artificial infiltration of water in vertical groundwater wells, the experience with infiltration
wells in Norway is limited.

Many open system GWHP in the center of Melhus have challenges with clogging of the injection wells due to iron and manganese
precipitations, and/or filling of the wells with particles of sand and silt pumped with groundwater. Precipitation of iron and
manganese reduce the well capacity and the life-time of pumps, pipes and heat exchangers. The infiltration capacity is gradually
reduced by the filling of well screen part of the infiltration well. The solution to many of these problems are better maintenance and
system design ensuring simple and routinely maintenance. This paper presents the highlights from the ORMEL-project with special
focus on rehabilitation of infiltration wells with reduced infiltration capacity due to sedimentation and precipitated iron oxides,
illustrated by an example from one of the plants in Melhus called Lena Terrace. These results have a wide application and transfer
value within hydrogeology and screened water wells.

Groundwater heat exchanger: HE
Sub. pump control unit (RPM): @
Secondary fluid circuit pump: ©

Production well

Injection well

+=to river

Figure 1: Principle drawing of the use of groundwater for heating purposes. Groundwater is pumped from a production
well, the groundwater is heat exchanged in a separate heat exchanger prior to the heat pump. Groundwater with a
few degrees lower temperature is re-infiltrated into the aquifer by an infiltration well (Gjengedal et al., 2019). Both
the production and infiltration well are typically made by continuous and slotted (con-slot) screens as seen to the left
in Figure 2.
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A typical groundwater well in Norway

A typical groundwater well in Norway consists of con-slot well screens in a sand and/or gravel aquifer of glacial or fluvial origin.
Figure 2 shows a con-slot well screen seen from the outside. A natural filter of coarser sand and gravel near the screen is made by
washing out the finer particles which can be seen further out in the formation. Washing of the well screen after installation is an
important step in establishing the groundwater well. The procedure consists of pulses with pumping air into the formation after the
installation of the well screen. The groundwater is pushed back in the formation and when the air pressure releases, the hydraulic
pressure creates a flow back which can be seen as a “blow out” of water from the well (to the right in Figure 2). Many repetitions
and sectionalized washing ensure a well-functioning natural filter with high permeability around the well screen as seen in the left
picture.

Commonly a groundwater well is between 10 and 40 meters deep and produces10-30 liters/second, but sometimes more. The
groundwater has a stable temperature all year around. In the most northern and in mountain areas of Norway, the groundwater
temperature can be too cold to utilize for heating purposes. The content of iron and manganese solved as ions in the groundwater
can sometimes be challenging with respect to precipitation of oxides.

Figure 2: The left picture (from Driscoll) shows a con-slot well screen seen from the outside. A natural filter of coarser sand
and gravel near the screen is made by washing (picture at the right) out the finer particles which can be seen further
out in the formation. Washing of the well screen after installation can be seen of the picture to the right. Pulses of
pumping air into the formation after the installation of the well screen, creates a “blow out” of water from the well.
Many repetitions and sectionalized washing, ensures a well-functioning natural filter with high permeability around
the well screen as seen in the picture to the left.

2. METHODOLOGY

The methodology is divided into two parts. First the sedimentation potential of suspended solids in infiltration wells is estimated,
and secondly, the method for rehabilitation the infiltration well at open system GWHP plant at Lena Terrace in Melhus is described.

The main objective of the calculation of the sedimentation potential is to highlight how small concentration of suspended solids that
is needed to fill up the screened part of an infiltration well with a normal diameter and a given time. Some general assumptions are
the basis for the calculations, e.g. the amount of suspended solid in the groundwater is set to 0.1 mg/liter. The groundwater
containing this amount of suspended solids is produced by the production well, pumped through the heat exchanger and deposited
within the well, or in the well formation outside the well screen. In this study and for simplicity, all the suspended particles are
assumed to be deposited in the bottom of the infiltration well. The density of the suspended solid is assumed to be 1800 kg/m?,
which is an average of the rock density (2600 kg/m?) and water (1000 kg/m?).

The GWHP plant at Lena Terrace was first established in 2003 and rebuilt due to several technical problems both with the
groundwater system and the heat pump in 2015. Before the rebuilding, the infiltration well was used as the production well. The
well screen has a diameter of 161 mm, is 10-meter-long and placed 23.5-33.5 meters below the wellhead. The specific pumping
capacity of the infiltration well before the plant was put into operation in the fall of 2015 was 12 liters/second per meter cone of
depression. A normal pumping rate of the plant is 16-17 liters/second supplying a heat pump of 340 kW. The infiltration capacity
was too low both in February and October 2018, and a rehabilitation method by suction, jet flushing and pumping was attempted. In
February the infiltration well was flowing over the wellhead with a pumping rate around 10 liters/second, and approximately 0.6
meters of the bottom of the well was filled with sediments. Several steps with jet flushing, video inspection, pumping and
infiltration tests were performed. In October 2018, the groundwater level was critically high with reduced pumping rate, and
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suction and jet flushing were repeated in order to get the infiltration capacity high enough to secure the operation of the plant during
the following heating season.

A new rehabilitation was necessary summer 2019, but now a steaming and washing method with mammoth pumping was used. The
steaming means that the infiltration well is continuously filled with boiling water 12-16 hours prior to the start of the mammoth
pumping. The well screen washing / mammoth pumping was done in sections of 0.5 meter which ensures a thorough and systematic
cleaning of the well screen. The rubber packers sealing the section are adjusted to the well diameter. The air supply between the
packers are done by an air hose around 3 meters above the section. The function of the mammoth pumping is quite similar to the
washing procedure which is carried out immediately after the screen installation to obtain a natural formation filter (Figure 2).

The different rehabilitation methods used in the infiltration well at Lena Terrace will be compared with respect to removal of
sediments and improvement of hydraulic properties. The different stages of well rehabilitation are documented by video filming of
the well.

3. RESULTS

Sediment production, rehabilitation of the infiltration well and documentation

Assuming a very modest content of suspended solids of 0.1 mg/liter in the groundwater, the left diagram in Figure 3 shows the
pumping rate versus the amount of suspended solids in the groundwater produced per day. With a constant pumping rate of 15
liters/second the amount of suspended solids following the groundwater is about 130 grams per day. These numbers correspond to a
sedimentation height in the infiltration well of 1.5 meter per year if the diameter of the well is 161 mm (the right diagram in Figure
3).

Figure 4 (left picture) shows a section of the well screen before rehabilitation in February 2018 when the water was flowing over.
Pictures from the video inspection of the well screen after jet flushing can be seen in the middle and to the right. The two pictures
are within 10 centimeters, and large parts of the screen is still clogged with precipitated iron oxides (picture in the middle) as prior
to the jet flushing (left picture), while the natural filter of sand and gravel can be seen in some parts (right picture). Some areas
where the formation behind the well screen is tight and cemented were also observed. After jet flushing and simultaneously
pumping, the specific capacity of the well was 7 liter/second per meter cone of depression of the groundwater.

The infiltration well at Lena Terrace has a total depth of 36.5 meter below the wellhead. In the cleaning performed in February
2018, the sediment column within the well increased from 0.6 to around 1 meter of the 3 meter long catcher pipe in the bottom of
the infiltration well due to the remains from the high pressure jet flushing. Only minor sediments was removed in the cleaning in
October 2018, and the infiltration well was filled with sediments up to around 32 meters below the wellhead (Figure 5 to the left—
the camera stopped at 31.92 meters as the deepest) after the rehabilitation, i.e. a total of 4.5 meters with sediments. This includes 3
meters in the catcher pipe below the well screen and 1.5 meters into the well screen. This also means, that the sediment filling in the
infiltration well increased by 3.5 meters in a period of approximately eight months, from February to October 2018. After the
rehabilitation in July 2019 with steaming and mammoth pumping in sections of 0.5 meters, the sediments were completely removed
from the infiltration well (Figure 5 and the pictures to the right). The color of the muddy water and the content of mud from the
mammoth pumping varied between the sections, but was mainly brown and reddish (the pictures to the left in Figure 6). Some of
the removed sediments from the well can be seen in the picture to the right of Figure 6.

Figure 7 shows the groundwater part of the monitoring display for the open system GWHP at Lena Terrace around one month
before (left) and 3 weeks after (right) the rehabilitation of the infiltration well (“returbrenn), respectively. The water level in the
infiltration well is only 3 meter below the wellhead with a pumping rate of 9.9 liter/second before rehabilitation, and is 17.8 m
meter below the wellhead with a slightly higher pumping rate of 11.6 liter/second after the rehabilitation. The groundwater level in
the infiltration well is approximately 14.5 meter lower than prior to the rehabilitation, taken into account a dry period with little
precipitation. The monitoring display was established during winter 2019 and is still under development and testing.

The amount of suspended solids prod | with the groundwat Sedi ion in infiltration wells due to suspended particles in the groundwater
30 -
.
o Well diameter (mm) e
. o134 7
. 25| @ o161 o
- o o219 -
= .
_g 1% EE L & o3 ) .
a Ez0- - °
. -
S H -
ﬁ 160 é 157 - = *
2 e 2 -
b1 g
] £ - . —
] 3 7 .
&= B . .
- L
@ 05 . = *
-
.
L3
o . . 00 T T )
5 10 15 20 5 10 15 20
Pumping rate (lis) Pumping rate (Is)

Figure 3: Pumping rate versus the amount of suspended solids and the sedimentation height in an infiltration well with
different diameter can be seen on the diagram at the left and right, respectively.
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Figure 4: Picture at left: The well screen is tight before rehabilitation in February 2018 when the water was flowing over.
The blurry picture is caused by a thin film on the camera lens. Picture in the middle and at the right: Video
inspection of the well screen after jet flushing with mixed results. The pictures are within 10 centimeters, and large
parts of the screen is still clogged with precipitated iron oxides (middle), while the natural filter of sand and gravel
can be seen in some parts (right picture)

20180811_141107

Figure 5: The left picture from the video inspection shows the infiltration well after the rehabilitation in October 2018 when
sediments still fills up parts of the well screen (up to approximately 32 meters below the wellhead). The pictures at
the right shows the infiltration well after rehabilitation in July 2019. The well is cleaned all the way, including 3
meters below the well screen. The upper picture is from the bottom of the well screen which was filled with
sediments prior to the rehabilitation (left picture). The sand grains can clearly be seen behind the slots. The lower
picture shows the sediments in the bottom of the well at around 36.5 meter below the wellhead.

Figure 6: The pictures at the left shows the mammoth pumping in the upper and lower screen section, respectively. The
upper picture is muddy water cleaning the aquifer formation outside the screen (inside the formation), while the
lower picture shows very muddy water from removing the sediments in the lower part of the well. The picture to the
right shows some of the removed material from the well. Note the reddish color.



Ramstad et al.

mowe == | 2T LenaTemEse g e emomsse 7 Lana Tamssse D T
PT1 Trykk ut til brenn TF1Trykkfall i veksler TE10 Temp isvann PT1 Trykk ut til brenn TF1Trykkfall i veksler TE10 Temp isvann
1 =
L n % .
\../\ ' \../\ ‘
- [ | - 5 -
10 w0 20 15 -8 //:5 0 o 20 8 5 — &
3.5kPa 34.5 kPa 41°C 4.6 kPa 33.0 kPa 53°C
7% 990U 1% 1.6V
= e e o T 90% OO
T)35kPa (§)58°C e T +1°C T)a6kP  (§)60°C 7 53°C
> (Ba < [}
ot or2 o or2
~ osk | oax
09K 06K
9.91is 1.6l/s
P01
0 PT2 TE2 1 TER T
o1z Tem o3 |
BTN © - - L
—-a 0 ; f —-Q.0
{ e 219.8mS/m
= = - -
= 2 -
: E 1 oyde tl 099
[ e - Fi17.8m F
S 30m F pyies
T swev E E E
gl F i E 1
F [ n2reyde over pumpe W | A 42m
AlEz r= 65m [ P a
I F oy |
- P03 . r B1%
: 76% @ F 3 Fo
I 9 1 E . l F o el 2
' i N o Returbronn Produksjonsbrenn
Returbrenn Produksjonsbrenn

Figure 7: The groundwater part of the monitoring display for the open system GSHP at Lena Terrace around one month
before and 3 weeks after the rehabilitation of the infiltration well (“returbrenn), respectively can be seen to the left
and right. The water level in the infiltration well is only 3 meter below the wellhead with a pumping rate of 9.9
liter/second before rehabilitation, and is 17.8 m meter below the wellhead with a slightly higher pumping rate of 11.6
liter/second after the rehabilitation.

4. CONCLUSION AND DISCUSSION

The research project ORMEL (2015-2018) and the sequel ORMEL2 focus on the use of groundwater for energy purposes. The
screened groundwater wells in sand and gravel aquifers, and especially the infiltration well has gained special attention in this
article. Returning heat exchanged groundwater to the aquifer by means of an infiltration well seems to be more challenging than
extracting groundwater from a production well. Another important point is that the experience with the use of screened infiltration
wells at least in Norway is scarce and nearly limited to the open system GWHP installations. Before the ORMEL-projects, there has
been little systematic studies on the use of groundwater for energy purposes in Norway. The key is to include the entire value chain
in the research and to imply the new knowledge at the operating level in the business.

The experience from rehabilitation of an infiltration well in an open system GWHP installation at Melhus, namely Lena Terrace,
has been used to illustrate the complexity of the problem and the need for a systematic approach to the topic. Here both
precipitation of iron oxides and sedimentations seem to occur. The cause of the problem is not yet fully understood as well as the
best rehabilitation practice for the each, and a mix of the phenomena. A calculation of the sedimentation potential where the
groundwater contains a modest concentration of suspended solids was included to show that we cannot exclude the possibility that
some production wells of groundwater also continuously produces suspended solids with the groundwater. For instance, a content
of suspended solids of 0.1 mg/l and a continuous pumping of 15 liters/second will cause a filling of 1.5 meter per year ina 161 mm
diameter infiltration well.

The sedimentation production at Lena Terrace cannot be fully explained by now, but the sedimentation filling the first 2.5 years of
operation was approximately 0.6 meter, while the filling during the 8 months period from February to October 2018 was around 3.5
meters. A possible explanation of the considerable filling of sediments in that short period of time, is that the remaining residuals
from the rehabilitation in February 2018 (jet flushing and simultaneously pumping) settled when the pumping was finished. The
filling of 0.6 meters the first 2.5 years corresponds to only 0.016 mg/1 of suspended solids with the groundwater.

The best rehabilitation results of the infiltration well at Lena Terrace seems to be the steaming and the sectional mammoth
pumping. Rehabilitation of drinking water wells also often obtain good results with this method. However, the method is not widely
used and offered by the industry. Compared to production wells, the need of rehabilitation of infiltration wells seems to be more
present with respect to both sediments and precipitation of e.g. iron and manganese oxides (Gjengedal et al. 2019). Therefore, it is
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time to develop the steaming and mammoth pumping procedure further so that this well cleaning method is easily available,
effective and can be used on a regular basis and before the infiltration rate in the infiltration well is critically low. In addition to the
trial and error approach with jet flushing, pumping and suction, as well as the steaming / mammoth pumping, the Lena Terrace
example illustrates two more important issues, namely the usefulness of the video inspection and the need for good surveillance of
the operation of the open system GWHP. Video inspections document, and gives a cost effective well condition analysis, and
should be used before and after well rehabilitations in addition to hydraulic tests (Gjengedal et al., 2018). The need of a central
control and monitoring system is essential (Gjengedal et al. 2019). As shown for Lena Terrace which got their central control
system this winter, the last rehabilitation was performed with basis of the monitoring of the water level in the infiltration well and
could then be done in advance and before the situation was critical. The central control also shows the results of the rehabilitation
instantly and for long periods by saving all the monitored data for eventually deeper analysis.

This broad perspective and approach concerning the use of groundwater to energy purposes should continue taking into account the
ongoing plans for establishing a large-scale system in Melhus. This involves further work with design, to understand precipitation
mechanisms and conditions, to achieve effective operating strategies with routinely and cost effective maintenance and targeted
well rehabilitation procedures.
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Abstract: The utilization of groundwater heat pump systems is increasing in Norway, which are
currently widely employed for heating and cooling applications in the town center of Melhus.
The investigations of the Melhus installations are detecting gas exsolution as a possible trigger for
precipitation reaction that causes incrustation of iron and manganese compounds in the systems.
This paper discusses risks associated with gas exsolution and considers gas exsolution triggers in
a typical Norwegian groundwater heat pump (GWHP) system configuration. The concept of the
solubility grade line (SGL) is developed and suggested as a tool for optimizing the design. Based on
SGL analysis and the intention of avoiding gas exsolution during heat production, an alternative
system design in the same aquifer is presented and compared. The analyses show that the traditional
system design is predisposed to gas clogging risks and prone to vacuum pressures in parts of the
system. The alternative design mediates the risks by adjusting the well and piping configuration
and by applying a backpressure technique. The results demonstrate how the groundwater heat
pump system design can be customized according to local aquifer conditions to avoid gas exsolution
during operation. It is recommended that the presented method of analysis should be utilized in
dimensioning of systems and included in the monitoring scheme of the systems.

Keywords: groundwater; groundwater heat pump (GWHP) systems; aquifer; design and control
principles; dissolved gases; temperature; pressure; hydraulic grade line; solubility grade line

1. Introduction

Ground source heat pump (GSHP) systems have become increasingly popular in Norway during
the recent decades. Similar trends are also seen worldwide, and recent studies indicate a large
potential for the technology [1]. Among a wide range of GSHP concepts, groundwater heat pump
(GWHP) systems, also known as open loop GSHP systems, are unique because they extract thermal
energy directly from groundwater rather than via heat collectors in soil or bedrock formations. These
systems are less common than closed loop GSHP systems, but GWHP systems provide an efficient and
cost-effective alternative in areas where the local hydrogeological conditions are favorable, especially
for medium to large facilities (>100 kW heating capacity systems) and for facilities with large annual
cooling demands.
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These systems extract groundwater from an aquifer. In Norway, GWHP technology is typically
applied in areas with large Quaternary deposits of saturated sand and gravel material. Many aspects
of system performance are governed by the local and the over-all aquifer conditions. An aquifer
formation beneath the town center of Melhus (Norway) is currently utilized as a heat source by nine
individual GWHP systems. The first installation started production in 1999 and is still in operation
today. A range of clogging and fouling problems has occurred in the different systems over the years,
leading to the recent investigations [2-5].

The problems typically distinguish into three main categories: (1) Suspension and deposition of
sediments in the system, (2) bacterial growth in the groundwater—biofouling, (3) chemical fouling,
typically by iron and/or manganese compounds. These problems are identical to problems reported
in many similar GWHP systems [6-13]. However, these references also emphasis several clogging
issues caused by or catalyzed by a fourth problem category: (4) Exsolution of gases dissolved in
groundwater. The exsolution and escape of specific gases, e.g., CO,, can facilitate chemical imbalances
in the groundwater and cause precipitation reactions. Nordell et al. [12] describe findings of iron
precipitation caused by exsolution of CO; in borehole bedrock wells in the Emmaboda borehole
thermal energy storage system. Gas exsolution also represents a direct risk of clogging by gas bubbles
in, e.g., the well screen upon re-injection, which is a reported problem by many others e.g., [6,9,10].
Observations and investigations in Melhus by Breste [3] have revealed gas bubbles in the groundwater
during groundwater sampling, similar to some of the observations of Yon-Gyung et al. [14] in a CO,
storage site in Korea. This arguably points towards gas exsolution as a possible cause for some of the
clogging and fouling problems found in Melhus. This is currently being investigated.

This paper deals with the topic of GWHP design solutions and their influence on pressure- and
temperature-induced gas exsolution within the systems. The traditional Norwegian design does not
consider in-situ pressures and temperatures as key design parameters to avoid clogging problems,
and the design thus enforces alterations to the in-situ groundwater conditions during operation.
As examples of a typical gas exsolution triggers, pressure and temperature changes within a typical
Norwegian GWHP system configuration are analyzed and presented. The analysis shows how the
design affects the gas solubility in groundwater. An alternative design strategy introduces the solubility
grade line (SGL) as a design tool for optimizing the system configuration. The new strategy provides
an alternative approach to the traditional Norwegian GWHP design methodology and focuses on
preventing or limiting the risk of gas exsolution.

1.1. Current Investigations in Melhus

There are two typical GWHP system design concepts employed in Melhus, i.e., with or without
reinjection of groundwater to the aquifer (Figure 1). The heat pump system connects to the aquifer
through a production well with slotted screens. Groundwater is pumped from the production well
through a groundwater heat exchanger (HE), where thermal energy is extracted from or injected into
the water. The water temperature is typically reduced or increased by 3—4 °C, respectively. The Melhus
aquifer receives sufficient groundwater recharge and the systems can discharge the heat-exchanged
groundwater through the local drainage system (Figure 1a). However, the more common system
solution is designed to re-inject the heat-exchanged groundwater back into the aquifer in an injection
well (Figure 1b). Re-injection is deemed favorable because it helps maintain the water level in the
aquifer and the contractors do not have to apply for extraction permits from the regulating authorities.
Groundwater from different depths are extracted depending on the location of the different installations.
The shallowest installation utilizes water from a depth of 5-20 m and the deepest installation utilizes
water from a depth of 60-70 m with respect to the water table.

The nine GSHP systems are cost-effective, but all of them have experienced a variety of different
clogging and fouling issues. The major issues are related to clogging of the injection wells and the
surrounding aquifer formation. All of the seven re-injection systems have experienced clogging of
the injection well screen [5]. The clogging material is often a mixture of sediments and precipitated
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hydroxides [3,4]. Inspections of the systems have shown that re-injection of groundwater is done
without a backpressure technique, and vacuum pressures have been observed in the re-injection
pipeline in several installations. Banks [10] (p.226) discusses this issue and suggests that >0.5 bar
over-pressure should be achieved everywhere within the groundwater circuit to mediate this problem.
Similarly, gas-related problems in deep Australian groundwater systems (>500 m depth) have led
their industrial standard to recommend fully pressurized GWHP systems, typically with 1-4 bar
over-pressure [11].

Well

screen

Figure 1. Types of groundwater heat pump (GWHP) systems in Melhus. (a) Design solution with
run-off to nearby river through the local drainage system. (b) Most common design with re-injection of
groundwater. A tap in the machinery room allows for water quality sampling.

Vacuum pressures have also been observed in the pipeline leading into the basement of the
building on several occasions, sometimes as far back as the groundwater heat exchanger. Seven of the
Melhus systems have experienced fouling of the groundwater heat exchanger (Figure 2a), but whether
this is triggered by vacuum pressures or not is unclear. Mixing of different groundwater qualities in the
system, or alteration of the groundwater temperature, are typically emphasized to explain why such
fouling has occurred [6,9,10,15]. Water quality sampling of the aquifer [2,3], in different installations
and observation wells, has revealed large spatial variations in both ion concentrations and dissolved
oxygen levels in the aquifer. For instance, dissolved iron and manganese ions were found to vary from
0.05-5.78 mg/L and 0.01-0.68 mg/L respectively, depending on the location and depth of the different
wells in the aquifer formation. The issue of chemical precipitation is thus a complex matter, probably
with multiple triggering factors. In Melhus, the loss of in-situ pressure in the pipeline is now perceived
to be a part of the problem.

Inspection of a particular production well in 2017 suggests that loss of pressure might be relevant
for the observed fouling problems. The production wells in Melhus are seldom affected by clogging
issues [4], but in this particular well, the pump was installed in the screened section of the well
(Figure 2b). During a routine maintenance check of the 15-m-long screen, a video-inspection of the
well revealed a minor issue where precipitated iron hydroxides were found highly localized in the
screen area at the location of the suction inlet section of the submersible pump, 10-11 m below the
water table. Houben [15] reports that similar observations are typical for water wells in general, and
emphasizes that the rate of fouling deposition is enhanced in areas of high flow velocities. He states
that this is likely caused by the mixing of different groundwater qualities, but this explanation seems
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insufficient considering the small area of affected screen (20 cm in diameter) after eight years of
continuous operation. The suction inlet section of the pump is often associated with high entrance
velocities that cause relatively large losses of hydrostatic pressure around the pump entrance. If these
pressure losses contribute to exsolution of dissolved gases that in turn affect the chemical balance of
the groundwater, it might provide an explanation for the observed fouling. In this case, the problem
can be easily avoided by correcting the system design. The physical-chemical relations concerning gas
solubility and chemical precipitation are thus relevant for GWHP designers.

(@ | (b)

Figure 2. Clogging issues in Melhus. (a) Iron compounds and sediment inside a groundwater plate heat

exchanger. (b) Local iron precipitation in the well screen surrounding the water inlet of a submersible
pump in a production well. Affected area is approximately 20 cm in diameter and is probably caused
by loss of hydrostatic pressure and gas exsolution during production.

1.2. Relevance of Gas Solubility and Chemical Precipitation in GWHP Design

To broaden the relevance of gas solubility in GWHP systems, it is appropriate to recount the
relations of some gases to that of chemical precipitation. Numerous physical-chemical relations
concern the topic of dissolved gases and their possible influence on precipitation reactions. Oxygen
(O,) and carbon dioxide (CO,) are often considered the most relevant gases because they affect
the chemical equilibrium of many compounds [16]. Most of the clogging problems in Melhus are
connected to precipitation of iron and manganese compounds specifically. The following section
therefore focuses on these two elements in relation to oxygen (O;) and carbon dioxide (CO,) gases.
Some possible gas-related precipitation triggers are highlighted. Microbial activity that catalyzes
precipitation reactions is not within the scope of this paper.

The dissolution and precipitation of iron and manganese is governed by the solvent’s redox
potential (Eh) and pH [16,17]. Assuming chemical equilibria, the stability fields of various iron species
can be visualized in Eh-pH diagrams. Higher Eh and pH levels in groundwater would, for most
elements, tend to favor insoluble species. In the case of iron and manganese (Figure 3), it is evident that
the soluble species of Fe?* and Mn?* are favored below pH ~ 6 with decreasing solubility with higher
Eh levels, conditions that are commonly found in many aquifer formations. However, numerous
factors control Eh and pH, thus making the dissolution—precipitation process more complex.

Eh is controlled by the oxidant availability. High Eh values indicate a large abundance of
oxidants, leading to higher oxidation states of the reductants, i.e., electron donors. Oxygen (O,) is the
thermodynamically preferred oxidant. Oxygen depletion, so called anoxic conditions, make nitrate
(NOs3;7), manganese (Mn**), iron (Fe3*), sulphate (S04%7), and carbon dioxide (CO,) in sequence the
thermodynamically preferred oxidants [18]. Anoxic conditions are usually found in deeper parts of
water bodies, as oxygen supply is lower there [16]. Mixing anoxic groundwater with oxygen-rich
groundwater, or mixing with oxygen in the air, are typical precipitation triggers because this alters
the preferred iron or manganese species from soluble species, e.g., Fe?*, to insoluble species that are
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unable to stay in solution, e.g., Fe;O3 (Figure 3). Groundwater quality mixing and leakages of air
into the system should thus be avoided. This forms the basis for much of the prevailing emphasis on
groundwater quality issues within the GWHP design [10].
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Figure 3. Relations for iron and manganese at 25 °C and 1.0 bar total pressure. Solubility contours
are plotted at activities = 107. Total dissolved sulfur = 107 mol/l. Total dissolved inorganic carbon
activity = 10 mol/l. Soluble species are highlighted in green, while insoluble species are shown in
white (modified after [18] and [19]).

The Eh—-pH diagram represents an equilibrium approach and characterizes a steady state situation
where the reactions have had sufficient time to stabilize. Aquifers in general, and especially aquifers
utilized in GWHP systems, never achieve equilibrium, making kinetic considerations necessary
for evaluating chemical relations. The reactions involved in iron and manganese dissolution and
precipitation display various rates and rate controlling factors. For the oxidation of ferrous iron, the
following rate equation is relevant and exemplifies some interesting relations [20]:

d|Fe*+
- % — k'[F€2+]'POZ'[OH_]2 1)
where k is a temperature-dependent rate constant, [Fe?*] is the ferrous iron concentration, p(O) is the
partial pressure of oxygen, and [OH™] is the hydroxide concentration. Catalytic effects of other ions in
solution and complex formation affects the reaction rate, which often makes the practical utilization
of Equation (1) difficult. Even in ideal conditions, Equation (1) is only rate controlling up to pH = 7.
When pH > 8, the pH component of Equation (1) is so large that the amount of available O, and the
diffusion of O, becomes rate controlling in practice [20]. Temperature effects have a minor and often
negligible influence on the rate reaction constant (k). This is because the magnitude of temperature
change is often small in GWHP systems, as discussed by, e.g., [21]. Without emphasizing the practical
usefulness of Equation (1), the equation shows how the kinetics are more sensitive to alterations of
pH than to Eh if pH > 5, due to the second order term of [OH~] and the single order term of p(O,),
respectively. The works of, e.g., [15,22,23] demonstrate that the severity of precipitation problems in
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groundwater wells often cannot be explained by oxygenation (p(O;)) or large concentration of dissolved
iron ions alone ([Fe**]), and pH alteration mechanisms have been identified as major contributors to
the problems. Accounting for pH controlling physical-chemical relations in the GWHP system design
is thus relevant.

Carbon dioxide is the major pH-controlling component in groundwater [18]. This is due to the
dissolution and chemical reactions CO, undergoes in contact with water. A relatively small proportion
of the total dissolved CO, hydrates, forming carbonic acid (H,COj3). This diprotic acid affects the pH
level of the groundwater and lowers the pH if the water does not have sufficient buffering capacity.
The magnitude of pH change depends on the water quality in question and the amount of alteration of
dissolved carbon dioxide in the water [16]. Other gases are also relevant, e.g., the sulfur system may
contribute to the acidity of natural waters [24,25], but this will not be elaborated upon here.

Physical properties that control the amount of dissolved carbon dioxide in the groundwater can
have an indirect influence on the pH level of the water. Gas solubility (in water) is dependent on
pressure, concentration, and temperature, as stated in Henry’s law [26]. Figure 4 shows data provided
by Colt [27] and exemplifies the relations of Henry’s law in a water body supplied with CO, from an
atmosphere with 0.039% atm p(CO,). The figure shows that higher partial pressures and lower water
temperatures facilitate more gas dissolution. For groundwater with a given chemical signature, this
implies that CO; is more soluble at low water temperatures and higher partial pressures of p(CO;),
corresponding to greater aquifer depths.

CO: solubility in water
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Figure 4. CO; solubility as a function of water depth (m) and temperature (°C). Derived from a fixed
concentration of CO; gas of 0.039% atm p(CO,). Based on data from [27-29], found in [27].

This has practical relevance for GWHP systems, because extracting water from a water body
at a given depth below the water table triggers a loss of pressure, leading to CO, oversaturation.
The exsolution of CO; triggers a chemical imbalance in the groundwater. This results in a rise of pH,
and subsequently causes precipitation reactions [16,18]. This phenomenon is stressed by Garcia-Gil et
al. [23], who demonstrate a direct risk for precipitation in groundwater systems in Zaragoza (Spain) if
the water is allowed to interact with the atmosphere before re-injection. This is both because oxygen
can dissolve into the water, and also because carbon dioxide can escape the system.

The water might also be oversaturated with gas if the temperature is increased. In this way, even
though the temperature effects are often negligible, e.g., on the rate reaction of Equation (1) directly (k),
the temperature can have an indirect influence on the pH. Accordingly, temperature indirectly poses
an important role in the kinetics. The utilization of groundwater for cooling purposes in a GWHP
system is thus more at risk than a system that utilizes groundwater for heating applications.
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The concentration of ions and gases in the groundwater is defined by the local geological
conditions in an aquifer system, and there is typically no intension for the GWHP system to alter the
chemical composition of the groundwater during production [10]. However, altering the pressure and
temperature conditions of the groundwater do enforce changes to the in-situ groundwater conditions.
To evaluate the pressure and temperature conditions in the whole GWHP system is necessary to
properly assess the risks of gas clogging caused by gas exsolution and its possible relevance for other
fouling issues.

2. Method of Analysis

To properly assess the risks of gas exsolution in a system, one must investigate the influence of
the system design on the groundwater pressure and temperature during operation. GWHP systems
and aquifer thermal energy storage (ATES) systems are highly fluctuating pressure and temperature
systems. Pressure changes through a system can be visualized in diagrams via the hydraulic grade
line (HGL); a method frequently applied in fluid mechanics [30]. The HGL describes the magnitude
of hydrostatic pressure head and elevation head at any given location through the entire length of a
system. The method requires a detailed description of each system component. Effects caused by size,
length, and roughness of the piping system need to be considered, in addition to their elevation with
respect to a common reference datum. Energy losses caused by flow through the aquifer, pump, heat
exchanger, pipes, and pipefittings (valves, bends, filters, etc.) must also be considered. All these effects
are dependent on the groundwater flow rate. These effects are expressed in terms of hydraulic heads
(m) in the form of the steady-flow energy equation (rearranged after equation 5.77 in [30]:

vi.oov2

% = ;7_; a 2_; - 0{22—2 + (Zl - ZZ) + hpump - hlosses - hturbine (2)
where p denotes the hydrostatic pressure (Pa), V the mean groundwater flow velocity (m/s), g the
acceleration due to gravity (m/s?), pthe density of groundwater (kg/m3), z the elevation (m) in relation to
a reference plane, and ais a correction factor for turbulence in pipes, usually a= 1.05 [30]. The subscripts
1 and 2 denote two arbitrary locations in the system. The terms p/pgare the pressure heads (m), V?/2g are
the velocity heads (m), and z are the elevation heads (m) for the two point along the system. Hydraulic
head supplied by the submersible pump is included in the term Ay (m). The sum of all frictional
and inertial losses is included in the term /jygq. (m). The term hyyppine (M) is usually not relevant, but
signifies that regeneration of energy is possible in some system. The reader is encouraged to read [30]
for more information on this topic and for examples on how to estimate these parameters in piping
systems. For estimation of aquifer pressure losses, the reader is encouraged to read [31].

Equation (2) states that parts of the hydrostatic pressure are converted to kinetic energy, especially
in regions of high flow velocities, e.g., at the pump entrance or through narrow channels, e.g., within a
plate heat exchanger. Pressure is also converted into potential energy if the water is relocated to a point
of higher elevation relative to the reference elevation. When considering their effects on gas solubility,
alterations of energy forms must be considered as losses of pressure, in a similar fashion as to that of
the frictional pressure losses induced by fluid flow through the system. For this reason, Equation (2)
is rearranged in this paper for pressure head to give a modified form of the HGL, termed the gauge
pressure head grade line (GPHGL). The assumption made is: Point 1 can be chosen to be at the water
table in the aquifer and at a sufficient distance away from the inlet of the pump. The velocity squared of
the water at this point is thus negligible. The reference elevation is said to be at this elevation, thereby
z1 = 0. The pressure here is, by definition, the atmospheric pressure, and substituting into Equation (2)
the gauge pressure at an arbitrary point can be calculated by Equation (3):

) 2
é‘?;;ge = hpump =22 = Myosses = Mturbine — angZ ©




Energies 2019, 12, 3657 8 of 20

The term hpyp and hygsses are the heads corresponding to energy added by the pump and lost to
friction, respectively, to the flow up to a given point. Inside the pipe, the mean velocity is conveniently
calculated as Q/A, where Q is the flow (m3/s) and A is the cross-sectional area of the pipe (m?).
The pump being a component at a fixed location means that, for a point in front of the pump, pump
should not be present in Equation (3). The sum of all the head losses are met by the submersible
pump, which must supply an amount of hydraulic head equal to the losses to maintain the balance of
Equation (3) at the designed rate of flow. The argument for this is understood if the arbitrary point is
at the water table a significant distance away from the injection well; here, the elevation is zero, the
velocity squared is negligible, the gauge pressure is zero—making Hyump and hypsses €qual. The equation
thus also describes the power needed, P (W), to circulate the groundwater:

_ P& Qltpumy
1

p @)
where 7 is the coefficient of mechanical and hydraulic efficiency of the pump, typically ranging
from 0.5-0.75 or less for submersible pumps depending on pump size and motor speed [32]. In this
sense, the GPHGL also visualizes the energy needed for groundwater circulation at the specific mode
of operation.

The GPHGL analysis is constructed by Equation (3) along a line (A-I) that describes the pressure
exerted on the water traveling along the line through the system during operation. Along the line, the
water is assigned properties with respect to the water table and the flow velocity at each point along
the line. The GPHGL is a visualization of the bulk pressure exerted on the water at different segments
in the GWHP system. This pressure directly controls gas solubility in the water. As the pressure varies
through the system, the solubility of gases is altered according to Henry’s law. The GPHGL therefore
describes the general risk of gas exsolution in the system.

However, alterations of temperature in the groundwater heat exchanger renders the GPHGL
and Equation (3) unable to adequately describe the system’s influence on gas solubility. Combining
Equation (3) with the temperature solubility relations for, e.g., CO, in water, the GPHGL is modified
further to provide a solubility grade line (SGL) for the system in relation to CO; specifically. In this
study, this is done for water with 0.039% atm. p(CO,), corresponding to atmospheric concentrations.
This data is readily available for a wide range of temperatures and pressures in Colt [27]. The behavioral
trends are seen in Figure 4, and the variable pressure and temperature components result in different
solubilities for the water along the line (A-I). The reader is referred to [27] for the specific details
regarding the solubility relations that constitute Figure 4. Solubility of other gases are not considered
in the SGL.

For simplicity, the SGL analysis in this paper does not consider the thermal energy provided by
cooling of the submersible pump motor or the thermal energy provided by frictional losses through the
system, as these thermal contributions are estimated to be small in relation to the heat exchanged in
the groundwater heat exchanger. Considering the GWHP system presented in Figure 1, it is apparent
that several components can cause considerable alterations to the gas solubility as the groundwater
travels through the system. The application of the GPHGL and the SGL will be presented in the
following section for two different fictional GWHP systems with 0.039% atm. p(CO;)-saturated
groundwater conditions.

3. Example of Gas Exsolution Triggers and Application of the SGL

The examples presented in the following sections are theoretical and are not actual systems in
Melhus. The first example presents a design that follows the traditional Norwegian GWHP concept.
Numerous risk areas of this design are presented. The second example is a new design approach that
eliminates all of the risk areas by relocating the system components in the aquifer. The components are
otherwise identical in both examples. These two systems demonstrate that the design and location of the
wells and piping system can have a profound effect on gas solubility during groundwater circulation.
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For simplicity, the example cases assume that the groundwater is saturated with CO; at the
location of the production well screen and injection well screen depths, corresponding to the solubility
relations provided by Colt [27]. This situation would resemble an unconfined aquifer with limited or
no organic material in the soil formation. This situation serves as an example of how gas clogging risks
in an aquifer can be managed through design and system control.

The water table is, per definition, the location of the atmospheric pressure in the aquifer.
The GPHGL analysis in the presented examples refers to the water table as the reference datum for
gauge pressure calculations, Zyaer taple = 0. It should be noted that the water table might have seasonal
fluctuations in natural groundwater systems and that the presented examples must be viewed as steady
state situations. Only the aquifer, piping (3" ID), and heat exchanger pressure losses are included in
the analysis and the components are equal for the two cases, with the exception of the piping length
and well depths. The cases are thus simplified versions of actual systems, but they are intended to
demonstrate the concepts, not to present a specific system in Melhus.

3.1. The Traditional Norwegian GWHP Design Concept

The traditional Norwegian open loop well design follows the same dimensioning principles
utilized in wells constructed for drinking water purposes. The main purpose of the design is to
provide the GWHP system with sufficient groundwater circulation (Q (m3/s)) and, thus, thermal energy.
In practice, these principles involve minimizing the investment cost by limiting the well size and
depth (z (m)) and, thus, reduce the drilling costs. In a homogeneous and isotropic aquifer, where
impermeable sediments in the aquifer are not an issue, this principle can typically lead to the GWHP
system configuration in Figure 5. Here, the injection well screen (H) is located at a shallow depth
(Az > 0 (m)) compared to the production well screen (B).

Production Injection well
well

'Z(min)

\eooon]| | Chiller T"”"ﬂw :
. - .

Figure 5. Traditional Norwegian GWHP design methodology can typically result in this system
configuration. Different key components (A-I) are installed at various depths (z) in relation to the water
level of the aquifer, Zyater table = 0 M.

The exact placement of the submersible pump in the production well (C) and the outlet pipe in the
injection well (G) are selected based on evaluations of operational risks. The submersible pump must
be installed sufficiently deep to prevent excessive drawdown of the well water level at the designed
maximum flow rate. This often leads to a pump placement directly above the well screen, consequently
maximizing the available drawdown potential of the well. However, if the well is sufficiently deep
and the risks of excessive drawdown are small, the pump can typically be located as seen in Figure 5
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to save costs on raiser pipe length and electrical cable. Similarly, the injection pipe outlet (G) must
be submerged below the water table to limit the risk of mixing with the air in the well bore before
injection. The injection pipe is rarely located deeper than a few meters below the well water table.

Before injection, the thermal energy is extracted in the groundwater heat exchanger in the basement
of the building, which is located a certain elevation above the water table in the aquifer (—Zmin (m)).
The location of the heat exchanger is often close to the heat pump unit, contributing to an as short as
possible indirect loop of secondary fluid, yielding lower costs associated with the indirect loop and
the circulation of secondary fluid. This might be convenient in many installations, but if the distance
from the wells to the building is great, the length of the groundwater loop can sometimes be several
hundred meters more than the shortest distance between the wells themselves.

The system design presented in Figure 5 imposes a number of pressure changes to the groundwater
as it travels through the system. As a simplified example, we can consider the following situation
where the production well screen is installed at B = 2025 m depth and the injection well screen at
H = 10-15 m depth. The submersible pump is installed at C = 10 m depth and the injection pipe exit at
G =3 mdepth. Figure 6 presents these key design components in view of their effects on CO; solubility
in groundwater. In addition, the groundwater temperature is altered depending on the energy demand
in the building. If there exists a cooling demand, the groundwater temperature is re-injected into the
aquifer with a higher temperature than the original temperature, e.g., an increase from 5-10 °C.

CO: solubility in water
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Figure 6. Degassing of CO, in the production well and the injection well associated with the traditional
Norwegian GWHP design. The location of the screens (B,H), pump (C), and injection pipe (G) are
plotted in the solubility regions for CO,, ref. Figure 4. Here, the GWHP system operates in a 5 °C
cooling mode.

The location of the pump at 10 m above the production well screen triggers a pressure drop of
1.0 bar and the solubility of CO, decreases (Figure 6B,C). The initial groundwater is saturated with
CO,, the gas is exsolved out of the water phase, and chemical reactions are triggered. These reactions
increase the pH level of the water, which in turn can trigger precipitation reactions.

The shallow placement of the injection pipe (G) in the injection well, combined with the increased
temperature caused by the cooling of the building, further decreases the solubility of gases and
increases the gas exsolution (Figure 6C vs. Figure 6G). The groundwater is further depleted with CO,
and the chemical reactions are accelerated and allowed to continue. The shallow injection screen depth
prevents the CO, bubbles from dissolving, and the bubbles effectively clog the well screen and aquifer
formation near the well (Figure 6G,H).
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The GPHGL analysis of the pressure reveals the dynamic pressure changes through the piping
system. The GPHGL analysis along the dotted line A-Iin Figure 5 shows that the traditional system
configuration is predisposed to losses of pressure after the groundwater has entered through the
production well screen (Figure 7). Frictional losses in this aquifer only cause minor drawdown losses
before entry through the screen (A-B). This is typical for highly permeable aquifers. The length of
the well screen allows for mixing of groundwater from 20-25 m depth before the entry to the pump.
The groundwater entering at the bottom of the screen is thus subjected to larger losses of pressure and
corresponding changes in gas solubility.

Gauge pressure head grade line (GPHGL)
for GWHP design in Figure 5
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Figure 7. Pressure grade line (GPHGL) for the groundwater flow line A-Iin Figure 5. The GPHGL
is estimated based on Equation (3). The groundwater is saturated with gas at the depth of the well
screens. The gas exsolution risk area is relevant for all types of gases, and these gases form bubbles in
the highlighted area.

In addition to the 1.0 bar pressure loss before the pump (B—C), the actual pressure loss at the
pump entry can be higher because of the relatively high speed of the water when entering into the
pump impellers (7.51/s vs. 11 /s of C-entry in Figure 7). The abrupt pressure increase displayed at C
represents the additional pressure, liup, that is supplied by the submersible pump. The input power
is equal to the frictional and elevation losses in the system. The input power and the supplied pressure
is thus smaller for the 7.51/s vs. 11 1/s mode of operation. After pump exit (C-exit), the additional
pressure supplied by the pump is quickly dissipated by the elevation rise towards the top well fitting
(C-exit towards D).

The length D-F represents the pipe length from the production well to the injection well which,
in this case, is 105 m. Since the heat exchanger is located in the basement of the building, the distance
D-F is often unnecessarily long and filled with bends, valves, and filters. These components are not
included in this analysis, but can contribute to local low-pressure zones along the D-F line that might
enter the vacuum region of the GPHGL diagram. This is exemplified by the slight dip within the heat
exchanger (E). The risk associated with vacuum is, e.g., severe gas exsolution caused by significant loss
of gas solubility (Figure 4). In the worst case, the water starts to boil, and the onset of cavitation might
occur. The severity of the vacuum and size of the vacuum region depends on the flow rate and the
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specific location of different components in the system. For this system, the heat exchanger (E) enters
the vacuum region if the flow rate is reduced from 11 to 7.5 I/s (Figure 7).

The injection pipe (G) is submerged beneath the water table and the risk of entering the vacuum
region is largely controlled by the elevation difference from water table within the well and the injection
well top fitting (F). The elevation difference from F to the well water table causes a suction within
the pipe, and the magnitude of suction is proportional to the elevation distance of F above the well
water table. The re-injection of groundwater into the aquifer (I) requires an increase in the hydraulic
gradient (H-I). This leads to an artificially high water level within the injection well. The magnitude of
suction in the system is thus a function of the injection well characteristics and the mode of operation.
For instance, the suction is larger at lower rates of flow, as seen in Figure 7.

The GPHGL analysis shows that the location of the injection well screen at a shallower depth
causes a permanent loss of pressure (I vs. A). The traditional system design is unable to avoid gas
clogging issues if the groundwater is saturated with gas.

3.2. New Design Principle and Proposed Alternative Design Concept

The new design alternative incorporates considerations of pressure and temperature, in addition
to the traditional design principles. The design should provide the building with sufficient thermal
energy without allowing gas exsolution to occur. This can be avoided by imposing a consistent rise in
pressure within the system, instead of allowing pressure to drop. This means that the whole system
must be designed in relation to the location of the production well screen relative to the aquifer water
table (Figure 8). Solubility relations also depend on the temperature, meaning the magnitude of
temperature alteration during operation must be considered in relation to the corresponding pressures
needed to avoid gas exsolution.

Production
well

Injection well

'Z(mln)
/. -

Figure 8. GWHP design concept. The heat exchanger is located outside the building in separate
housing close to the production well. The slightly longer indirect loop of secondary fluid connects the
heat pump to the groundwater. The depths of both well screens are equal.

The location and length of the production well screen enables extraction of groundwater with
a fixed pressure range relative to the groundwater table (20-25 m). The highest pressures are found
in the deepest part of the well, at the lower end of the screen. The installed depth of the screen
bottom thus forms the baseline for the design (B = 25 m). The location of the pump below the screen
bottom ensures that the pressure level is preserved until the water has entered the pump impellers
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(C > 25 m). Similarly, the re-injection pipe in the injection well must be installed beneath the injection
well screen to ensure over-pressure upon re-entry to the well (G > H). Without considering alterations
to the groundwater temperature yet, it is evident that the injection well screen (H) must be installed at
minimum the same depth as the production well screen to avoid a permanent loss of pressure after the
groundwater has left the GWHP system.

The GPHGL analysis shows that these minor design adjustments ensure a pressure level that
reduces the risk of gas exsolution in the production well and the injection well (Figure 9). The pressure
drop in the aquifer around the production well (A-B) cannot be avoided, but the magnitude of
drawdown can be controlled by adjusting the pumping rate through the system.

Gauge pressure head grade line (GPHGL)
for GWHP design in Figure 8
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Figure 9. Pressure grade line (GPHGL) for the groundwater flow line A-I in Figure 8. Groundwater
flow rate is 11 1/s for both cases. Backpressure valve is 3.0 bar (30 m) and is installed at the injection
pipe exit (G).

The pressure within the groundwater pipeline (C-G) is still not sufficiently controlled. Sufficient
over-pressure is only achieved by installing a backpressure devise (G). The magnitude of backpressure
required is a function of the reference pressure in the production well (2.5 bar), the required elevation
lift above the water table (1.0 bar), and the groundwater flow rate in the system. For instance, for the
pressure to be 2.5 bar at F at zero flow, the additional backpressure at G must be 3.5 bar to simulate a
25-m-high “water column” above F. During groundwater circulation, the friction in the injection pipe
and the water level increase in the injection well provide some of this backpressure. The additional
backpressure needed is correspondingly less. If the flow rate is set to, e.g., 111/s, the GPHGL analysis of
this system shows that the pipeline pressure is sufficient if the backpressure valve is 3.0 bar (Figure 9).
The main drawback with the backpressure technique is the substantial amount of additional pumping
power required for groundwater circulation. This is seen in the 30-m-higher C—exit point for the black
GPHGL (Figure 9).

The precise location of the injection well screen and the magnitude of backpressure required is
a function of the mode of system operation. The system is typically operated in heating mode or
cooling mode, or a combination of these two modes, depending on the demand in the building. Since
the solubility of the dissolved gases is affected by temperature, the risk of gas exsolution is affected
by the mode of operation. The SGL of the black GPHGL (Figure 9) is shown in Figure 10. The SGL
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shows that the GWHP system in heating mode reduces the risks of gas exsolution after heat extraction.
Operating the system in cooling mode forces the solubility line bellow the initial solubility limit and
CO; exsolution occur (Figure 10). The backpressure valve of 3.0 bar is not sufficient to prevent CO,
exsolution during cooling mode. Furthermore, the installed injection screen depth needs to be deeper in
cooling mode to avoid gas exsolution in the injection well and aquifer formation. This is not necessary
in heating mode, where a shallower depth would suffice for the colder water.

The location of the heat exchanger in the new design is moved to separate housing close to the
production well (Figure 8). The distance D-F is reduced to 50 m in this case. This is done to exemplify
the strategic benefit of controlling where in the system the temperature change should occur (Figure 10).
Early heat exchange provides additional gas solubility in heating mode, and vice versa in cooling
mode. The optimum location of the heat exchanger is not necessarily at the same location for both
modes and installing the heat exchanger close to the production well helps to avoid vacuum pressures
in the heat exchanger.

SGL for new design (black line in Figure 9)
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Figure 10. Solubility grade line (SGL) for the groundwater flow line A-Iin Figure 8. The SGL is calculated
from the black GPHGL (Figure 9) and the solubility of CO, in water (Figure 4). The backpressure valve
is set to 3.0 bar. Return temperature after heat exchange is 2 °C for heating mode (blue) and 10 °C for
cooling mode (red).

4. Discussion and Comparison of Design and Design Tools

Two different GWHP system designs have been presented in an attempt to highlight the risks
of gas exsolution in such systems. GPHGL analysis is a useful tool for system analysis because it
can display the effect of each system component on the hydrostatic pressure. The analysis presented
in this paper only shows a simplified representation of actual systems, but demonstrates how the
GPHGL can be applied for dimensioning of GWHP systems. For dimensioning of actual systems,
a detailed description that includes all relevant components should be analyzed. Alternatively, an
existing GWHP system can be installed with pressure sensors and the values from these sensors can be
plotted in a similar fashion. This would represent the actual GPHGL of the system. It is recommended
to install pressure sensors in both well water tables (B and H), on both well housings (D and F), and on
both sides of the groundwater heat exchanger (E) to ensure the proper visualization of the most basic
GPHGL. Some systems might require more sensors depending on the complexity of the design.
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The GPHGL analysis of the traditional Norwegian GWHP system configuration shows that
the system configurations are predisposed to gas exsolution risks. To some degree, these risks are
unavoidable, particularly in view of the production well and its influence on the aquifer. Extraction of
groundwater from an aquifer always induces loss of pressure around the well, and these losses can
presumably be enough to trigger exsolution of dissolved gases if the groundwater is saturated with gas.
Pre-investigation of the aquifer formation with appropriate techniques is necessary for establishing
the limits of the system. The current state-of-the-art techniques applied in Norway do not consider
levels of dissolved gas in the pre-investigation phase of projects [2], but this should be included in the
portfolio of water quality sampling. These limits can function as the baseline for the dimensioning
GPHGL analysis.

The only design parameters that can influence aquifer pressure loss are the rate of groundwater
extraction or the size and length of the well screen. In this regard, it is recommended that due
consideration is given to reducing the required flow rate, rather than increasing the well screen length.
The length of the well screen essentially limits the range of pressures that can be extracted from the
aquifer; longer screens enable groundwater with larger pressure variability and, thereby, gas solubility
to enter the well bore. The screen length thus determines the risk of “groundwater quality mixing” and
“pressure mixing” before groundwater extraction, as exemplified in Figure 7. Reducing the extraction
rate would limit the pressure loss, but also reduce the required screen length of the well, which seems
doubly beneficial if chemical stability is a concern for the system.

The GPHGL analysis shows that the installation depth of the submersible pump is a key feature
in the system design. The location of the pump high above the production well screen is a possible
gas exsolution trigger. The current well design is not able to prevent gas bubbles from escaping the
well bore [4]. If these gases are pH-regulating, e.g., CO,, the design might facilitate alterations of
the groundwater chemistry and trigger precipitation reactions. Installing the pump below the screen
bottom helps negate the risks of gas exsolution in the production well but triggers a range of other
operational consequences that increase the investment cost of the production well. For instance, a
flow sleeve that forces water past the motor is necessary to ensure appropriate cooling of the pump.
The flow sleeve increases the width of pump and the size of the well must increase slightly to meet
the space requirements. The well must also be slightly deeper to account for the installation space
needed by the pump. Furthermore, a sensor that regulates the speed of the pump motor is necessary
to ensure and control that excessive drawdown is prevented. The risk of sediments entering the pump
is higher when the pump is installed below the screen, and appropriate screen design should be given
high priority.

The highest risks are linked to the onset of the vacuum in the system, and the GPHGL analysis
identifies the injection well configuration as a particularly high-risk vacuum area in the system. If the
vacuum region in the system is left unchecked, it might extend backwards to the groundwater heat
exchanger. Observed vacuum conditions in some of the injection wells and systems in Melhus confirm
this effect. The vacuum poses a problem even if the groundwater is not fully saturated with gas,
because the vacuum causes severe flashing conditions for dissolved gases and might cause the water
to boil. Alternatively, if the groundwater piping system is insufficiently sealed, the vacuum can also
cause invasion of air into the system through leaky components. These leakages would not be visible
on the outside of, e.g., a pipe, which makes these types of faults particularly difficult to discover. This
means that the traditional system design is also predisposed to air-mixing risks if components are
not airtight. The onset of the vacuum can be prevented by installing a backpressure devise at the
injection pipeline exit, but the magnitude of backpressure required is dependent on several factors.
These factors will be highlighted in the subsequent discussion.

The GPHGL analysis shows similar results to that of the installation depth of the pump in the
production well for the installation depth of the pipeline in the injection well. The location of the
pipeline exit at a shallow depth, high above the injection well screen, is a possible gas exsolution trigger.
A sudden drop in flow speed after the pipeline exit aids the escape of gas bubbles up the well bore,



Energies 2019, 12, 3657 16 of 20

possibly triggering precipitation reactions. Installing the pipe exit below the injection well screen can
negate the risks of gas exsolution in the injection well, but only if the injection well screen is installed at
a depth that yields satisfactory solubility conditions. This depth is not directly revealed by the GPHGL
analysis. As a general rule of thumb, this would be the same depth as the production well screen,
but might be deeper or shallower depending on the mode of GSHP operation and the initial level of
dissolved gas in the groundwater. There would be considerable risks associated with installing the
injection pipeline below the screen if the screen is not installed sufficiently deep in the aquifer. Gas
bubbles can then enter the well screen with ease and clog the well and aquifer formation.

The new design concept incorporates the solubility grade line (SGL) analysis as a tool for deciding
on the specific location of the injection well screen depth. The added benefit of the SGL compared to the
GPHGL is the possibility to analyze the system for groundwater qualities that are under-saturated with
respect to gas. The actual gas solubility in an aquifer, discovered through pre-investigative measures,
can function as a limit in the SGL (Figure 10), and the injection depth and the operational temperatures
must be selected according to the limit. In the presented case (Figure 10), the groundwater is saturated
with CO, and the injection depth should be deeper than the extraction depth if the water is used for
the cooling of the building. If the water is utilized for heating purposes, the injection depth can be
shallower than the extraction depth.

Operating the GSHP system in heating mode provides additional gas solubility in the groundwater
and reduces the risk of gas exsolution. The strategic benefit of achieving heat exchange early in the
system is apparent. This means that the groundwater heat exchanger should be installed as close as
possible to the production well in systems with a predominant annual heating demand (Figure 8), and
not necessarily in the basement of the building (Figure 5). The SGL also shows that the magnitude
of temperature alteration in the heat exchanger can be used strategically, depending on the mode
of operation. For instance, if the groundwater quality is sensitive to increased temperatures, the
increase should be kept small, i.e., AT = 2-3 °C. Thus, most of the thermal energy could be supplied
by circulating larger quantities of groundwater. Alternatively, the groundwater flow rate can be
kept low and most of the thermal energy extracted by means of a larger temperature alteration, e.g.,
AT = 5-6 °C, increasing gas solubility before re-injection. Before determining the optimal mode of
operation, these alternatives should be reviewed in light of their influence on the heat pump system’s
seasonal coefficient of performance (SCOP). Increasing the AT means that a heat pump would receive
lower suction pressures to the compressor, which reduces the SCOP and the heating capacity of the
system [33].

A major disadvantage of the alternative design strategy (Figure 8) is the large increase of work
required for the groundwater circulation. A backpressure devise (G) supplies additional losses.
Assuming the efficiency of a submersible pump in Figure 9 is 0.6, the added power consumption for
a 3.0 bar backpressure valve is approximately 5.4 kW if the circulation rate is maintained at 11 1/s
(Equation (4)). Assuming that reducing the flow rate by half would reduce the efficiency of the pump to
0.5 and the required backpressure would increase to 3.25 bar, the additional pumping power required
would reduce to 3.2 kW. If this backpressure is supplied by a passive flow valve devise, e.g., a ball
valve, spring valve, or a constriction at the pipe ending, this added loss leads to large amounts of
“wasted” energy in the process of water circulation. These losses can presumably be too high in some
cases, especially for small installations where even a slight alteration of system SCOP can disturb the
financial benefit of the GWHP installation.

Passive backpressure devises also provide pressures that are flow rate-dependent, and the required
backpressures could be difficult to achieve for a range of flow rates with a single devise. For instance,
avoiding gas exsolution when the system is shut-off would be difficult if the backpressure is supplied
by a constriction of the injection pipe. Minimizing the total amount of frictional losses, and thereby
the required pumping power, is a possible solution to the problem. This could be done by increasing
the pipe diameter and reducing the length of the pipeline and number of fittings, bends, valves, etc.



Energies 2019, 12, 3657 17 of 20

(D-F), or by selecting a mode of operation that requires a low rate of flow, e.g., higher AT through the
heat exchanger.

An alternative and favorable approach would be to supply the necessary backpressure by installing
a turbine that can regenerate the losses into electrical energy. A turbine can essentially be a pump
working in reverse and can be preprogrammed to follow a predefined algorithm that accounts for
flow rate variations in the system and only provides the backpressure needed. The turbine would
also be able to retain the backpressure when the system is shut-off. Installing a turbine in GWHP
systems also provides a range of benefits in regard to simplifying certain maintenance routines of the
system. For instance, it enables the operator to alter the flow direction through the loop, which is
useful when cleaning the system. The turbine can also function as a backup solution if the production
well pump suffers unforeseen problems and must be taken out of service. A turbine seems beneficial
for ATES systems in particular. ATES systems have well doublets with submersible pumps in both the
production well and the injection well, irrespective of the groundwater quality. Utilizing these pumps
as turbines seems beneficial, regardless of gas-related groundwater quality issues.

Another problem with the alternative design can occur if groundwater is extracted from deep
aquifers with high native pressure levels. A typical example can be the Challenge Stadium installation
in Perth, Australia, where the production well is located at 750 m depth [11]. Maintaining the same
pressure level throughout the loop would result in more than 75.0 bar over-pressure at the surface.
Some system components, the plate heat exchanger in particular, have problems with operating
at such high-pressure loads. Piping materials also have pressure limitation and it is reasonable
to assume that avoiding gas exsolution in deep aquifers can lead to increased investment costs if
“high-grade” materials are needed in the design. On the other hand, deep aquifers have higher gas
solubility and can dissolve more gas than shallow aquifers, and the alternative design might be the
best solution nonetheless.

The alternative design solution offers a range of design and control strategies that arguably
benefit GWHP and ATES systems in gas-saturated aquifer conditions. Some of the solutions have
both benefits and drawbacks, which proposes that deriving a single optimal solution for all aquifer
conditions is difficult. The added effort of avoiding gas-related issues should outweigh the downside
of allowing gas exsolution to occur. The additional investment and operational costs should be lower
than the clogging maintenance cost of a system built in the traditional manner. Alternatively, the
additional costs must provide a more stable system with less unforeseen faults. GWHP systems that
function relatively well, even though they allow vacuum conditions in the loop exist. Aquifers with
low concentrations of dissolved iron and manganese ions presumably pose less risk than aquifers with
high dissolved ion concentrations. In Norway, aquifers utilized for domestic water purposes have to
satisfy certain national guidelines to qualify as a source of potable water. Similar guidelines should be
developed for GWHP systems, where risks associated with different levels of ion concentrations and
gas concentrations are explained. The guideline should preferably relate levels of ion concentrations
and gas concentrations to the risks of clogging in a fashion that allows designers to select the best
system configurations for particular conditions. Applying the SGL methodology to the gas solubility
data allows such water quality data and guidelines to be integrated in the monitoring scheme of the
plant. The data can be presented as a figure in the control unit display that is easily understood by the
operator, e.g., similar to that of Figure 10. The operator would then be able to see the situation live on a
monitor and assess whether the current mode of operation is within the safety limits of the aquifer.

Often in groundwater quality studies, e.g., [21-23], the effects of a GWHP system on the
groundwater quality is simplified to models that investigate the production wells, injection wells, or the
aquifer conditions alone. The influence of the whole system design on the pressure, temperature, and
quality alterations are not necessarily accounted for. The presented examples demonstrate that, e.g.,
the pressure conditions within the system piping layout can provide worse gas solubility conditions in
the groundwater than can be identified in the wells or aquifer itself, particularly in view of vacuum
conditions. At any given GWHP aquifer, it is thus relevant to incorporate the influence of the actual
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system design on the development of the local groundwater quality. It is often the intension of the
system designer to not alter the groundwater chemistry, but the presented results show that a given
system must be customized to the particular water quality situation in question for this to be a genuine
objective. Both Bakema [7] and Banks [10] emphasize the lack of input from a hydrogeologist as one of
the major shortcomings in the design of groundwater GSHP systems. By simplifying the design of
the piping system, it would be easier for the hydrogeologist to customize the heat source system in
agreement with the challenges given by the aquifer. The application of the GPHGL and the SGL would
then be easy to construct in the planning and dimensioning phase of new projects.

5. Conclusions

Problems caused by dissolved gases are closely linked to that of chemical precipitation in GWHP
and ATES systems. Exsolution of dissolved gases from groundwater can be induced by alterations
of in-situ pressure, concentration, and temperature conditions, and exsolution of some gases, e.g.,
COy, can catalyze precipitation reactions of dissolved ions. The design and control strategy of GWHP
systems must include considerations regarding pressure and temperature alterations to mediate
these risks. The gauge pressure head grade line (GPHGL) is an adequate design tool for evaluating
pressure-related risks, while the solubility grade line (SGL) is a new design tool that directly evaluates
and identifies gas exsolution risk zones in the entire system configuration with respect to specific gases.
For this reason, the SGL should be included in the design strategy of GWHP and ATES systems.

Avoiding gas exsolution is possible through correct system design. The conditions at the
production well screen depth function as the baseline of the design, and the other components must be
selected based on the in-situ gas solubility in the aquifer at this location. The findings from the SGL
analysis presented in this paper can be summarized as follows:

e  The traditional Norwegian GWHP design is predisposed to clogging risks in gas-saturated
groundwater conditions. Installing the injection well at a shallow depth compared to the
production well is unfavorable. The traditional injection well configuration is a particularly
high-risk component in the design because it can trigger vacuum pressures in the piping system.
The injection well must utilize a backpressure devise to avoid vacuum conditions if the elevation
lift from the water table is too high.

e  The new design methodology can prevent gas exsolution. The new design utilizes the depth of
the production well as a baseline for the design of all other components. The analysis shows that
installing the pump and injection pipe below the well screens and utilizing a turbine to supply
parts of the necessary backpressure in the system are necessary to avoid gas exsolution.

The new system design configuration requires higher investment costs than the traditional solution.
Optimizing the design through strategic heat exchange, reducing the groundwater pipeline length, and
reducing the groundwater flow rate can help decrease the cost of the new system design. However,
if viewed in a broader picture, the new design might allow utilization of challenging aquifers as heat
sources that would otherwise be too risky for the traditional design configuration.

Further work is being conducted that investigates the correlation of vacuum, gas exsolution, and
precipitation in the affected GWHP systems in Melhus. The solubility grade line method and the
alternative design methodology can then be tested and verified when designing new systems and
configurations. Similar investigations in a variety of groundwater conditions should be conducted to
help develop and verify the methods.
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Abstract

Fouling and clogging are some of the major water quality problems encountered in open loop ground source heat pump (GSHP)
systems and aquifer thermal energy storage (ATES) systems. Here we present a surveillance strategy that can detect if and identify
where in the system fouling and clogging might be developing without having to shut off the heat pump. In the presented system
design, the test requires a minimum of four temperature sensors and two pressure sensors to describe the performance of the four
major heat source system components, namely, the production well, the injection well, the submersible pump and the ground-
water heat exchanger. The surveillance procedure involves conducting a step-test with incremental increases in the groundwater
flow rate while measuring the pressure and temperature responses in the system components. The performance of the newly
constructed installation functions as a baseline for future tests. By conducting the test systematically during operation an altered
performance of the system can indicate clogging or fouling issues. Even though the cause of the problem must be identified
through other means, the surveillance procedure presented here allows the operator to plan necessary maintenance and avoid
critical damage to the heat source system.

Keywords Open loop GSHP systems - Aquifer - Fouling - Clogging - System performance surveillance - Step-test

Introduction exchanger, well screen and pipeline as well as clogging of the

aquifer formation. Usually the performance of the heat pumps

Groundwater quality is an important factor in open loop
ground source heat pump (GSHP) installations (Bakema
2001; Banks 2012; Rees 2016). Chemical reactions,
suspended soil particles and/or microbial growth in the water
can cause a wide range of problems for the system. These
problems can involve corrosion, clogging and increased fa-
tigue and erosion of the submersible pump, groundwater heat
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and overall cost of the operation is affected by reduced heat
production. However, in severe cases, the complications can
lead to complete system failure.

In this paper we present experiences with fouling and clog-
ging of open loop GSHP systems in Melhus, Norway. We first
describe the effects of fouling and clogging on the four major
affected components in the system, i.e. the production well,
the injection well, the submersible pump and the groundwater
heat exchanger. We then present a surveillance procedure for
fault detection. The described surveillance procedure mea-
sures the system performance and, when applied systematical-
ly during operation, it can identify potential clogging or foul-
ing issues in each of the four major components. The surveil-
lance procedure is also valid for aquifer thermal energy stor-
age (ATES) systems as well as relevant for groundwater wells
for drinking water and industrial purposes.

Clogging and fouling of system components of GSHP sys-
tems is a commonly encountered problem in Melhus (Riise
2015; Broste 2017). The main concerns are the chemical re-
actions that result in the precipitation of particles that subse-
quently accumulate on surfaces inside pumps, pipes, heat
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exchangers and other components in contact with the circulat-
ing groundwater. Since the buildup of particles occurs on sur-
faces that are not visible to the operator, the problems are often
not predictable during normal system operation and undetect-
ed until a critical failure is imminent. The examples presented
in this paper were discovered during maintenance checks
when components such as pipes, well screens, submersible
pumps or heat exchangers had failed and had to be repaired
or cleaned. This approach is costly, not only because of the
maintenance cost and downtime of the heat pump, but also
because the heat pump operates at a lower coefficient of per-
formance (COP) prior to failure.

The current GSHP systems in Melhus are not sufficiently
equipped with sensors to detect the development of fouling
and clogging problems. While some installations are now en-
deavoring to do so, there still exists a need for a procedure that
can help the operator to distinguish normal system perfor-
mance from the effects caused by fouling and clogging. If
clogging and fouling can be detected at an early stage, the
operator would be able to plan necessary maintenance and
avoid critical damage to the heat source system.

Background

Within the concept of ground source heat, the open loop sys-
tem differs from the more common closed loop system. The
open loop system utilizes groundwater as a source of thermal
energy by employing a heat pump coupled with a heat distri-
bution system in the building. Groundwater wells in Norway
are typically established in aquifers of unconsolidated sand
and gravel deposit. This is also the case for the town center
of Melhus in Norway. The Melhus aquifer has been utilized
for heating and cooling purposes since 1999, which makes

Melhus a pioneering municipality in Norway in terms of open
loop systems (Riise 2015). At the present time, the aquifer
supplies nine building complexes with heat, and three of them
with cooling as well.

There are two typical open loop GSHP system schemes in
Melhus (Fig. 1). The heat pump system connects to the aquifer
through a production well with slotted screens. The submers-
ible pump is installed above the top of the well screen to
minimize the risk of air entering the aquifer, which potentially
could allow air bubbles to clog the well screen and the aquifer
formation. Groundwater is pumped from the production well
through a heat exchanger, where heat energy is extracted from
the water by reducing its temperature. A temperature reduc-
tion of 3—4 °C is typical, but this depends on the heat demand
in the building and often varies throughout the heating season.
The two oldest GSHP systems dispose of the heat-exchanged
groundwater to a nearby river through the local drainage sys-
tem (Fig. 1a). The newer and more common systems re-inject
the exchanged groundwater back into the aquifer through an
injection well (Fig. 1b). Re-injection is deemed favorable be-
cause it helps maintain the water level in the aquifer.

Similar to other water heat sources, such as seawater or
lakes, open loop GSHP systems are disposed to complications
arising from water quality problems (Bakema 2001; Stene
2001). Typical problems can involve corrosion of components
or different types of biological, chemical or mechanical clog-
ging and fouling. The severity of the problems often depend
on the on-site water quality, and a tap is often installed in the
systems for groundwater quality sampling (Fig. 1). The
groundwater in the Melhus aquifer has a brackish quality
and contains more dissolved ions than does freshwater
(Riise 2015; Braste 2017). Thus, the open loop system design
follows the same principles of some seawater heat pump sys-
tems in which an indirect system with an additional

Fig. 1 Two types of open loop
ground source heat pump (GSHP)
systems in Melhus. a Design so-
lution with run-off to nearby river

heat : HE
Sub. pump control unit (RPM): @
S y fluid circuit pump: ©

Production well

through the local drainage system, Injection well

b most common design with re- <«-toriver =
injection of groundwater /ﬁﬂ‘—/{a _ -

Heat pump
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Fouling and clogging surveillance in open loop GSHP systems

groundwater heat exchanger separates the heat pump unit
from the groundwater (Fig. 1). The groundwater heat ex-
changer is customized to the particular water quality condi-
tion. This customization protects the evaporator from corro-
sion, fouling and freezing risks and will often be the most
economical capital cost solution for the system. However,
the additional heat exchanger has the disadvantages of lower-
ing the COP of the system and increasing the operational costs
(Stene 2001).

Precipitated hydroxide particles are present in all of the
nine heat pump installations in Melhus. Water quality investi-
gations have shown that high concentrations of dissolved iron
and manganese occur naturally in the groundwater at levels of
up to 5.78 and 0.68 mg/l, respectively (Riise 2015; Broste
2017). When exposed to an oxidizing agent, such as, oxygen
in the air, dissolved iron and manganese ions readily
precipitate as hydroxide particles. Thus, some of the fouling
and clogging problems are deemed to be related to leakages of
air into the heat source systems. Other possible causes might
be related to alterations in groundwater pH through a loss of
pressure and subsequent degassing of dissolved carbon
dioxide, as discussed by Banks (2012) and Bakema (2001).

Fouling and clogging problems can be categorized into five
major problem types in GSHP systems. Depending on the
system design and water quality, one or more of the following
problems might develop:

Problem (1):  Clogging of the production well screen leads
to reduced groundwater flow rate and a loss of
well production capacity. Clogging of the
screen causes the water level in the well to drop
further than intended during pumping. If the
water level in the well drops down to the pump,
mixing of air into the system will become a
major problem. Two such events have occurred
in Melhus (Fig. 2a, b).

Clogging of the injection well screen leads to
reduced groundwater flow rate and insufficient

Problem (2):

Fig. 2 Iron hydroxide problems
encountered in the open loop
GSHP systems in Melhus. a
Clogging of a production well
screen, b damaged submersible
pump, ¢ old pipe section with 1-
cm-thick film of iron hydroxide
(photograph courtesy of Rolf
Aune, Trondheim), d fouling in a
plate heat exchanger

Problem (3):

Problem (4):

injection capacity. This development is the
most commonly encountered problem, and all
of'the seven injection wells in Melhus have had
clogging problems. The clogging material is
often found to be a mixture of sand, silt and
clays along with iron and/or manganese hy-
droxides. Microbial growth has been discov-
ered in one injection well. Flooding on the sur-
face has occurred where the clogging issue was
severe.

Clogging in the aquifer. It is possible for par-
ticles to deposit in the aquifer formation itself.
This is a problem discussed by Andersson et al.
(1984) and Bakema (2001). The problem
might develop if particles infiltrate through
the injection well screen, allowing the particles
to re-enter the aquifer and clog the pore-space
in the sediments. The problem might also de-
velop because of chemical reactions between
the native groundwater and the injected
groundwater with a different chemical compo-
sition. The clogging reduces the hydraulic con-
ductivity of the aquifer locally and can affect
the performance of the production well or in-
jection well. There are registered two cases of
aquifer clogging in Melhus.

Precipitation within pipes and other compo-
nents of the GSHP systems narrows the cross-
sectional flow area and induces increased fric-
tion to groundwater flow through the system.
The increased friction ultimately renders the
submersible pump unable to supply enough
water to the groundwater heat exchanger.
Five of the open loop GSHP systems in
Melhus have experienced such problems. On
one occasion, a 1-cm-thick film of iron hydrox-
ide coating was found during a maintenance
check (Fig. 2c). If the friction losses become
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too high, the submersible pump will not oper-
ate reliably and can fail. This has occurred once
in Melhus.

Particles deposit in the heat exchanger. The
deposits not only cause increased friction to
flow, but also function as insulation that re-
duces the heat transfer efficiency of the heat
exchanger (Fig. 2d). Plate heat exchangers
(PHE) are the preferred heat exchanger type
in the GSHP systems in Melhus. Gasket PHE
types can be opened for inspection and are of-
ten preferred over the brazed PHE types, but
both types are used. Compared to other heat
exchanger types PHEs are deemed to be reli-
able with respect to fouling because they are
designed to operate within turbulent flow con-
ditions (Melo et al. 1988; Stene 2001).
Nevertheless, seven of the open loop GSHP
system in Melhus have experienced heat ex-
changer fouling and clogging issues, typically
caused by iron and/or manganese hydroxides.

Problem (5):

Common system control and surveillance strategies

The heat pump units in open loop GSHP systems are con-
trolled in order to produce enough heat to meet the heat de-
mand in the building being serviced by the system. The de-
mand varies throughout the year, with peak demands during
the winter months and minimum demands during the summer
months. The heat demand is transferred to the heat pump by
controlling the heat extraction process from the groundwater
heat exchanger. Typical control and instrumentation schemes
are illustrated in Fig. 3. The secondary fluid pump is usually
equipped with an on/off control and a constant flow rate. A
variable speed drive (VSD) control unit typically controls the
submersible pump in the open loop GSHP systems. This VSD
control unit allows the system to adjust the rotational speed of
the submersible pump motor (RPM), specifically in terms of

Fig. 3 Schematic diagram of the

Area of interest

its frequency (Hz), which in turn adjusts the flow rate. Seven
of the nine systems in Melhus operate the VSD at constant
speeds. Consequently, these systems control the heat produc-
tion rate through temperature variations in the groundwater
heat exchanger. The remaining two systems operate the
VSD according to the temperature of the heat-exchanged
and injected groundwater. These latter two systems control
the groundwater flow rate to maintain a fixed temperature in
the temperature sensor denoted T3, typically 2-3 °C (Fig. 3).
To minimize the risk of excessive pumping, one of the two
systems simultaneously controls the flow rate according to the
water level in the production well. The flow rate is reduced if
the pressure level in the well drops below a predefined level in
sensor pl (Fig. 3).

As shown in Fig. 3, pressure (p1—p3) and temperature (T1-
T4) sensors are the main sensor types applied for system sur-
veillance in Melhus because these are low cost and easy to fit.
Some of the larger installations monitor the volume flow rate,
but the overall cost of the sensors is probably the main reason
why volume flowmeters (FL in Fig. 3 ) are absent in the small-
capacity (< 100 kW) open loop GSHP systems. These sensor
types are common in many heat pump applications (Stene
2001; Rees 2016) and also commonly used for system surveil-
lance in other industries and industrial applications, such as,
for example, district heating applications, oil and gas indus-
tries (Melo et al. 1988; Miiller-Steinhagen 2000) and food
processing industries (Nema and Datta 2005).

None of the installations in Melhus follows a defined sur-
veillance procedure with systematic data logging.
Furthermore, the data provided by the sensors and instruments
shown in Fig. 3 are inadequate because they fail to incorporate
all of the relevant components in the system. Common to all
the systems is a lack of pressure monitoring of the production
well and the injection well. Only one system monitors the
pressure in the production well, while none of the systems
monitor the pressure in the injection well. Only four of nine
installations monitor the volume flow rate, which is consid-
ered to be a vital parameter in open loop systems surveillance
(Banks 2012; Rees 2016). The most common approach focus-
es on detecting fouling of the groundwater heat exchanger

PRSUIISRRSRIINNY ~ | £ 2110 51 18 LL3 S 121 SO, Peak load
principle components of the i pl ‘ FLp2*T4 boiler™”.
typical open loop GSHP system I : '» O r—
in Melhus with temperature L Sy S Y [ O | AN R B
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with pressure sensors p2 and p3. An increase in the differential
pressure between pressure sensors p2 and p3 can indicate a
potential fouling problem in the groundwater heat exchanger.
However, pressure is dependent on the flow rate, and such
data are often difficult to interpret without information from
a flowmeter. This is particularly the case when the flow rate is
highly variable, which can occur when the VSD controls the
flow rate according to the return temperature of the heat-
exchanged groundwater (T3). Furthermore, only two of the
nine installations in Melhus have included temperature sen-
sors T3 and T4 into their system surveillance scheme.

System performance

Each of the five problems described in the Background sec-
tion affect the performance of the open loop GSHP system in a
distinctive way, and the respective effects are detectable if the
system is equipped with the appropriate sensors and control
equipment. The initial system performance must be under-
stood, and there must also be an understanding of how fouling
and clogging can change the initial performance. In this sec-
tion we focus on explaining these changes and provide the
necessary analytical tools for detecting fouling and clogging.

In the specific open loop GSHP system shown in Fig. 1, the
design of the system limits the potential problems to an area of
interest, as shown in Fig. 3. Within this area, the submersible
pump and the secondary fluid circulation pump are active
components that provide fluid flow through the groundwater
heat exchanger. The heat exchanger can be termed an active
component in terms of the flow of heat from one fluid to the
other. The wells and the pipes can be termed passive compo-
nents. Understanding the behavior of the pumps and the heat
exchanger is important because they are affected regardless of
where in the system fouling or clogging develops.

Groundwater heat exchanger performance
and fouling effects

There are a large variety of different heat exchangers, and their
respective performance is dependent on both design and ma-
terials. The overall performance of any heat exchanger can be
described by heat rate Eqs 1-3 (Stene 2001; von Bockh and
Wetzel 2012).

0, ATy, - pCpy, =P (1)
Oy ATy - pCpy = P (2)
U-A-LMID = P 3)

These equations are relevant for both heating and cooling
operations. In heating mode, Eqs. (1) and (2) state that heat

extracted from the groundwater, P (kW), is proportional to the
groundwater flow rate, Q,, (I/s), the volumetric heat capacity of
water, pCp,, (kJ/I'K) and the temperature reduction of the
groundwater, AT,, (K). The secondary fluid absorbs this heat,
P (kW), and undergoes a corresponding increase in tempera-
ture, ATy (K), depending on the flow rate, Qg (I/s) and the
volumetric heat capacity of the secondary fluid, pCpgs (kJ/I-
K). The heat is transmitted through the steel plates in the heat
exchanger, and the amount of heat in Eq. (3), P (kW), is equal to
the heat extracted from the groundwater and absorbed by the
secondary fluid in Eqgs. (1) and (2), respectively. U (W/m>K)
denotes the overall heat transfer coefficient of the heat exchang-
er, and A (mz) denotes the total heat transfer area in the heat
exchanger. LMTD is the logarithmic mean temperature differ-
ence between the groundwater and the secondary fluid (Fig. 4).
The LMTD is calculated from Egs. (4) or (5) where AT, de-
notes the temperature difference at the groundwater inlet of the
heat exchanger and AT, denotes the temperature difference at
the groundwater outlet (von Bockh and Wetzel 2012).

AT,~AT,

LMTD = =5 220 if AT, ~AT»#0 4)
lﬂ( a/AT,:,)
AT, + AT

LMTD = % if AT~AT, =0 (5)

The overall heat transfer coefficient is a parameter that
describes the rate at which heat flows from the groundwa-
ter to the secondary fluid. The rate depends on the individ-
ual heat transfer properties of the two fluids, as well as on
the properties of the steel plate that separates them. During
normal heat pump operation with constant groundwater

Groundwater temp. —
Secondary fluid temp. —

F ~ “Inlet
ey =
3 ]
o
s ¥ _ _Outlet
= A _
= Outlet
<
F _ _Inlet
1

0 Rel length through
Heat exchanger (-)

Fig. 4 Principle sketch of temperature development in the groundwater
and the secondary fluid through a cross flow heat exchanger. LMTD
Logarithmic mean temperature difference between the groundwater and
the secondary fluid, AT increase in termperature of the secondary fluid,
AT, temperature reduction of the groundwater, A7, temperature
difference at the groundwater inlet of the heat exchanger, AT}
temperature difference at the groundwater outlet
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T, AT, T, T AT, T,

T AT, , T,

Constant
groundwater

Qsmall heat flux, D Large heat flux, P(kW), with  C Small heat flux, P(kW), with large

P(kW), with small
ATy, (°K)

large AT, ; (°K)

Fig. 5 Change of temperature profile and heat rate (P, in kW), at a fixed
location in a heat exchanger at constant groundwater flow rate and
secondary fluid flow rate. a Small heat rate with small temperature
difference (AT, ,), b large heat rate with large temperature difference

flow rate and secondary fluid flow rate through the heat
exchanger, the U-A value is constant, and the magnitude of
the LMTD controls the heat flux. An increased temperature
difference would result in an increase in the heat flux from
the groundwater and an increase in heat production from
the heat exchanger (Fig. 5a vs. b).

Fouling of the heat exchanger affects the overall heat trans-
fer coefticient by adding an additional layer of material on the
steel plate. The heat must travel through the deposited mate-
rial; consequently, the thickness of the deposit and the thermal
conductivity of the material determine its overall influence on
the U-A value. Some deposits are porous and a certain amount
of the fluid in which they deposited often fill the pore space. In
such cases, the thermal properties of the fluid will affect the
thermal properties of the deposit, and the fouling deposits will
often have poor thermal conductivity (A; W/m-K). According
to Atlas (2010), porous iron hydroxides (A = 0.6 W/m‘K) have
a low conductivity compared to that of most metals, such as
steel alloys (A =15-58 W/m'K). Fouling effectively reduces
the U-A value of the heat exchanger. To maintain the same
heat flux the temperature difference increases and compen-
sates for the loss of the heat transfer coefficient in Eq. (3)
(Fig. 5a vs. c). This means that a heat pump receives lower
secondary fluid temperature at the evaporator inlet, which
results in lower evaporation temperature and pressure.
Depending on the type of heat pump working fluid, the lower
suction pressure will reduce the COP of the heat pump by 2—
3% and the heating capacity by 3—4% for each 1 K increase in
the LMTD (Stene 2001).

In many laboratory studies, such as that of Hasan et al.
(2017), fouling is detected by monitoring the development
of the U-A value over time by rearranging Egs. (1) and (3)
into Eq. (6). This approach is also common in industrial
applications (Kerner 2011). A reduction of the U-A value

@ Springer

AT, (°K) due to Increased thermal
resistance caused by fouling

(AT;_3), ¢ iron hydroxide precipitation on the steel effectively reduced
the heat rate and an increased temperature difference (AT, ) is needed to
maintain the same heat production from the heat exchanger

could mean that fouling is developing in the heat exchang-
er. Figure 6 illustrates a typical example of such a behav-
ioral change where crystallization fouling reduces the heat
transfer coefficient in a double pipe heat exchanger over a
range of different flow rates.

P _ Qw AT, - pCPw

U-A= =
LMTD LMTD

(6)

Note the flow rate dependency of the U, value, depicted
in Fig. 6 with respect to Reynolds number, which is pro-
portional to flow rate. The flow rate dependency of the heat
transfer coefficient has practical implications for the heat
exchanger in situations where clogging occurs outside of
the heat exchanger, such as in the injection well only. In
that case, the U-A value is reduced, and fouling or clogging

1600
® Clean surface
4 ® Fouled surface °

1200

U,, (W/m2K)
(-]
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0 4000 8000 12000 16000 20000
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Fig. 6 Reduced heat transfer coefficient of a double pipe heat exchanger
(Uy) due to fouling (crystallization fouling effects). Modified after Hasan
etal. (2017)
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of the passive components in the open loop system affects
the groundwater heat exchanger indirectly through reduced
flow rates.

Pump performance and clogging effects
on the groundwater flow rate

Pump performance curves are specified by pump manufac-
turers, and these curves specify the range of operations suit-
able for the pump. The submersible pump should ideally be
selected so that it operates at or close to the Best Efficiency
Point (BEP) (Mackay 2004; Giilich 2014). This is achieved by
selecting a submersible pump whose pumping curve intersects
the system characteristics curve at the designed flow rate
(Fig. 7). The system characteristics curve represents the ener-
gy needed to move groundwater through the system. The fric-
tion induced to the groundwater flow by the system compo-
nents are flow dependent, and the required energy to move the
fluid increases with increasing flow rate. Thus, a pump is
selected to fit a specific system design. If the system charac-
teristics change with time, the pump performance is affected.
Generally, the manufacturers recommend operating the pump
within the range of 70 to 120% of the BEP; outside this range
the pump will not operate reliably (Mackay 2004).

In the case of fouling or clogging, the system characteris-
tics change with time and induce increased friction to flow, for
example, by reducing the internal diameter of a pipe (Fig. 2c).
The system curve moves to the left of the BEP and the system
characteristics curve will intersect the pumping curve progres-
sively further away from the initial design point, which results
in reduced flow rates (Fig. 7). There are increased risks asso-
ciated with minimum flows, such as suction recirculation or
discharge recirculation, two phenomena with similar

_f;/Operating point

]
® :
5 £ .
® B ]
5 ¢ 5
- g_ ; 8 ) 70 %
[] 2 < .-".q,
-1 - © (] :é
K=y < k=] “"O
[=)) O o F 4
£ 2 23 i
T 7 & i

1

Total head, H (m)
1

Cavitation

QFouled QDesign

¢ Flow rate, Q (l/s)

Fig. 7 Single pump performance curve (RPM,,,,) with risk areas
highlighted in red along the curve. Fouling and clogging of system
components increase the hydraulic friction, which results in lower flow
rates and less reliable operating conditions. BEP Best Efficiency Point.
Modified after Mackay (2004)

symptoms to cavitation. These risks involve damage to the
seals and bearings as well as increased fatigue and erosion
on the impeller and shaft. At very low flow rates the risks
associated with high temperatures and insufficient cooling of
the pump motor also come into effect (Mackay 2004).

The system characteristics curve incorporates a combination
of hydrostatic and hydrodynamic losses, often referred to as
head losses. The hydrostatic head, H, (m), represents the pres-
sure and elevation difference through the system, while the
dynamic head, Hgy,, (m), represents losses that are dependent
on the flow rate. Equation 7 states that the pump’s point of
operation occurs where the total head available from the pump,
Havaitable (M), is equal to the total head required by the system,
Hiequirea (M). The required head is a sum of the static head and
the dynamic head losses (Cengel and Cimbala 2014).

H available = H required = H stat H dyn (7)

Hrequired = Hp + HI + kaz (8)

In GSHP systems, where groundwater is extracted and
injected at equal depth the equation can be simplified to Eq.
8. Hp, (m) and H; (m) imply the pressure drop in the production
well and the pressure increase in the injection well, respective-
ly, and k is a combined friction coefficient for the other com-
ponents in the system, such as the pipes, valves and the
groundwater heat exchanger. If fouling develops in the system
the friction coefficient k will increase and the groundwater
flow rate, Q, must decrease to maintain the balance of Eq.
7. Hp and H; are flow dependent, implying that fouling in the
system leads to a change in the water level in the wells.
Alternatively, if fouling occurs in the wells, the flow rate from
the submersible pump will decrease. Thus, the performance of
the submersible pump is a good indication of the overall per-
formance of the system.

Well performance and the effects of clogging
and fouling

The wells are the connection between the GSHP systems and
the aquifer. A well’s behavior is unique and controlled by the
overall behavior of the aquifer and the submersible pump.
Acknowledging that a description of many possible
scenarios may be relevant, here we show only some
generalized examples; for more examples, the reader is
referred to Kruseman et al. (1990) and Banks (2012).

Most crucial is the distinction between a production well and
an injection well and, because neighboring wells might influence
each other, whether only a single well is active or whether mul-
tiple wells are active simultaneously. The typical behavior of a
single production well is illustrated in Fig. 8. During pumping,
the water level in the production well will suffer a drawdown
caused by the loss of pressure inside the well. The surrounding
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groundwater flows in through the screen in response to this pres-
sure drop. With time, a cone of depression develops around the
well. The magnitude of the drawdown is a function of the
pumping rate and of the hydraulic properties of both the soil
and the well screen. During production, the pumping rate con-
trols the drawdown by adjusting the speed of the pump motor, as
shown for three different speeds in Fig. 8a. The maximum
allowed drawdown is limited by the placement of the pump with
respect to the water table. The limit is not stationary, but can
fluctuate or change. A typical example is seasonal variations in
the water table caused by variations in groundwater recharge
throughout the year. Figure 8b illustrates a difference in an aqui-
fer’s natural water table between the summer and the winter
months (Norwegian climate); this difference in turn affects the
maximum available drawdown in the well. Consequently, the
maximum production capacity of the well might have seasonal
limitations.

The drawdown in the production well, Hp, as a function of
the pumping rate, Q,,, can be described by Eq. 9, where B, C
and P are site-specific parameters for the well (Rorabaugh
1953). The parameters are identified by conducting a “step-
drawdown” test in the production well, by example, through
the methods developed by Jacob (1947) and Rorabaugh
(1953) (described in Kruseman et al. 1990). The step-
drawdown test involves pumping the well with a series of
steps of increasing flow rates. Each flow rate induces a differ-
ent magnitude of water level drawdown (Fig. 8a). The
resulting drawdown of each step needs time to develop, and
aminimum of 0.5-2 h is recommended for each step. Reliable
interpretation of the test data often requires each step to be of
equal duration, and a minimum of three steps are needed to
identify the three unknown parameters in Eq. 9.

Hp=BO, +C0," 9)

Experiences from Norwegian domestic waterworks have
shown that the results from step drawdown tests can give a
good indication of the performance of the production well
(Banks 1992). Assuming that the sediment and screen prop-
erties remain the same throughout the lifetime of the well, a
second test of the well after some time should ideally yield
equal parameters to those of the first test. However, if the
parameters change with time, the test can indicate changes
in the hydraulic properties of the well or changes in the hy-
draulic properties of the aquifer. In the case of mechanical,
chemical or microbial fouling of the well, particles clog the
well screen and pores in the soil that in turn induce increased
friction to the groundwater flow. As a result, the B, C and P
parameters increase, with a corresponding increase of draw-
down in the production well. A subsequent reduction of the
flow rate follows as the submersible pump must maintain the
balance of Eq. 7. A distinction between fouling of the screen
and fouling of the aquifer is often relevant because each re-
quires a different cleaning approach. Since both scenarios
would result in increased drawdown in the production well,
additional information from a nearby observation well is nec-
essary to distinguish between the two. If the fouling is limited
to the screen alone, the cone of depression surrounding the
well will diminish due to the reduced flow rate through the
sediments (Fig. 8c). However, if the sediments are affected,
the cone of depression, in terms of pressure loss, should also
increase around the well (Fig. 8d).

The typical behavior of a single injection well is similar to
that of a single production well, but instead of a drawdown
both the water level in the well and the sediments increase.
The rise of the water level in the injection well, Hy, as a func-
tion of the injection rate, Q,, can be described by Eq. 10,
where D, E and I are site-specific parameters for the well.
The parameters are identified by conducting the same step test

a RPM,<RPM,<RPM,[p

RPM,=RPM,
Q>Q,

c RPM,=RPM, | d

RPM,=RPM,
Q>Q,

’F‘lﬁQan

Fig. 8 Production well behavior with different pump speeds (RPM,). a
Increased pumping rates (Q;—Q;3) induce increased drawdown in the well
(H—H3) and in the aquifer . b Different maximum available drawdown in
the summer (H;) and winter months (/). ¢ Local clogging or fouling of
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the well screen leads to increased drawdown in the well (H;—H.), but
reduced drawdown in the aquifer formation. d Clogging of the screen
and deposition of the sediments lead to increased drawdown (pressure
loss) in the well (H,—H) and the aquifer formation
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as for the production well, but with the injection rate rather
than the pumping rate.

H; =DQ, +EQ,’ (10)

In an open loop GSHP system a minimum of two wells
are often active at any given time: one production well and
one injection well. In large installations, there might even
be several production wells and injection wells in the same
system; these are the so-called well fields (Banks 2012).
Depending on the hydraulic properties of the sediments
and the general behavior of the aquifer, these wells might
influence each other in distinct ways. Figure 9 shows a
typical example of where a well field of two production
wells and two injection wells influence each other. In the
production well field, both production wells induced addi-
tional drawdown in each other because they extract water
from the same aquifer. A similar effect can be observed in
the injection well field, but with an additional increase in
water level. Additionally, the two well fields might interact
across the aquifer. For example, the production wells could
induce a drawdown in the injection wells and limit the
increase in water level by a small amount and vice versa
(Fig. 9). All of these influences affect the maximum pro-
duction capacity of a well during operation.

The complexity of each individual well’s behavior in-
creases as more wells operate in the same aquifer. The
overall well behavior of each individual well could in-
clude the well interaction effects by adding a series of
sums into each individual equation. Banks (2012) sug-
gested an approach that incorporates the Theis or
Cooper—Jacob approximations for this purpose. As an al-
ternative to this approach, the step test analysis described
earlier can be applied to drawdown data of neighboring
wells and added in Egs. 9 and 10 for each well, for exam-
ple as in Egs. 11 and 12.

HP = BQW —+ CQWP + Zn: (i)A"Qn (11)
i=1

Hy :DQW—"_EQWI + i (i)F'!Qn (]2)
i=1

Where A, and F,, are site-specific and well-specific draw-
down parameters, respectively, induced by each neighboring
well. Thus, if the flow rate in a neighboring well is known, Q,
(I/s), the additional drawdown in the well or increase in water
level in the well can be estimated and accounted for in the
overall well behaviors.

Proposed surveillance sensors
and surveillance procedure

The main goal of the surveillance procedure is to discover if
and identify where fouling or clogging is developing, without
having to stop the heat pump or any of the other system com-
ponents. Considering the system described in the previous
sections, the main concern for the open loop system is to
ensure adequate heat flow to the heat pump evaporator. This
is ensured by maintaining a sufficiently high groundwater
flow rate through the groundwater heat exchanger with a suf-
ficiently high groundwater temperature that meets the heat
demand in the building. Consequently, the main parameters
that should be monitored are the groundwater flow rate, the
secondary fluid flow rate and the temperature variations of the
groundwater and the secondary fluid.

Figure 10 illustrates the minimum number of sensors required
to describe the performance of the production well, the injection
well, the aquifer locally, the submersible pump and the ground-
water heat exchanger. With the correct pre-investigative proce-
dure, it is possible to monitor the system behavior with four
temperature sensors, T1, T2, T3 and T4, and two pressure sen-
sors, pl and p2. The temperature sensors identify the heat

Fig. 9 Individual wells can
influence neighboring wells. This

becomes an issue in large well Production well field Q. Injection well field
fields, where multiple wells Q,
operate simultaneously. u e .l.

Production wells induce increased
water level or pressure
drawdown, while injection wells

induce an increase in the water
level or pressure in nearby wells

nd Basd
amd B
—_—

Individual well performance -
Combined well field effects

Natural gr d level
— — - - —p
— e — - —
— — - -
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1 (Observation well)

i T4 T1 Evaporator
1
s il L. . 1 —
Production wel || Sub- [ | System
i| Pump ! Ground- i
i| control | | water heat i control
il wunit [ exchanger | | |
i i
Injection well || (VSD) || i On/off
i
T2
Secondary fluid
circuit pump

‘pl-pZ: pressure sensor
@ri1-14: temperature sensor
@pTl-pTz: pressure and temperature sensor

Fig. 10 Proposed surveillance sensors. The temperature sensors (77/—74)
combined with pressure sensors (p/—p2) in the wells allow detection of
fouling and clogging in the groundwater circuit. The pressure and
temperature sensors in the observation wells (p7/ and p72) supply
additional information on the local aquifer conditions in near proximity
to the respective wells

exchanger performance. The pressure sensors are required to
identify the well performance with respect to the groundwater
flow rate. Additionally, the pT1 and pT2 sensors (pressure and
temperature) are necessary to distinguish variations in the the
system from those in the local aquifer. All sensors are connected
to the overall system control unit. The function and purpose of
each sensor are described in Table 1.

Figure 10 does not include volume flowmeters. The pro-
posed sensors (T1-T4) can estimate the groundwater flow rate
by rearranging Eqs. 1 and 2 to Eq. 13. In the presented system
design, the secondary fluid flow rate, Qgy, is constant, and if
AT,, and ATy are sufficiently small to ensure limited variations
in the volumetric heat capacities (pCpgr and pCp,,), the only
variables on the right hand side are the fluid temperatures.

o ATy Qs 0Cry
v AT w pCPw

(13)

Through Egs. 6 and 13, the proposed temperature sensors
allow surveillance of the groundwater flow rate and heat ex-
traction rate from the groundwater. In open loop systems with-
out VSD control the heat flow rates and volume flow rates are
determined by the system characteristics only, and continuous
surveillance of p1, p2, Q,, and U-A should be sufficient for the
detection of fouling. However, with VSD control these rates
are often highly variable because of the applied control strat-
egy. To distinguish any performance changes in a given com-
ponent from one time to another it is necessary to follow a
distinct procedure that describes the system performance from
a known point of reference. One point of reference is the speed
(RPM) of the submersible pump motor.

A testing procedure, similar to the well capacity test of
Jacob (1947) and Rorabaugh (1953), can be conducted during
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normal system operation. During the test, the performance of
the submersible pump, the groundwater heat exchanger, the
production well and the injection well are identified at differ-
ent groundwater flow rates. A minimum of three different
speeds are necessary to estimate the unknown parameters in
Eqgs. 6, 8,9 and 10. More steps will provide a higher accuracy
in the estimates. Typically, the minimum RPM (or Hz) will
function as the first step and the maximum RPM (or Hz) will
function as the last step. Any number of additional steps
should be selected between these two speeds at regular inter-
vals (Fig. 11). Each step must be of equal duration and last
between 0.5 and 2 h.

A test conducted when the open loop GSHP system is new
will provide data describing the initial system performance
and function as a baseline for the initial capacity of the open
loop GSHP system (Figs. 6, 11). Later, a second test with the
same RPM settings might show a change in the system per-
formance from the initial test and possibly a reduction of the
system capacity, such as the red curves in Fig. 11. Eventually,
the system characteristics might change so much that the orig-
inal control strategy or open loop system design is predisposed
to failure. Figure 11 illustrates some suggestions of failure
modes, such as the reliable operation range for the submers-
ible pump, possible flooding risks around the injection well or
air mixing risk in the production well.

The test should also take into account the seasonal water
level and temperature variations in the aquifer. Nearby obser-
vation wells can supply this information, which is useful when
determining the maximum limits for both the production well
and the injection well at different seasons. One example might
be the summer and the winter limits shown in Fig. 11.

Discussion

System performance analysis through pressure, flow rate, and
temperature parameters is a classical detection method in a
wide range of different heat exchanger applications. There
are alternative methods for the detection of heat exchanger
fouling, but these generally involve the use of specialized
fouling equipment, such as ultrasonic acoustics or electrical
probes (WallhduBler et al. 2013). Such methods have been
developed for heat exchangers and pipes and are not neces-
sarily applicable for use in groundwater wells. Therefore, the
open loop GSHP wells would have to be subjected to individ-
ual tests. From an operator’s point of view, it is beneficial to
have a surveillance procedure that can detect faults in the
whole heat source system. In this framework, the step-test
performance analysis method is a good approach because it
combines the well performance tests and heat exchanger per-
formance test into a single test.

The system performance will show similarly symptoms
regardless of the cause of the clogging. Thus, system
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Table 1 Description of the surveillance sensors
Sensor Monitoring function Main purpose Additional purpose
Secondary fluid return -supply information
T1 Y - Input to Eq. 13, these sensors allow PPy .
temperature to the evaporator. . L about the working
- continuous estimation of Qy,. tions for th
Secondary fluid temperature conditions for the
T2 - Input to Eq. 6, these sensors allow
from the evaporator. . . evaporator.
continuous monitoring of U-A- - -
value. -Indicates risk of o
T3 Returl(‘ni temperature c_>f .the. - Allow calculation of energy output groundwater freezing in
groundwater before injection. . the heat exchanger.
from the aquifer. system control
- Calculation of COP if additional In}(,ii atos risk of thermal
Groundwater temperature from | information from the heat pump is cates risk of the
T4 . . short-circuiting in the
the production well. available. .
aquifer
Water level in the production Input to Eq. 9 this sensor allow -Indicates risk of air
p1 well p operator to test well performance mixing into the system.
) and discover well clogging. -system control.
Water level in the iniection Input to Eq. 10 this sensor allow -Indicates risk of surface
p2 well J operator to test well performance flooding.
) and discover well clogging. -system control.
o . - Indicates influence of
. -Distinguish seasonal changes in the
Water level and temperature in . . other nearby wells.
T1 th ifor cl h aquifer from changes in the e .
p e aquifer close to the . Indicates risk of thermal
. production well water level. L
production well. . L . short-circuiting in the
-Discover clogging in the aquifer. .
aquifer.
. -Distinguish seasonal changes in the
™ E}Y:fruliet% flc?ggetfﬁizr?:g;ﬁn aquifer from changes in the injection | Indicates influence of
p well d J well water level. other nearby wells.
) -Discover clogging in the aquifer.

Qw, groundwater flow rate; U-A value, overall heat transfer coefficient of the heat exchanger (U) - total heat transfer area in the heat exchanger (A); COP,

coefficient of performance

#T1-T4, Temperature sensors; pl, p2, pressure sensors; pT1, pT2 pressure and temperature sensors

performance analysis allows for a general approach to system
surveillance and is a suitable tool for all clogging problems.
This flexibility in applicability is an advantage for open loop
GSHP systems because of the considerable challenge of elim-
inating all of the potential problems in the design phase of new
projects. The method can function as a standardized procedure
for system surveillance before an initial fault has taken place.
If better methods exist for monitoring particular faults, these
can replace the step-test for that particular situation from then
on. Specialized fouling equipment can then be installed be-
cause it is actually needed—rather than as a precaution.

The proposed procedure and sensors do not identify the
cause of the clogging problem. However, by identifying
which of the four major components that are affected, the test
results enable the operator to plan necessary maintenance to
the affected components without having to spend time on
unaffected parts of the system. The cause of the problem can
then be identified through other means, such as by video in-
spection of the affected wells or pipes (Gjengedal et al. 2018).
Furthermore, the operator is able to investigate how effective
the maintenance has been by conducting the same test proce-
dure after the maintenance and comparing the results.

The procedure does not necessarily rely on an initial inves-
tigation of the system to work, but the behavior of the initial
system provides a point of reference for future tests. The initial
investigation would essentially confirm if the open loop
GSHP system performs as well as the required specifications
agreed upon in the tender document. Thus, the initial test
should be part of the overall commissioning test of the system
before the heat pump system is deemed finalized and handed
over to the building owner.

The procedure in itself only involves incremental adjust-
ments of the speed of the submersible pump motor. While
these adjustments should be easy to conduct, data interpreta-
tion may be a challenge for the system operator. A key success
factor in the surveillance procedure will be the pre-processing
of the data in the system control unit. The data from the sen-
sors shown in Fig. 10, the groundwater flowmeter measure-
ments (FL in Fig. 3) or flow rate estimates (Q, in Eq. 13) and
the estimated U-A value should be presented on a control
display in the machinery room as numbers and with the sys-
tem limits visible as guidance.

Supervision and input from a specialist is probably neces-
sary in most cases. Hydrogeological expertise is essential for
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Hyeq. (M)
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Injection well

flooding risk

Q (Iis)
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I"l-max winter

Hi-max summer
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Production welN

air mixing risk

Hp (m)

Fig. 11 Systemized “step-test” data with initial test shown as the black
curve. A second test might detect fouling effects, which could result in the
red curves. Green zones indicate areas of safe operation, while red zones
indicate areas of unreliable operation where the system is predisposed to
failure. RPM Rotational speed of the submersible pump motor (in Hz)

the interpretation of aquifer data and production well and in-
jection well data and for the establishment of limitations to the
aquifer system as a whole. Such expertise is especially essen-
tial in complex open loop GSHP systems, such as installations
with multiple wells in multiple well fields, where the individ-
ual well performances might be difficult to identify due to well
interaction effects. For small installations, such as those of <
100 kW, the cost of hiring a specialist on a regular basis might
be an issue. However, the time needed to conduct the step-test
will be within a single workday, on the scale of 3-8 h (per well
doublet), and the test can be conducted during normal system
operation without switching off the heat pump unit; both fac-
tors will limit the cost of the test. By allowing integrated
remote control and monitoring of the GSHP system through
an Internet Cloud solution, a specialist would be able to follow
the test on-line without having to visit the installation. This
might help minimize the cost of routine surveillance over lon-
ger periods.

The cost and stability of the sensors are important concerns
to consider, as well as their degree of sensitivity and reliability.
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The proposed number of pressure and temperature sensors in
Fig. 10 is the minimum that enables full system surveillance of
the system components highlighted in the figure and illustrates
the least expensive solution. Additional sensors can and some-
times should be included, for example, a volume flowmeter or
additional pressure sensors along the groundwater pipeline;
however, these will increase the overall cost of the surveil-
lance system and might not be deemed necessary in small-
capacity installations (e.g. < 100 kW). In large-capacity instal-
lations the number of sensors needed increase proportionally
with the number of wells and heat exchangers, respectively.
However, temperature and pressure sensors have multiple pur-
poses in open loop GSHP systems (Table 1), and some sensors
are also likely to be included in the system design and control
strategy. By utilizing the same sensors for fouling and clog-
ging detection, the initial investment cost for the procedure is
reduced.

The key parameter in the surveillance strategy is the
groundwater flow rate through the system (Q,,). A direct mea-
surement of the flow is favorable. However, a potential prob-
lem offered by water quality issues can complicate the matter
if fouling affects the flow-measuring devices and leads to in-
correct flow rate measurements. This could for example, occur
when fouling forms on a pipe section where the flow-
measuring device is installed. In the surveillance procedure
described herein, this potential problem is avoided by estimat-
ing the groundwater flow rate indirectly (Eq. 13). The accura-
cy of the estimate then relies on the accuracy of the tempera-
ture measurements. Proper mounting of the temperature sen-
sors in probes inside the pipes, close to the heat exchanger
entrances, in addition to proper calibration of the temperature
sensors and the recording instruments are vitally important to
ensure maximum accuracy (McMillan and Toarmina 2011).
The temperature-estimated flow should be compared to a di-
rect flow measurement by a portable flowmeter during the
initial test to ensure accurate documentation of the sensor
calibrations and flow rate estimate.

The accuracy of the estimate might still be insufficient
for flow rate estimation if, for example, the AT,, and AT
are within the error range of the temperature sensors. For
this reason, the recommended sensor types should have a
small as possible error range (e.g. high-quality resistance
thermometers [Pt100 A] with an error range +0.1-0.3 °C).
The AT,, and AT can become an issue, for example,
when the flow rates are high relative to the heat demand
in the building. A possible solution for the problem would
then be to control (VSD) the submersible pump to ensure a
AT,, of at least 3 °C, which would limit the error in the
estimated flow rate.

The indirect flow rate estimate depends on a temperature
difference through the heat exchanger and works for both
heating and cooling modes. However, even though the sub-
mersible pump and the secondary fluid circulation pump
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operate at constant flow rates during each step of the test, the
heat rate through the groundwater heat exchanger might not
have a constant rate and consequently might not operate at
steady state. This can pose a problem for both the groundwater
flow rate estimation and the U-A value estimation. This issue
is discussed by Jonsson et al. (2007) and solved by introduc-
ing a physical state space model for on-line fouling detection
in heat exchangers during normal system operations (transient
time states). The implementation of an extended Kalman filter
algorithm by these authors shows promising results.
Combining their method with the step-test procedure might
solve the parameter estimation issues.

Finally, the groundwater flow rate cannot be estimated via
the temperature sensors if there is no heating or cooling de-
mand in the building. In a typical Norwegian open loop
GSHP system there is only a heating demand during the early
spring, the late autumn and through the winter months. If
there is no cooling demand in the building during the sum-
mer, a flowmeter is essential and must be installed for testing
of the system in the summer. Open loop GSHP systems that
have heating and/or cooling needs all year round can manage
with the sensors in Fig. 10.

The main purpose of the proposed surveillance scheme is
to monitor the system performance in relation to clogging
issues. However, if the data from the sensors are recorded
and stored, they also supply important information and docu-
mentation that describe hydraulic and thermal development in
the aquifer over time. For example, it should be possible to
draw conclusions regarding excessive heat extraction from the
aquifer by assessing conditions detectable by the temperature
sensors T4, pT1 and pT2 in relation to the injection tempera-
ture T3. The pT1 and pT2 sensors in particular are useful for
evaluating the local aquifer conditions at the installed location,
while sensor T4 only describes an average temperature of the
entire screened section of the well in the aquifer. If govern-
mental agencies require such documentation, the surveillance
scheme thus provides the GSHP plant owner with the most
basic documentation regarding environmental impact issues,
such as aquifer water level data, heat extraction/injection data
or groundwater extraction data (in cases with no re-injection;
Fig. 1a).

Conclusions

There is a need for fouling and clogging surveillance in open
loop GSHP systems. Given that there is a heat flux through the
groundwater heat exchanger, four temperature sensors, two
pressure sensors and a specified “step-test” surveillance pro-
cedure allow monitoring of the system performance. The main
benefits and drawbacks of the test procedure can be summa-
rized as follows. The test:

» describes actual system performance and identifies if clog-
ging has occurred in the production well, the injection
well, the aquifer and the groundwater heat exchanger;

» measures if the system performs in accordance with the
specifications agreed upon in the tender document and
should be included as a standard commissioning proce-
dure for groundwater heat pump systems;

» can be conducted within a single workday (3-8 h per well
doublet) and without disrupting the heat production in the
heat pump;

» can investigate the effectiveness of normal maintenance
procedures;

» requires low-cost sensors, but relies on accurate tempera-
ture and pressure measurements;

+ does not identify the clogging type or clogging cause.

Data interpretation might be a challenge due to system
and aquifer complexity. The pre-processing of data in the
system control unit might ease the data interpretation pro-
cess, but supervision and input from a specialist will nor-
mally be necessary.

Further work will be to test the procedure on an active open
loop GSHP installation with clogging or fouling issues. The
possibility of implementing a Kalman filter algorithm in the
data pre-processing procedure to improve the estimates of
both groundwater flow rate and the U-A-value should also
be investigated.
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Abstract

Fouling and clogging of groundwater wells and heat exchangers are among the major operational challenges for groundwater
heat pump (GWHP) and aquifer thermal energy storage (ATES) systems. This article presents the application of a step-test
surveillance procedure developed for early detection of clogging in distinct parts of the GWHP system, tested at Lena Terrace in
Melhus Norway. Three versions of the test procedure are presented and demonstrate that the test can be performed with a
minimum of four steps, each of 15-min duration, while the GWHP system is actively producing heat. The results prove that
the surveillance test can detect changes in the hydraulic resistance of the groundwater circuit and locate clogging problems within
all of the relevant system components in the groundwater circuit simultaneously. At the Lena Terrace GWHP system, these tests
indicate a gradual increase of hydraulic resistance with time, which verify that clogging issues are continuously developing in the
injection well, in the production well, and in the groundwater heat exchanger. Cleaning of the heat exchanger was then
performed. This increased the pumping capacity by 8.3% points, but continuous clogging of the injection well and the production
well necessitates further maintenance to ensure a reliable operation. It is demonstrated that multidisciplinary competence and
experience with GWHP-systems, aquifers, and groundwater wells are needed for the evaluation of the results. These results can
therefore serve as a reference for other GWHP systems with similar design configurations.

Keywords Groundwater - Step-test - Clogging - Surveillance - Hydrogeology - Heat pumps

Introduction

Ground water heat pump (GWHP) systems have become in-
creasingly popular in Norway during the latest decades. Recent
studies indicate a large potential for this technology, and similar
trends are also seen worldwide (Bloemendal et al. 2015). One
of the largest consumers of GWHP heating and cooling in
Norway is the municipality of Melhus. An aquifer beneath the
town center of Melhus is currently utilized as a heat source by
ten individual GWHP systems. The first installation started
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production already in 1999 and is still in operation today. All
of these GWHP systems use a Quaternary deposit of saturated
sand and gravel material as their heat source.

Many aspects of the system performance are governed by
the local and the overall hydrogeological conditions within
this deposit. The groundwater quality is an important factor
in all types of GWHP installations (Bakema 2001; Banks
2012; Snijders and Drijver 2016). Problems caused by chem-
ical reactions, suspended soil particles, or microbial growth in
the water are a well-known and widespread issues for these
systems, and clogging and fouling of system components is a
common problem in Melhus (Riise 2015; Broste 2017;
Gjengedal et al. 2018; Gjengedal et al. 2019a; Gjengedal
et al. 2019b). These problems typically involve clogging of
the groundwater heat exchanger, the well screens, the pipe-
line, and the aquifer formation, also causing increased fatigue
and erosion of the submersible pump. Usually, the heat pump
performance and overall cost of the operation are affected by
reduced heat production capacities and efficiencies. In severe
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cases, the complications can lead to complete system failure.
Fouling and clogging of groundwater wells and heat ex-
changers therefor put the long-term reliability and sustainabil-
ity of GWHP and, similarly, aquifer thermal energy storage
(ATES) systems at risk. Consequently, groundwater source
systems require a higher level of surveillance and maintenance
than other ground source heat pump systems (Banks 2012;
Snijders and Drijver 2016; Gehlin and Andersson 2019).

Monitoring and surveillance of GWHP systems is typically
carried out by recording and analyzing pressure, temperature,
and volume flow rate data (Gjengedal et al. 2019a). This type
of monitoring is common in many heat pump applications
(Stene 2001; Rees 2016) and is also standard for many indus-
trial heating and cooling applications. District heating appli-
cations and the oil & gas industries are some examples
(Miiller-Steinhagen 2000; Melo et al. 1988). However, a va-
riety of clogging and fouling issues in GWHP systems can
cause similar symptoms and data responses, hence making it
challenging to evaluate the data correctly.

A surveillance procedure for early detection of clogging
and fouling in GWHP systems has previously been developed
for GWHP systems in particular (Gjengedal et al. 2019a).
Gjengedal et al. (2019a) demonstrate that the dynamic behav-
ior of GWHP systems requires the pressure, temperature, and
volume flow rate data to be evaluated with a specific proce-
dure to enable proper interpretation of the data. The suggested
procedure allows for testing and evaluation of all of the indi-
vidual system components in the GWHP system simulta-
neously. The procedure has now been applied regularly in
one of the installations in Melhus during routine maintenance
of the system. This paper presents the experiences with the
surveillance method and demonstrates the usefulness of the
method for performance monitoring.

Site description and system specification

The town of Melhus is located in the Gauldal valley in Mid-
Norway, approximately 20 km south of the city of Trondheim
(Fig. 1). The town is located on a floodplain next to the river
Gaula. Immediately to the north of the populated area, the
landscape is dominated by Melhusryggen, a forested terminal
moraine that stretches halfway across the valley, from the
mountain of Vassfjellet in the east to the eastern embankment
of the river Gaula. This glaciofluvial ridge marks the upper
part of the Quaternary sand and gravel deposit known as the
Melhus aquifer, an aquifer that in part extends beneath the
town center south of the ridge. The river Gaula intersects the
town center and separates both the town center and the aquifer
into a western and eastern part.

Today, this aquifer supplies ten individual building com-
plexes with heat and three building complexes with both
heating and cooling. The Lena Terrace apartment complex
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was built in 2003. It is located at the foot of the
Melhusryggen ridge and is highlighted as the case study site
in Fig. 1. The apartment complex” GWHP system is designed
as a reinjection type system (Fig. 2). The local sediments are
dominated by unconsolidated sand and gravel of glaciofluvial
origin, and the groundwater water table is located approxi-
mately 20-21 m below the terrain level. At this depth and
location within the aquifer, the groundwater temperature is
found to be stable all year round at ~7 °C. The “natural”
groundwater level, which imply the water level unaffected
by the local GWHP activity, fluctuates approximately +
1.0 m throughout the year (Hellestveit 2018). The aquifer is
accessed by the GWHP system through two groundwater
wells, one production well, and the other an injection well.
The permeability of the aquifer formation is high, and this is
reflected in the design of the wells.

The production well design is customized to the local soil
conditions. The original design was a larger 219 mm OD well
size, but due to drilling problems, the well size was reduced
during construction. The finalized well design is 36.4-m deep
and has a steel casing width of 168—158 mm (ODxXID). The
water is extracted from the well by a 10.8 kW Grundfos SP
60-5-MS6000 (50 Hz) submersible pump, which is installed at
28 m depth, immediately above the well screen. The well
screen is the perforated section of the well and is installed
from 29.4 to 35.4 m depth, providing 6 m of screened well
length. The screen is a 161-150 mm ODXID con-slot screen,
with 1.0 mm slot openings and a 31.3% perforation ratio. This
screen design was selected based on grain size analysis of the
soil, which are dominated by medium to coarse sand and
gravel particles.

This production well design was originally selected to en-
sure proper operating conditions for the submersible pump. The
Grundfos SP 60-5 pump generally requires 4-5 m of net pres-
sure suction head (NPSH) during production (NPSH required
depends on the motor speed). When the pump is inactive, the
water table in the well is typically 6.0-7.0 m above the sub-
mersible pump. The available drawdown is thus limited to 2—
3 m, leaving limited margin for potential clogging issues. There
is however a 0.5-m sump pipe installed beneath the screen to
accommodate potential sediment suffusion during operation.

The injection well is 36.5-m deep and has an identical
design, but the screened segment of the well is installed from
23.5 to 33.5 m depth, which provide 10 m of screened well
length. The return pipe is installed at 27.5 m depth, in the
middle of the screened section of the well. There is a 3-m-
long sump pipe beneath the screen to accommodate potential
sediment suffusion during operation. The natural water table
is typically 18.0-19.0 m below the well top during the heating
season. This large elevation drop towards the well water level
generates a suction in the groundwater piping system during
production, causing vacuum pressures to develop in the pipe
and in parts of the surface installation.
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Fig. 1 Overview of the town center of Melhus with the ten GWHP
installations (yellow buildings) and the corresponding groundwater
wells indicated. There are 34 groundwater wells in the area, of which

The groundwater circuit part of the surface installation is
visualized in Fig. 3. The system consists of approximately
100 m of 160 mm ID HDPE pipes that connect the two wells
to the groundwater heat exchanger situated in the basement of
the building. The groundwater heat exchanger is a 260-kW
gasket plate heat exchanger with a total of 72 m? plate surface

18 are used for heating and cooling purposes. The location of the Lena
Terrace building complex is highlighted as the case study site. Details of
the Lena Terrace GWHP system are provided in Fig. 2 and Fig. 3

area (1.3 fouling factor). The total peak heating demand of
350 kW is provided by two custom Chiller Oy heat pump
units (R134a). The heat pumps are coupled in parallel to a
secondary loop circuit with 20% ethylene glycol antifreeze
fluid. The secondary loop is connected to a plate heat ex-
changer for heat transfer with the groundwater loop.

Production well

Injection well

Heat pumps

Fig.2 Schematic sketch of the soil conditions and the reinjection type GWHP system employed at Lena Terrace in Melhus, Norway (the sketch is not to

scale)
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Fig. 3 Schematic sketch of the GWHP system at Lena Terrace, including
real time monitoring of operational parameters. The groundwater pipe
segment is approximately 100 m long. The relative location of the
pressure transducer (P1-4), the flow meter (FL), the energy meter (and
frequency converter) of the submersible pump (EN), and the temperature
sensors (T1-4) are shown. The sketch is based on the online
OPTIVIEW® interface

The designed efficiency point for the whole system is a
coefficient of performance of 3 at maximum heating capacity
(COP =3). The groundwater system is designed to supply
approximately 18 I/s of groundwater to accommodate the ther-
mal demand during peak load conditions in the winter months.
It assumed a groundwater temperature reduction from 7 °C to
4 °C (AT =3 K) at these conditions. During part load condi-
tions, in the autumn and spring, the amount of groundwater
circulation is reduced. This is controlled by adjusting the op-
erating point of the submersible pump, between 60 and 100%
of the maximum pump motor frequency (30-50 Hz).

Since its construction in 2003 the Lena Terrace GWHP
plant has been affected by a variety of clogging and fouling
issues. These are recurring problems, where fouling of iron
precipitates affects the heat exchanger, while soil particles
clog the injection well. The heat exchanger was most recently
replaced in 2018 because of insufficient heat transfer capacity.
The injection well is cleaned annually, most recently in 2018
and 2019, in an effort to maintain the reinjection capacity.
Following the latest rehabilitation measures in 2018, the in-
stallation was re-equipped with new sensory equipment to
improve the monitoring. These sensors are visualized in Fig.
3. The implementation of an automated control system now
allows for remote control of the installation through an online
TOSIBOX® system.

It is planned to clean the heat exchanger annually with an
organic acid treatment before each heating season to mediate
the iron precipitation fouling problem. The step-test method
data presented here was applied in a period before and after
the cleaning treatment on the 8th-9th of October 2019, to
evaluate the need and the effect of the acid treatment. Three
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of these step-tests are presented in this paper. The two first
tests were conducted before the fouling treatment of the heat
exchanger, while the third test was performed after the
treatment.

Methodology

The surveillance procedure employed in this study involves
conducting a series of incremental adjustments to the motor
speed of the submersible pump, a so-called step-test. This is
done by remote control through the online TOSIBOX® sys-
tem, where the motor speed is controlled between 60 and
100% of its pumping capacity. The hydraulic and thermal
performance of the system is then simultaneously measured
at each speed, and the data is evaluated with least square
regression analysis. The data response is evaluated with re-
gard to potential clogging and fouling issues that affect the
performance of the system in distinct ways, depending on
their location within the system, as described in Gjengedal
et al. (2019a).

The control system’s integrated monitoring and control in-
strumentation are used for the data acquisition. The instrumen-
tation and their relative location in the relevant part of the
system control interface are shown in Fig. 3. The sensors used
in the instrumentation are further described in Table 1. The
temperature (T1-T4), pressure (P1-4), flow rate (FL), and the
pumping power (EN) at the various speeds were recorded at
each step of the test. All sensory data was automatically re-
corded by the monitoring system each minute and stored. The
input data for the least square regression analysis and calcula-
tions are average values of the last eight measurements of each
step of the tests, where steady-state conditions were assured.

The step-test procedure follows the methodology described
in detail in Gjengedal et al. (2019a). Three variants of the
procedure were tested to evaluate the applicability of the
method (Table 2). The first test was performed with the min-
imum three steps required for the method, each of the steps
having a duration of 1 h. Traditionally, each step of the tests is
recommended to be between 0.5 and 2 h (Kruseman and de
Ridder 1994), but the time can be reduced if the pressure
response reaches steady state earlier. The purpose of test 1
was to evaluate the timeframe needed to achieve steady-state
flow and pressure responses in the wells and the piping sys-
tem. The pressures response stabilized within the first 1-3 min
for each step, indicating a highly permeable aquifer formation.
The duration of each step could therefore be reduced to 15 min
for the two consecutive tests to investigate the possibility of
reducing the timeframe of future tests.

The second test was performed with 19 individual steps to
see if more steps would provide higher accuracy and possibly
improve the usefulness of the surveillance data. The third test
was an intermediate version with six steps. For tests 1 and 2,
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Table 1 Instrumentation relevant

for the step-test surveillance Location in Fig. 3 Instrument type Accuracy
procedure
P1 Pressure transducer, Siemens SITRANS LH100 +0.0015 bar
P2, P3 Pressure transducer, Danfoss MBS 4010 0-6 BAR ABS +0.03 bar
P4 Pressure transducer, Kacise GXPS430 +0.015 bar
FL Flow meter, Badger ModMAG M1000 +0.04 I/s
EN Energy meter, Grundfos CUE 3X380-500 V IP55 15KW 32A/2 -
T1-T4 Temperature probes, PT1000 +0.3 °C

See Fig.3 for the relative location of the instruments in the GWHP system

the system was shut off before the tests to measure the unaf-
fected pressure responses. Test 3 was performed without a
shutoff period before the test, due to the continuous heat de-
mand in the building. The unaffected groundwater level was
then estimated via inverse calculation, using tests 1 and 2 as a
reference for the expected water level draw-down at 60%
pump capacity.

The procedure for test 2 is demonstrated in Fig. 4 and
visualizes the progression of the test procedure. The test is
performed with a pyramid-shaped speed increment adjust-
ment. The first and the last step have the same speed (60%),
while incremental adjustments were distributed evenly and
mirrored around the 100% speed, producing the pyramid-
shaped power curve. This mirroring of the test provided a
mean of control during the test and confirmed that the behav-
ior of the system is unchanged throughout the test procedure.
Similar performance “pyramids” were observed in the data
response in the control instrumentation.

Results

The four temperature sensors (T1-T4 in Fig.3) are installed on
the four heat exchanger pipe segments to measure the temper-
ature development of both fluids through the heat exchanger.
In ideal conditions, the temperature data should be included in
the analysis, but these temperature sensors were found to be
incorrectly calibrated and could not be used to determine the
efficiency of the heat exchanger. Thus, primarily the hydraulic

performance of the system, with the pressure, energy meter,
and flow meter data, is used in the performance analysis.

The pyramid shape of the test 2 procedure (Fig. 4) is
reflected in the pressure response that is presented in Fig. 5
for the heat exchanger. The differential pressure between the
two sensors describes the hydraulic losses through the heat
exchanger, which is used in the regression analysis. The data
also demonstrate that the groundwater heat exchanger is sub-
jected to vacuum pressures if the groundwater flow rate is
reduced below a given threshold value (red shaded area in
Fig. 5). This is observed in the P3 sensor when the ground-
water flow rate is lower than 10.0 I/s, which corresponds to the
80% step in Fig. 4. At the lowest step (the 60% step), a — 7 kPa
gauge pressure is observed in the P3 sensor. When the pump is
turned off, the vacuum extends to the whole surface installa-
tion and stabilizes at approximately — 70 kPa gauge pressure
in both P2 and P3.

The results of the regression analyses of the three step-tests
are presented in Table 3 and visualized in Fig. 6. The test
results show that the electrical power consumption of the
groundwater pump is equal for each corresponding step for
each test, but the corresponding flow rates vary. A reduction
in the pumping capacity signifies that the pump produces less
water at a given motor speed. This can be observed by com-
paring the 100% speed flow rate of each test in Fig. 6d. In test
1, the flow rate is 16.2 1/s, which is 10% reduction from the
initial 18.0 I/s capacity of the system. For test 2, the maximum
capacity has reduced to 15.7 /s, corresponding to a further
3.0% point reduction in pumping capacity over a 41-day

Table 2 The step-test specification for each of the three tests

Test Date Test time [h] No. steps Time per step [min] Start point [% of 50 Hz] Increment [% points] Shutoff

no.

1 28.08.2019 4 3 60 0% 20 Yes
(Reference test)

2 08.10.2019 5.5 19 15 0% 2-3 Yes
(41 days later)

3 16.10.2019 1.5 6 15 60% 10 No

(55 days later)

The various steps were distributed evenly through the 60-100% speed intervals, 60% (30 Hz) is the minimum speed and 100% (50 Hz) is the maximum
speed of the pump. All measurements were automatically recorded each 1 min by the monitoring system
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Fig. 4 Step-test procedure of test 12 4 ”

2 at Lena Terrace GWHP system. o
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period. After the cleaning treatment, Test 3 shows a consistent
increase in pumping capacity at all speeds and the pump pro-
vides 17.2 I/s with the same power consumption of 10.8 kW, a
recovery of 8,3%-point compared with the initial 18.0 I/s
capacity.

The variable pump performance implies that the hydraulic
resistance of the system is different for each of the three tests.
This is confirmed in the three differential pressure responses,
which show both vertical and horizontal shifts of the pressure
graphs in the data of the injection well, the production well,
and of'the groundwater heat exchanger (Fig. 6A-C). However,
different types of performance changes are observed in these
three components, which implies that the hydraulic resistance
might have been altered differently in different parts of the
system.

Since the sensors and the instrumentation were installed
after the heat exchanger was replaced in the autumn of 2018
there are no initial on-site measurements of the heat ex-
changers hydraulic performance. However, the manufacturer
provides a differential pressure of 2.64 m at 20.6 I/s pumping
rate, which can serve as a reference for the tests. Plate heat
exchangers are typically designed to operate within turbulent
flow conditions, and this is observed for this installation as
well where the groundwater heat exchanger pressure response
is non-linear with respect to the flow rate (Fig. 6C). During
Test 1 the pressure builds up to a maximum of 6.9 m of
hydraulic head at 16.2 I/s flow rate, which is a substantial
increase of hydraulic resistance compared with the data

specified by the manufacturer. This has further increased in
Test 2 to a maximum pressure head of 8.0 m, even witha 0.5 1/
s lower flow rate, indicative of clogging development. After
the cleaning treatment, test 3 shows a consistent decrease in
pressure head for all pumping speeds. By comparing the re-
gression results in Table 3, it is seen that both the linear and
the non-linear data response have changed after the cleaning.
The acid cleaning treatment has reduced the hydraulic resis-
tance of the heat exchanger significantly.

Unlike the heat exchanger, a properly designed groundwa-
ter well should ideally have a fully linear pressure relation
with respect to the pumping rate. This occurs in the injection
well where the pressure increases linearly with the flow rate
for all three tests. However, a consistent increase of magnitude
of overpressure is observed between tests 1, 2, and 3, respec-
tively. The linear regression results indicate that the hydraulic
resistance in the injection well has increased by 65% from test
1 in August to test 3 in October. This is indicative of clogging
development. Approximately half of the increased hydraulic
resistance occurs after test 2, which indicates that the rate of
clogging deposition is accelerating.

For the production well, the drawdown increases non-
linearly with respect to the flow rate and the non-linear com-
ponent dominates the pressure response (Fig. 6b). A consis-
tent increase of water level drawdown is also observed be-
tween test 1 and 2, while the data points of test 3 plots almost
equal to those of test 2. The peak drawdown was 0.3 m larger
for test 3 at the 100% speed, but this corresponds to the

Fig. 5 Test 2 performance 100
pyramid for the P2 and P3 = — P2 Y
pressure sensor. See Fig. 4 for test & 80| — P3 , U
increments. At the 60% pumping ';' 60 n ~\
speed, the pressures correspond to 5 '_J-J \
— 7 kPa pressure in the P3 sensor. F 40
After the pump is shut off, the o ‘—'L
o

s o e 2 e 5 ® L o

- W e W
observed in the whole 3 0 __,.—-—"‘F —\"‘"“‘—-‘_
groundwater pipeline (outside the o Vacuum -".“'T
y-axis) -20

10.00 11.00 12.00 13.00 14.00
Time of day
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Table 3 The step-test regression

results. AP [m] denotes the pres- Test no. Date Injection well Production well Heat exchanger
sure differential and Q [I/s] de-
notes the variable flow rate. All 1 28.08.2019 AP =0.068-Q AP=0.018Q+0.010-Q° AP =0.064-Q +0.022-Q°
regression curve fits are within (Reference test)
2 .
R‘ > 099 The curves are visual- 2 08.10.2019 AP =0.094-Q AP=0.030-Q+0.011- Q AP =0.056-Q +0.029-Q°
ized in Fig. 6 (41 days later)
3 16.10.2019 AP=0.112-Q AP =0.039-Q+0.010-Q° AP=0.016-Q+0.011-Q°

(55 days later)

increased pumping rate capacity of the submersible pump af-
ter the cleaning treatment. By comparing the regression results
in Table 3, it is seen that it is primarily the linear data response
that have changed, while the non-linear data response is vir-
tually unchanged. The linear part of the regression results have
increased by 116% from test 1 in August to test 3 in October.
Approximately half of the increased hydraulic resistance oc-
curs after test 2, similar to that of the injection well.

Discussion

The presented step-test data demonstrate how the performance
of the heat source system at Lena Terrace can be monitored
with the applied surveillance procedure. The integrated senso-
ry equipment is able to detect changes in the hydraulic perfor-
mance of the submersible pump, the groundwater heat ex-
changer, the production well, and the injection well. The re-
sults from the three different step-test procedures show that a

Fig. 6 The injection pressure

a Injection well

variety of test configurations can be applied, but a minimum
number of steps are preferable when the test is applied in
practice. It is shown that test 1, with only three steps, describes
the trends of the wells and the heat exchanger performances
properly. The potential benefit of including more steps is not
reflected in the added detail of the data of test 2 as it is possible
to describe the same trend with only three of the data points.
The surveillance procedure therefore only needs three steps to
work in practice. This does however require a shutoff period
before the test, which might not be acceptable if the building
needs heating, e.g., during the winter months. As described in
Gjengedal et al. (2019a), the benefit of the test 3 procedure is
the possibility to perform the test without disrupting the heat
production of the heating system. A step-test with four steps is
thus recommended.

The step-test must be able to locate problems in the system
in order to work as a surveillance tool. It is here demonstrated
that the tests detect variability in the pump performance,
which indicates that the hydraulic resistance of the system

b Production well
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has changed. The first two tests show a reduction of produc-
tion capacity for the whole groundwater system prior to the
treatment of the groundwater heat exchanger. This increased
hydraulic resistance indicates that clogging problems are de-
veloping in the entire system, especially in the production
well, the injection well, and in the groundwater heat exchang-
er. Multidisciplinary competence and experience with
GWHP-systems, aquifers, and groundwater wells are
therefore needed to properly evaluate and interpret the
results. The tests do not reveal what type of clogging
material that impedes the system, but Bakema (2001) and
Olsthoorn (1982) argue that monitoring over a longer
timeframe can reveal different trends that are associated with
various types of clogging, e.g., gas intrusion, chemical incrus-
tations, or sediment suffusion. In this case, the test results can
be interpreted and evaluated based on the system design and
previous experience with faults found in the system. The tests
can thus serve as a reference for other similar GWHP systems.

It was known beforehand that the groundwater heat ex-
changer is affected by fouling issues, typically by iron precip-
itates and fine soil particles clogging the heat exchanger
plates. In these three tests, it is shown how this affects the
hydraulic resistance of the heat exchanger. An increase in
differential pressure, which is observed in tests 1 and 2, indi-
cates that clogging and fouling development is in progress.
The cleaning treatment reduced the hydraulic resistance, and
test 3 demonstrates how the effects of the cleaning treatment
yields a significant reduction in hydraulic resistance. The main
benefit of the cleaning was presumably the improved heat
transfer properties of the heat exchanger, but this could not
be estimated accurately with the uncalibrated temperature sen-
sors. The actual improvement to the thermal performance can
therefore not be evaluated. However, the test shows that an
increase in pumping capacity, by 1.5 I/s at maximum motor
speed, is achieved after the cleaning. The test thus reveals how
the lower hydraulic losses through the groundwater heat ex-
changer also affect the other parts of the system, e.g., through
increasing the maximum drawdown in the production well at
100% pumping rate. Cleaning of the heat exchanger thus af-
fects all parts of the system in the hydraulic sense, because the
overall pumping capacity is affected.

An important benefit of the cleaning is that the pump is
able to supply the necessary amount of groundwater at
lower motor speeds. This reduces the electrical power
consumption of the pump and the pumping cost for the
installation. Some of the costs of annual cleaning of the
heat exchanger are thus saved through improving the per-
formance of the groundwater system. In the future, the
performance of the heat exchanger should be monitored
with calibrated temperature sensors. The heat-conducting
properties of the heat exchanger are more sensitive to
fouling than the hydraulic resistance. Monitoring the heat
flux is thus expected to provide a more sensitive tool for
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fault detection in the heat exchanger (Gjengedal et al.
2019a).

The clogging material that was removed during the injec-
tion well cleaning operations and rehabilitations in 2018 and
2019 showed that the injection well was filled with a mixture
of'soil sediments and particles. These sediments were found to
have been derived from suffusion through the production well
screen. This has likely occurred this time as well. The
increased hydraulic resistance observed in the injection well
pressure response is a clear indication that clogging
development is in progress. Similar pressure responses are
described by Olsthoorn (1982) for injection well clogging in
general. The data display a gradual buildup of the pressure
response over the 55-day period, and the regression results
(Table 3) show that the rate of clogging deposition is acceler-
ating. In order to ensure continuous and reliable operation of
the GWHP system, it is therefore necessary to perform addi-
tional maintenance on the injection well screen but also the
production well to stop the suffusion of particles.

Suffusion of soil particles through the production well
screen is known to affect the production well performance in
a distinct manner (Olsthoorn 1982; Van Beek 2007). The pre-
sented tests demonstrate that the drawdown in the production
well react non-linearly to the flow rate (Fig. 6b), deviating
from the anticipated fully linear drawdown curve expected
from a properly design groundwater well. The question is
whether this excessive drawdown is a sign of clogging of
the production well screen or not. By comparing the pressure
response of tests 2 and 3, relative to test 1, it is observed that
there is an increased hydraulic resistance in the well.
However, the relative increase in drawdown originates from
an increase of the linear pressure responses, while the non-
linear pressure response is virtually unaffected. The majority
of linear head losses originate from aquifer losses and/or well
screen losses (Houben 2015a). This increase of linear head
losses is therefore a likely sign of clogging of the well screen
and/or the aquifer.

The lack of change in the non-linear component indicates
that the cause of these losses has not been altered throughout
the test period. Non-linear drawdown losses are associated
with inertial losses that occur at high velocities (e.g., convec-
tive acceleration or turbulence). The fully linear response of
the injection well reveals that the local soil conditions do not
induce non-linear losses in the flow for the pumping rates
tested. The production well has similar soil conditions, but
compared with the injection well, it has slightly higher flow
velocities through the well screen because of the shorter
screen length. Assuming an even distribution of the flow
along the entire well screen, the average maximum flow ve-
locity (17.2 /s flow rate at 100% Hz) through the production
well screen is 1.81 cm/s, while it is 1.09 cm/s through the
injection well screen. The 1.81 cm/s velocity is perhaps high
enough to induce some non-linear losses in the aquifer
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(Houben 2015a), but not to the degree that is measured here.
The difference in screen flow velocity does therefore not ex-
plain the dominant non-linear component of the production
well pressure response.

The most likely cause to these non-linear losses is the rel-
atively large contraction and expansion of the flow channel in
the well-bore segment around the submersible pump motor.
Houben (2015b) states that the upwards flow velocity in a well
should be kept below 1.5 m/s to maintain well losses at an
acceptable level. This is ensured in the well-bore itself, but not
in the section around the pump. The SP60-5-MS6000 sub-
mersible pump (Grundfos 2019) has a motor diameter of
139.5 mm. The internal well diameter of 158.0 mm then pro-
vides a 9.25-mm annular channel opening past the pump mo-
tor, which is very narrow for the 17.2 I/s flow rate. The aver-
age flow velocity past the 0.6 m long motor will then be
approximately 3.9 m/s, indicating highly turbulent flow con-
ditions. This channel opening is unchanged from test 1—test 3,
and it is therefore reasonable that the non-linear component is
unchanged as well. The non-linear behavior is thus not likely
caused by clogging, but by a faulty well design with a too
narrow well diameter.

Apart from the clogging issues that are detected, the tests
reveal that the production well water level drawdown is too
large to ensure that the pump operates reliably. The submers-
ible pump requires 5 m of overpressure (NPSH) to operate
reliably at 100% Hz motor speed (Grundfos 2019). With
3.5 m of drawdown, the pump operates with 2.9 m of over-
pressure, and the pump is thus subjected to increased risks of]
e.g., flow separation and vacuum pressures at the suction inlet
and internal cavitation at the pump impellers (Mackay 2004).
To ensure continuous and reliable operation of the GWHP
system, it is necessary to perform additional maintenance on
the production well screen or to limit the pumping rate to 80%
of the maximum capacity where 4 m of NPSH is sufficient.

The tests also reveal that parts of the groundwater pipeline
operate with vacuum pressures. Vacuum pressure can poten-
tially trigger exsolution of gases that are dissolved in the
groundwater (Banks 2012; Snijders and Drijver 2016;
Gjengedal et al. 2019b). The tests thus indicate that the system
has an unfavorable design configuration with respect to the
local groundwater conditions, which can potentially be the
underlying reason for the clogging issues that has troubled this
installation since 2003.

Conclusions

The performance of the Lena Terrace groundwater heat pump
system has been monitored with a step-test surveillance pro-
cedure. Results from three versions of the test demonstrate
that the test can be performed with a minimum of four steps,
each of 15-min duration, while the GWHP system is active

and producing heat. The results demonstrate that the surveil-
lance test can detect changes in the hydraulic resistance of the
groundwater circuit and locate clogging problems within all of
the relevant system components in the groundwater circuit
simultaneously. At the Lena Terrace GWHP system, these
tests indicate a gradual increase of hydraulic resistance with
time, which verify that clogging issues are continuously de-
veloping in the injection well, the production well, and in the
groundwater heat exchanger. Cleaning of the heat exchanger
has increased the pumping capacity by 8.3% points, but con-
tinuous clogging of the injection well and the production well
necessitates further maintenance to ensure a reliable operation.
These results can function as a reference for other GWHP
systems with similar design configurations.
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Abstract

The application of 3D technology for fabrication of artificial porous media samples
improves porous media flow studies. The geometrical characteristics of a porous media
pore channel: the channel shape, size, porosity, specific surface, expansion ratio, contrac-
tion ratio, and the tortuous pathway of the channel can be controlled through advanced
additive manufacturing techniques (3D printing), computed tomography imagery (CT
imaging) and image analysis methods. These 3D technologies have here been applied
to construct and analyze four homogeneous porous media samples with predefined geo-
metrical properties that are otherwise impossible to construct with conventional methods.
Uncertainties regarding the geometrical properties are minimized because the 3D-printed
porous media samples can be evaluated with CT imaging after fabrication. It is this com-
bination of 3D technology that improves the data acquisition and data interpretation and
contributes to new insight into the phenomenon of fluid flow through porous media. The
effects of the individual geometrical properties on the fluid flow are then accounted for in
permeability experiments in a Hassler flow cell. The results of the experimental work are
used to test the theoretical foundation of the Kozeny—Carman equation and the extended
version known as the Ergun equation. These equations are developed from analogies to the
Hagen—Poiseuille flow equation. Based on the results from the laboratory experiments in
this study, an analytical equation based on the analytical Navier—Stokes equations is pre-
sented as an alternative to the Hagen—Poiseuille analogy for porous media channels with
non-uniform channel geometries. The agreement between experiment and the new equa-
tion reveals that the dissipating losses of mechanical energy in porous media flows are not
a result of frictional shear alone. The mechanical losses are also a result of pressure dissi-
pation that arise due to the non-uniformity of the channel geometry, which induced spatial
variations to the strain rate field and induce acceleration of the velocity field in the flow
through the porous medium. It is this acceleration that causes a divergence from linear
flow conditions as the Stokes flow criterion (Re < 1) is breached and causes the convective
acceleration term to affect the flow behavior. The suggested modifications of theory and
the presented experiments prove that the effects of surface roughness (1) do not alter the
flow behavior in the Darcy flow regime or (2) in the Forchheimer flow regime. This implies
that the flow is still laminar for the Forchheimer flow velocities tested.

Keywords Permeability - Particle size & shape - Porosity - Tortuosity - Empirical
validation - Darcy - Forchheimer - Kozeny—Carman - Ergun - 3D fabrication - CT imaging
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1 Introduction

Fluid flow through a porous media is a subject of global interest and a topic of extensive
research within fields of scientific and industrial nature alike. Within the field of civil
engineering, e.g., drinking water supply, water resource management, groundwater heat
pump systems, coastal erosion, and water contamination there frequently exists a need to
determine the rate of groundwater flow through soil formations. The groundwater flow
is assumed to follow the relations given by Darcy’s law (1856) and is governed by the
hydraulic conductivity, K (m/s), of the soil. Naturally occurring soil formations have a
potential for large spatial variation, and this often requires the determination of a large
number of local hydraulic conductivities to adequately describe the over-all field K for an
aquifer. Many engineering projects do not have the budget to perform time-consuming and
costly field or laboratory permeability tests. Thus, simple predictive methods that estimate
the hydraulic conductivity from individual soil samples are still a common and valued
approach in the industry.

A range of predictive equations has been developed theoretically or empirically from
laboratory tests. Chapuis (2012) has reviewed 45 of the most commonly used predic-
tive methods in engineering and have recommended four of them, one of which is the
Kozeny—Carman equation. Common for all the 45 methods is that they relate the hydrau-
lic conductivity or permeability of a soil formation to properties of the solid soil matrix
rather than to the pore-space matrix properties directly. This is done because soil samples
are often routinely available in many projects. Properties of the soil solids, e.g., the grain
size distribution curve, sediment bulk density, soil texture, and form, are properties that
are relatively easy to measure compared to in situ pore-space properties. However, the four
methods recommended by Chapuis (2012) incorporate simple dimensionless pore-space
properties, e.g., the porosity (n) of the bed and the pore channel tortuosity (t). These pore
properties are vital for the accuracy of the methods, but are rarely measured or estimated
in practice, at least in Norway. Continuous use of the predictive methods argues that fur-
ther development and confirmation of their accuracy and applicability are useful for the
industry.

The aim of this study is to further investigate how various geometrical properties of a
porous media affect its permeability, and thereby improve the empirical equations further.
As demonstrated by Chapuis (2012), the in situ pore properties can be difficult to quantify
accurately in conventional permeability experiments on natural soils. Natural soils typi-
cally consist of a variety of soil particles, with different sizes and shapes, which makes it
difficult to evaluate the significance of individual geometrical properties alone. Therefore,
the relation between permeability and different geometrical properties of porous media is
investigated in detail by applying an additive manufacturing (AM) technique, 3D printing,
as a means of fabricating artificial soil samples. Geometries that previously were impos-
sible to construct are now available through AM. AM has recently shown its usefulness
in porous media studies (Osei-Bonzu et al. 2018; Gelhausen et al. 2018). In this study,
the applied AM technique allows to determine the precise location, shape, and size of all
individual particles in a porous media, thus minimizing uncertainties related to the pore-
matrix configurations and geometry. The influence of the various pore geometrical proper-
ties can then be investigated in a controlled manner. Four different 3D-fabricated homo-
geneous porous media geometries have been tested in a Hassler flow cell and the results
have been used to test the state-of-the-art analytical flow equations of Kozeny—Carman
(1937) and Ergun—Orning (1949). These equations are developed based on analogies to the

@ Springer



Fluid flow through 3D-printed particle beds: a new technique... 3

Hagen—Poiseuille equation. As an alternative, a new analytical solution has been developed
and is here presented, tested, and compared. The new equation is based on analogies to the
analytical solutions of the Navier—Stokes equation and is proposed to be a better explana-
tion for the porous media flow behavior observed in the presented experiments.

2 Theory

The dissipation of mechanical energy that arise as fluids flow through a porous media dis-
play a velocity-dependent behavior. At low flow velocities the relation is linear, while at
high velocities the flow displays a non-linear behavior. The fundamental equation of fluid
flow through a porous media is that of Darcy (1856). Darcy’s law governs the phenomenon
in flow conditions where viscous shear forces dominate the dissipating losses of fluid flow
through a porous medium. For horizontally directed one-phase flow, the Darcy equation
can be stated as Eq. (1) (Hubbert 1940).
AP
L & % ey
where the pressure loss, AP (Pa), across the superficial length unit of the porous medium,
L (m), is proportional to the superficial velocity of the flow, u, (m/s), the viscosity of the
fluid, g (Pa-s), and is inversely proportional to the permeability of the porous medium, k
(m?). The superficial fluid velocity is defined as the bulk fluid flow rate, Q (m?/s), divided
by the bulk cross-sectional area perpendicular to the flow direction, A (m?). Beyond a cer-
tain critical velocity limit the pressure loss diverges from the linear response and must typi-
cally be described by a polynomial equation of the second order, of which the Forchheimer
equation (Eq. 2) is best known. The second-order term accounts for inertial losses that
gradually dominate at progressively higher rates of flow. These losses are proportional to
the inertial resistance factor, # (m™!), and the density (p kg/m?) of the fluid.
AP
T=k%-us+ﬂp'uf )
In this paper, the empirical equations of Darcy (1856) and Forchheimer (1930) are
linked with that of two analytical solutions of the Navier—Stokes equation. This is done
by applying some alternative solutions commonly found in other fields of fluid mechanics.
Similar solutions have been attempted by e.g., Brinkman (1947), Hasimoto (1959), Barnea
and Mednick (1978), Collins (1976), Sangani and Acrivos (1981), and Happel and Bren-
ner (1983), Wilkinson (1985), and Allen (1985); among others. In this paper, the analytical
solution of choice corresponds to that of a horizontally directed, one-phase, incompressible
fluid flow in channels, shown in Eq. 3.

F=(C+C;-Re)-pu-V-L 3)

where the dissipating forces, F' (N), that resist the fluid motion within the flow channel, is
a sum of two different force components. The first term on the right-hand side, represented
by the dissipation factor C (-), is a linear term and signifies a force dominated by viscous
shear stress and pressure dissipation. The dissipating forces that originate from the linear
term are proportional to the dynamic viscosity of the fluid, # (Pa-s), the fluid velocity, V
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(m/s), and a characteristic length unit, L (m), that describes the channel. For internal flows,
such as pipe flows, this is typically the length of the channel.

The second term, represented by the dissipation factor C; (-), is a non-linear term and
signifies the force of convective acceleration. When Eq. 3 is arranged as shown here, the
dissipating forces that originate from the non-linear term are dependent on the Reynolds
number of the flow (Re). Note that this is not the conventional manner to describe the
relation in pipe flows, but it is rendered here in this way because the Reynolds numbers
in porous media are small and the main contributor to dissipation originates from the
linear term. At high Reynolds numbers the non-linear term dominates, and the equation
is typically rearranged in favor of the second-order term (White, 2006). In Eq. 3 the
Reynolds number is defined by Eq. 4 where Re (—) signifies a dimensionless number
that relates the ratio of inertial forces to viscous forces. The number depends on the
velocity, V (m/s), the density, p (kg/m®), and the viscosity of the fluid and the character-
istic length unit, m (m), of the flow channel geometry.

p-V-m

Reynolds number = Re = ——— 4)
7

The linear (C) term and the non-linear (C,) term of Eq. 3 represent approximate solu-
tions to the incompressible Navier—Stokes equation. The solutions are only valid if the
following two assumptions are in force: (1) the effects of gravity affect the hydrostatic
pressure component only and does not affect the dynamics of the flow; (2) the flow is
steady or quasi-steady. These assumptions imply that the time-dependent term and the
Froude number term of the Navier—Stokes equation are negligible small and can be
ignored, and that the flow channel exhibits no free-surface effects.

For Eq. 3 to be relevant for porous media it is necessary to define what the vari-
ous parameters signify and how they are described in relation to each other. In pipe
flows and in porous media studies the dissipating force is measured as a loss of pres-
sure across the superficial length of a pipe section or a porous media sample. The force
is thus best described as a pressure loss-type equation. The equation should therefore
be rearranged to describe a pressure relation, as in Eq. 5, where the loss of pressure,
AP (Pa), is associated with some characteristic length unit, m (m), that describes how
the pressure forces and the friction forces of the fluid motion interact with the channel
geometry.

m*-AP=(C+C;-Re)-pu-V-L (5)

It is clear that both the characteristic length unit, m, and the velocity, V, of both
Egs. 4 and 5 must be defined identically for the equation to be further modified. The
manner that these two parameters are defined are often determined according to the
problem at hand, and there are certain conventions in different scientific fields (White
2006). In the study of suspended solids, both m and L are typically described as the
size or diameter of the solid object, and the velocity is often described by the mean
“free stream” velocity. For internal flows, however, such as for pipes, the velocity is
typically described by the maximum velocity component within the flow, while m is
typically described by Eq. 6. For a uniform circular pipe, the characteristic length unit
m simplifies to an expression of the pipe internal radius, r; (m), or diameter, d; (m). It
should therefore be noted that in Eq. 5, L describes the length of the channel, while m
describes the shape of the channel along the channel length L (Schiller 1923).
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Al o)

volume of fluid in pipe T -T; L d; ©)
4

pipe internal surface area  2-mw-r;-L

In the following subsections, a new theoretical method for defining these parameters
for a single pore is presented. This expression is then tested if it applies to porous media
that consist of numerous pores of equal shape.

2.1 The Stokes flow approximation

Equation 3 shows that if the flow velocity is sufficiently small (Re << 1), the dissipation
caused by convective acceleration of the fluid velocity is orders of magnitude smaller than
the effects of the linear term (C). The second-order term can then be ignored and Eq. 3 cor-
responds to the Stokes flow approximation with the general form of Eq. 7 (White, 2006).

Fe=C-p-V-L where C=C;+C, (7

Equation 7 states that the dissipating forces, F ¢, within the flow must balance the dissipat-
ing frictional forces, Cy (—), and the dissipating pressure forces, C, (), enforced by the
motion of a fluid past an object surface. The typical scenario would be a fluid flowing with
a mean velocity, V,,, (m/s), past a three-dimensional object of characteristic length, L (m).
The balance of dissipating forces is proportional to an unknown dissipation constant (C),
which depends on the objects shape and orientation in the flow field. The classical example
of this dissipation constant is seen in Eq. 8 for a smooth sphere, e.g., falling in a stagnant
fluid or suspended in a uniform velocity field with characteristic length equal to the sphere
diameter, d (m), (Fig. 1a).

FC=3'”'”'Vavg'd ¥

For a single sphere the dissipating frictional forces are found to be Cy=2n, and the
dissipating pressure forces are found to be C,==. The sum of these two coefficients is
the Stokes sphere constant shown in Eq. 8. Equation 8§ is frequently applied in the field
of physical sedimentology and settling of particles (Allen 1985; Raudkivik 1990; Van

V = free stream velocity

Assumption:

Dupuit’s
u=Voa, P

cross-section
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B o

.
—_—
—_—
—_—
V

—_—
Pore body
cross-section

LU,

1y

_
—_—
-_—
—_—
_—
—_—

Fig. 1 Principle sketch of the Stokes creeping flow approximation. a A single sphere suspended in a uni-
form fluid flow field (V) is the classical example. b The velocity field in a pore is spatially bound by the
geometry of the pore. The assumption of Dupuit is not correct for the whole pore but should be correct for
a section of the pore where the volume ratio equals the area ratio. Equation 13 assumes that the average
velocity in Dupuit’s cross-section is equal to the maximum velocity in the pore body cross-section
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6 S.Gjengedal et al.

Rijn 1993). C is found to be similar to 3« for a wide range of geometrical shapes. The C
of, e.g., a thin flat circular disk of equal diameter to that of the sphere, but oriented per-
pendicular to the flow direction, is approximately 15% smaller than the sphere constant.
If this disk is oriented parallel to the flow direction the constant is approximately 56%
smaller than the 3x sphere constant (White 2006; Cengel and Cimbala 2010). Regard-
ing settling of particles in a fluid, Eq. 8 is considered suitable for a variety of parti-
cle shapes provided that the particle sizes are sufficiently small to satisfy the criterion
Re <=1 (Allen 1985, White 2006) (here the Reynolds number is defined with the par-
ticle diameter as the characteristic length unit L and with the mean fluid “free stream
“velocity as the velocity component).

Alternatively, Eq. 7 should be valid for a range of particle sizes provided that the
velocity is sufficiently small to ensure Re < 1. This is the relevant situation for porous
media, where the particles of the media can constitute a range of particle sizes. The cor-
responding Stokes flow approximation for fluid flow through a single pore is suggested
to be Eq. 9, where the characteristic length of the pore channel is defined as the intersti-
tial length, L, (m), of the pore channel (which might be longer than the superficial flow
axis).

L, m 2

The shape of the pore geometry along the L is assumed to be described according to
the assumptions of Kozeny (1927), which is expressed as Eq. 10 for a single pore. This
is the same expression as for Eq. 6, but since a pore channel is not uniform or consist-
ently shaped, the expression does not simplify to an expression related to a diameter of
the pore channel.

_ porosity B
 specific surface S (10)

IS

The corresponding Stokes flow equation for a pore then becomes Eq. 11, where
the geometry of the pore is expressed as a ratio of the void volume per unit volume, n
(m*-m™%), over the surface area per unit volume, S (m>m™).

.S2.v
AP _ o BS5 Y

i 1)

e n2

However, the interstitial velocity within a pore is difficult to quantify in practical
experiments and a modification to an average superficial fluid velocity is performed in
porous media studies. This is typically done through the application of Dupuit’s assump-

tion (1863, described in Carman (1937)) in Eq. 12.
wy = (12)

where the interstitial velocity of the fluid within the porous media, u; (m/s), must be higher
than the superficial velocity (Ref. Eq. 1). Dupuit assumed the interstitial velocity to be
a function of the porosity (n) of the bed. However, the assumption is assumed valid on
the notion that for a randomly packed porous media the voids within a porous media are
so “evenly distributed throughout the bed that the fractional free area at any cross-sec-
tion is constant and equal to the porosity...” (Carman, 1937). Nevertheless, if Dupuit’s

@ Springer



Fluid flow through 3D-printed particle beds: a new technique... 7

assumption is applied to a single pore, this notion is incorrect, and the assumption is not
valid. For the flow behavior to satisfy the conservation of mass, the flow velocity must be
ever-changing through a pore in response to the contracting and expanding pore channel
geometry.

As an alternative, the assumption of Dupuit can be presumed to be correct for
a specific slice of pore cross-section within the pore where the slice of pore channel
cross-sectional area equals that of the porosity of the whole pore (Fig. 1b). For any
pore geometry, this cross-section, hereby termed Dupuit’s cross-section, must be found
somewhere in-between the pore body center cross-section and the pore throat center
cross-section. If Dupuit’s assumption represent the average interstitial fluid velocity in
this cross-section, it is evident that the maximum velocity of the cross-section must be
bound by the geometry of the cross-section. The conservation of mass then requires the
velocity to be faster anywhere closer to the pore throat region, and slower anywhere
closer to the pore body region of the pore. In the case of a uniform channel, e.g., a pipe
of uniform cross-section, the relation of the maximum fluid velocity, U,,,,,. and channel
geometry is seen in Eq. 13 (Cengel & Cimbala, 2010), where k, is the channel geometry
factor and U, is the average velocity of the channel.

U = ko - U, (13)

It is suggested here that if the velocity, V, in Eq. 11 is described similarly to that of
the “free stream” velocity in Eq. 8, the same dissipating constant of 3x should result
(Fig. 1). This implies that the velocity must be described as the interstitial mean veloc-
ity in the pore body. The average pore body cross-section velocity is less than the aver-
age velocity in Dupuit’s cross-section. It is therefore assumed that the average veloc-
ity in Dupuit’s cross-section is approximately equivalent to the maximum velocity of
the pore body cross-section. (Figure 1b). this assumption corresponds to the relation of
Eq. 14, where the interstitial velocity of Eq. 12, u;, is thought to resemble the U,,,, of
Eq. 13, and the velocity V of Eq. 11 resembles the average velocity of the channel, U;.

u;
P (14)

Combining Eqs. 11, 12, and 14, results in Eq. 15 for the Stokes flow approximation
for fluid flow through a pore. The k, value will here be related to the shape of the pore
body region of the pore.

2
E — g . u (15)

L, k n3
The final corrections needed in the equation are to account for the tortuous pathway
of the flow channel. The pore channel might not be oriented parallel to the measur-
ing axis. This causes the actual travel path of the fluid to be longer than the superficial
length of the pore. Kozeny (1927) proposed that the longer, tortuous pathway, 7 (—), can

be expressed by Eq. 16.

= (16)

Carman (1937) stated that the same correction must be applied to the velocity field.
As the point of reference is chosen to be the superficial velocity component, ug, it is

@ Springer



8 S.Gjengedal et al.

necessary to account for the flow directions of the interstitial velocity components.
Carman (1937) suggested that this should be done according to Eq. 17.

w=toa (a7)

Accounting for the additional distance of travel and the additional velocity with
which the fluid progress through the pore, the final form of the Stokes flow approxima-
tion becomes Eq. 18. This theoretical approach provides an equation that describes the
flow through a pore in relation to the average velocity of the pore body.

2 2
The Stokes—flow approximation AP = c. Lsus (18)
L k n3

In practical experiments, the dissipating constant C will only be revealed if all other
parameters are measured and quantified. Among the variables in Eq. 18, the k, value is
the most difficult parameter to determine. It is therefore suitable to define a new coeffi-
cient that account for both the C and k, values in practice. The new coefficient, kg (—),
is suggested in Eq. 19 where it is expected that the 3n should be an approximate value
for a pore with a non-uniform pore channel.

k=L 37
S_koNko (19)

A well-known alternative to Eq. 18 is the Kozeny—Carman equation (Carman 1937).
In this equation, the velocity V component is identified differently and is related to the
maximum velocity component within the channel (V is interpreted to resemble U,,,, of
Eq. 13 and not the U,), as is convention for pipe flow equations where the pipes have

uniform cross-sectional shapes (Carman 1937). Their approach corresponds to Eq. 20.

g_kc’ﬂ'sz'us

p (20)

The Kozeny-Carman equation :
Much of the work of Carman (1937) was founded on the notion that the product
of the k, factor and the tortuosity factor, 7, is equal to the constant, k- (—). Through
his work, Carman (1937) concluded that k. only ranges from 4.84 to 6.13 for porous
media with a wide range of particle shapes and sizes, and that an approximate solution
for k, for any channel shape or form should be given by Eq. 21. The k. factor is there-
fore perceived to be a factor that depends on the shape of the flow channel in similar
fashion to that of Hagen—Poiseuille flow in pipes.

kc=ky-1°~5 1)

Table 1 shows a selection of the different k, values for Egs. 18, 19, and 21. These
values are originally calculated for different cross-section geometries in pipes (Cengel
& Cimbala, 2010). The table also presents a range of kg values that would result from
Eq. 19, which are limited to 3.67-5.93 for the most relevant channel geometries. The
lower limit of 3.14 (r) is obtained for the special case of a rectangular cross-section
with infinite axis ratio, which would resemble fluid flow between two plates.
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Table 1 k, values for streamline flow in different pipe cross-sections

Flow channel a/b Darcy— ko ks
geometry or 6° Weisbach geometry [Eq. 19]
friction factor
factor, f

Elliptical a/b
1—circle 64.00/Re 2.00 4.71
2 67.28/Re 2.10 4.49
4 72.96/Re 2.28 4.13
8 76.60/Re 2.39 3.94
16 78.16/ Re 2.44 3.86

Rectangular a/b
I-square 56.92/Re 1.78 5.29
2 62.20/Re 1.94 4.86
b 3 68.36/Re 2.14 4.40
4 72.92/Re 2.28 4.13
—_— 8 78.80/Re 2.46 3.83
a 16 82.32/Re 2.57 3.67
0 96.00/Re 3.00 3.14

Triangular 0°
10° 50.80/Re 1.59 5.93
30° 52.28/Re 1.63 5.78
60°—equilateral 53.32/Re 1.67 5.64
90° 52.60/Re 1.64 5.75
120° 50.96/Re 1.59 5.93

The k, values are reversed calculated from Reynolds number based on the definition of the hydraulic diam-
eter of the pipe cross-section (modified and extended after Cengel & Cimbala (2010)). The kg values are
calculated from Eq. 19

2.2 Including the convective acceleration term

As the fluid flows through the pore, the channel geometry contracts and expands causing
convective acceleration to occur. If the Reynolds number is sufficiently large, the non-lin-
ear term in Eq. 3 cannot be ignored, meaning that at a particular critical velocity threshold,
the acceleration force can no longer be ignored. The characteristic parameters are defined
in chapter 2.1, and the non-linear term (Eq. 22) must be arranged accordingly through
combination with Eqgs. 10, 12, 14, 16, and 17. This provides Eq. 23.

Fe,=C4-p-m-V* L, (22)

APCd Cd‘T3‘S’p’u§
L K2 -3

(23)

The C, (-) is a dissipating coefficient that presumably depends on the channel shape,
and degree of expansion and contraction along the length axis. A relevant approach for
dealing with these effects can be found in fluid mechanics of pipes. A short description
is presented here, but the reader is referred, e.g., Cengel & Cimbala (2010) and Idel-
chik (1994) for further details. The concept of minor losses due to pipe expansion or
contraction is developed from the fundamental conservation laws for mass, momentum
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10 S. Gjengedal et al.

and energy. The general form of Eq. (24) relates to pipes of uniform internal diameter,
d; (m) (Egs. 8-59 in Cengel and Cimbala 2010).

L v?
hy ora = <f a + ZKL> s (24)

where the total losses of hydraulic head through a pipe, k4, (m), of length L (m) is due
to friction in the pipe, represented by, e.g., the Darcy—Weisbach friction factor in lami-
nar flow, f (—), and due to additional losses caused by an contraction of the flow channel,
e.g., a constricting pipe segment like that of Fig. 2a. A constricting segment enforces two
losses, both the contraction and the expansion of the segment, and the sum of these losses
constitutes the minor loss of the obstruction, K; ().

The loss coefficients, K;, are highly dependent of the pipe geometry, diameter, sur-
face roughness, and the Reynolds number of the flow and are generally larger for expan-
sion segments than for contraction segments. Sharp angles and abrupt changes can
cause considerable losses as the fluid is unable to make sharp turns at high velocities,
e.g., causing flow separation at the rear of corners or edges (Cengel and Cimbala 2010).
Flow separation can occur in areas where the channel size increases and causes the fluid
velocity to decrease. According to the Bernoulli equation, the flow develops an adverse
pressure gradient along the walls due to the decrease in velocity and this causes the
boundary layer to separate from the channel walls (Idelchik 1994).

Semi-empirical equations for pipes exist (Cengel and Cimbala 2010; Crane 1957;
Idelchik 1994). For uniform expansion, the loss coefficient, K;_,, (—), can be estimated
from Egs. 25 or 26, with reference to Fig. 2a. The coefficients are based on the velocity
of the smallest channel as the reference velocity. The a (-) is a kinetic energy correc-
tion factor that depends on the flow characteristics. In fully developed turbulent flow
the factor is close to 1.05, while in fully developed laminar flow the factor is 2.0. The
losses are thus velocity dependent and depend on the Reynolds number of the flow and
are relatively greater in laminar flow. In laminar conditions, the range is K;_,. ~0.0-2.0,

Fig. 2 Principal sketch of minor losses due to contraction and expansion of the flow channel. a A constrict-
ing obstruction in a pipe section of length L causes acceleration of the fluid to occur when the fluid flows
through the smaller cross-section. The ratio of the smaller area, Ay, to the larger area, Ay,,,,, determines
the magnitude of minor losses. A smooth angle, 8, of approach dampens the losses. b An equivalent phe-
nomenon occurs in porous media when the fluid flows from one pore to another. The ratio of pore throat

area, A,,q, to the pore body area, A,,,,,. is believed to determine these losses
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while in turbulent conditions the expansion losses are typically bound by the range
K, ..~0.0-1.05.

A 2
K, .. =a: (1—AJL”H> for 45° <0 < 180° (25)
large
A 2
Ki,=a- <1 - l—”) -2.6-5in(0/2) for 0°<0<45° (26)
arge

It is believed that C,; should depend on the constriction ratio similarly to that of K
in pipes. The argument for this is that they both deal with the same geometrical aspects,
namely the expansion and contraction of a channel. For these two to be comparable it is
vital that both C,; and K; describe the velocity from the same point of reference within
the channel. Since the pipe coefficients K; are based on the velocity of the smallest
pipe as the reference velocity, a correction of the C, constant is needed, since the C,
is expressed by the velocity of the larger flow channel. Rearranging the fundamental
conservation laws provides the correction I/a’ where a is defined according to Eq. 27
(Idelchik 1994; Crane 1957).

Asmall Apore throath
a= a = A . 27
large pore body center

The modified form of convective acceleration term is then given by Eq. 28, where the
dissipation coefficient (Cg;) is a coefficient that corresponds to the average velocity of
the pore throat region of the pore. In this form, the Cg; should therefore be dependent
on both the constriction ratio of the channel and the streamlining of the pore channel
geometry through the pore throat, similar to that of the K; of pipes.

AP;, Cx, ©T-S-p-ul

L a? k(z) -n3

(28)

The final version of Eq. 3 then becomes Eq. 29 including the convective acceleration
term.

AP 2. §? Cx, -5 2
T Rl R TR @9
0

3z,
Tk n’

This equation represents a single pore. For a porous media that consists of numerous
pores, these various geometrical factors of Eq. 29 are unique for each pore within the
pore matrix. However, if all pores are equal within a homogenous pore matrix, the fac-
tors of each pore will be equal to every other pore and Eq. 29 will be able to describe
the dissipation of mechanical energy through the whole porous media with a single set
of geometrical factors.

A well-known alternative to Eq. 29 is the Ergun equation (Ergun and Orning 1949).
The Ergun equation corresponds to Eq. 30. The Ergun equation assumes that the chan-
nel geometry of each pore in a porous media is similar to cylindrical channels, as is evi-
dent by the k,=2 in the linear term and the number 4 in the polynomial term.
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. AP _2-ay-S By S
The Ergun equation DA cug+ 12w “p- us2 (30)

The first-order term of the equation is equivalent to that of the Kozeny—Carman equa-
tion, but with a fixed k, factor of 2 (Table 1). The f, is a factor of geometrical relation
and Ergun and Orning (1949) do not explain the B, factor in relation to pipes of various
shapes, as Carman attempts to do for the k, factor. They do, however, provide the range
1.1<f,<5.6, with most values occurring in the range 2.0-3.3 for randomly packed col-
umns of smooth spheres. Note that the velocity component is represented differently and
is only altered according to Eq. 12, which states that the Ergun equation does not directly

account for the tortuosity, 7 (—), of the porous media.

3 Experimental work and methods
3.1 Sample design

The four particle designs (Fig. 3) were selected to compare various aspects of geometrical
relations and their effects on permeability; particle shape (A vs B), size (B vs C), and their
packing configuration (B vs D). The geometrical configurations of all the designs result in
homogeneous porous medias that should satisfy the assumptions of Kozeny (1927), that
the granular beds are equivalent to a “...group of parallel, similar channels...”. All the
pores in the samples are thus created equal. The geometries are difficult to achieve in tradi-
tional experiments, especially in view of the high porosity medias.

The design properties of the four porous media are summarized in Tables 2 and 3. The
spherical design (A) comprises 3500 individual 1.0 mm spheres of equal sizes arranged in
cubical packing arrangement. This configuration results in a pore shape that corresponds to
47.6% porosity (Fig. 3a). The configuration has traditionally been the subject of fundamen-
tal research of fluid flow through porous media, especially in the late nineteenth and early
twentieth century (Kozeny 1927; Schriever 1930; Muskat and Botset 1931; Carman 1937)
and more recently by Rumpf and Gupte (1971) and Fand et al. (1987). In many of these
studies the degree of packing was determined by the porosity of the samples and the exact

Fig. 3 The principal particle design and packing arrangements of the four sample types. a Sample A with
1.0 mm spheres stacked in the cubical arrangement. Pore corresponds to 47.6% porosity. b Sample B with
1.0 mm octahedrons stacked in cubical arrangement. Pore corresponds to 83.3% porosity. ¢ Sample C with
0.50 mm octahedrons stacked in cubical arrangement. Pore corresponds to 83.3% porosity. d Sample D
with 1.0 mm octahedrons stacked in two sets of equal cubical arrangements, where the one set is fixed in-
between the other without touching the other set. Pore corresponds to 66.6% porosity
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Table 2 Properties of the four 3D-printed porous media samples seen in Fig. 3

ID  Particle shape Particle Smooth particle Porosity of bed  Tortuosity of bed  Pore throat

diameter, surface area [mm?] n [%] 7[-] area ratio
d [mm] a(-)

A Spherical 1.00 3.142 47.6 1.00 0.215

B Octahedron 1.00 1.732 83.3 1.00 0.500

C  Octahedron 0.50 0.433 83.3 1.00 0.500

D  Octahedron 1.00 1.732 66.6 1.2247 0.666

The porosity (r) and surface area properties corresponds to smooth particles (i.e., no surface roughness).
The tortuosity (7) is estimated according to the definition of Epstein (1988). The pore throat area ratio, a (-),
is calculated according to Eq. 27

Table 3 Design parameters for the four types of 3D-printed porous media, A-D

ID Number Number Number of  Number of Number *Sample Void volume
of sample of particle  particles per pores per of poresin  surface area of sample
duplicates beds bed bed sample (mm2] [ml]

Al-5 5 35 100 100 3500 11,298 1.666

B1-6 6 35 100 100 3500 6752 2915

Cl-6 6 70 400 400 28 000 12,824 2915

D1-6 6 70 200 400 28 000 12,474 2.331

The bulk cross-sectional area of the cubical container core is 100.0 mm? and the length of the cores are
35.0 mm. (*) Sample surface is based on smooth particles surfaces and the estimates include the surface
area of the container wall (remaining wall surface area is A=301 mm2, B=700 mm?, C=700 mm? and
D =350 mm?)

particle arrangements were never truly clear. Newer studies have investigated this pack-
ing arrangement numerically by applying computational methods with the Navier—Stokes
equations (Hill et al. 2001). Numerical studies of other geometrical configurations have
more recently been carried out by Newman and Yin (2013), Turkuler et al., (2014), Schulz
et al. (2019).

The effects of particle angularity on permeability are considered in the second sam-
ple design. The angular configuration (B) consists of octahedron particles that are packed
identical to that of the spheres (A), where the diagonal length of the octahedron is 1.0 mm.
The six points of contact between each octahedron particle and the size of the octahedron
are such that it fits within a sphere of equal diameter (Fig. 3b). The number of individual
particles and pores is still 3500 (Table 2), but the porosity increases to 83.3%. In sam-
ple C the length dimensions of the octahedron particles are reduced by a factor of two,
to 0.50 mm, while all other parameters remain unchanged. This increases the number of
particles and pores in the sample by a factor of eight and the sample consists of 28,000
individual 0.50 mm particles (Tables 2 and 3). The porosity remains the same as for B, but
the flow channels through the sample are smaller and the surface area of the solid matrix is
increased by a factor of two.

The final particle configuration, sample D, consists of the same 1.0 mm octahedron
particles as sample B (Fig. 3d). The specific geometry created by the octahedron par-
ticle beds allow for a second set of equal octahedrons to be fixed in-between the first
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octahedron configuration of sample B, without the second set touching the first set. The
second set introduces a denser form of packing and the configuration corresponds to
66.6% porosity. The inter-fixed particle bed induces a tortuous channel pathway and
increases the surface area of the solid matrix by a factor of two. The number of particles
in the design is doubled to 7000, but the number of representative pores is increased by
a factor of eight, corresponding to 28,000 pores.

The relative size and shape of the individual pores found in the four samples are
shown in Fig. 4. The pore shape of sample A is curved and has the smallest pore throat
ratio @ =0.215 by definition of Eq. 27. The pores of sample B & C are cubical and has a
pore throat area ratio of a =0.500. The pore of sample D is subdivided into eight pores
of equal shape and size to highlight the internal octahedron particle and the correspond-
ing tortuous pathway of the pore. This helps to show that the pore body of sample D is
rectangular (aspect ratio~2/1). The pore shape is less diverging than the other samples
with a pore throat area ratio of a=0.666.

The tortuosity listed in Table 2 applies the definition of z=L,/L, where the center
axis of pore length, L,, is longer than the length of the superficial flow axis, L (Epstein,
1988). For samples A, B, and C the pores are inline with each other and the flow axis
and the pores are not tortuous in terms of the definition. The sample D pores are offset
by the interfixed particle and the octahedron shape dimensions which provide 7= 1.2247
according to the Pythagorean equation.

The main design parameters are listed in Table 3. The sample design focuses on pre-
serving the integrity of the pore-space matrix throughout the samples. In classical per-
meability experiments, the sample material is inserted into a hollow cylinder. The cyl-
inder must have a wide enough diameter to ensure minimum effects from the container
wall on the packing arrangement of the material (Fig. 5a) (Carman, 1937; Fand et al.
1987). This issue is avoided in the presented design solution by building the wall and
sample material together in parallel. A cylindrical wall will never yield a satisfactory
pore-matrix configuration when the particle packing arrangement is cubical (Fig. 5b).
A cubical container in which all pores are equal contains the samples in this experi-
ment. This is achieved by cutting the particles along the wall at the interface of the pore
boundary and fixing these particles to the container wall (Fig. 5¢). This approach allows

D

B
| . C
Fig.4 The corresponding pore shapes and relative sizes of the pores in the porous medias in Fig. 3. The
pore throat is red colored. a Sample A pore throat is 0.215 mm? and the area ratio a=0.215. b Sample B
pore throat is 0.500 mm? and the area ratio a=0.500. ¢ Sample C pore throat is 0.125 mm? and the area
ratio a=0.500. d Sample D pore throat is 0.125 mm? and the area ratio a=0.666. The pore is sliced into

eight parts to reveal the location of the internal particle and the corresponding tortuous pathway. Two of the
pores are shown here
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Fig.5 The sample design avoids unwanted effects caused by container wall geometry. a The cylinder con-
tainer in classical experiments affected the packing arrangement of spheres. b A cylindrical container will
affect the pore shape and size in the adjoining layer when the packing arrangement is cubical. ¢ The cubical
container in this experiment provides consistent pore shapes and sizes throughout the sample. The cube has
an internal dimension of 10.0 mm-10.0 mm in the X-axis and Y-axis. d The complete sample design with
sample length of 35.0 mm in the Z-axis. To ensure a good fit for the samples in the Hassler cell, the sam-
ples are fabricated with an integrated impermeable cylindrical shell fitting

for the exact calculation of the remaining surface area provided by the container wall
and this is included in the over-all sample evaluation in Table 3.

Six duplicates of each sample were fabricated to show the statistical discrepancies in the
final product and to provide a means of control and reference in the permeability testing
procedure. To ensure a good fit for the samples in the Hassler cell, the samples were fabri-
cated with an integrated impermeable cylindrical shell fitting (Fig. 5d).

3.2 Sample fabrication

Additive manufacturing (AM), 3D printing, refers to a group of production methods where
material is added and constructed successively, often layer by layer. AM is normally
divided into seven categories (ISO/ATSM, 2015). The Powder Bed Fusion (PBF) category,
with the specific PBF-LB subcategory utilizing laser beam, is the method applied in this
study. PBF-LB describes a process where a layer of powder is spread on top of a sub-
strate, thereby selectively being melted into a solid with a laser. These melted stacks will
grow into the predefined shape that was described by the computer-aided design model.
Building a part layer by layer has the advantage of turning difficult 3D shapes into simple
2D-layer projections that are easier to handle and produce. Each sample was designed and
sketched in the Autodesk® Fusion 360™ CAD program. The CAD models were converted
to stereolithographic (STL) format and were manufactured in a Concept Laser M2, PBF-
LB machine with maraging steel Marlok C1650 powder. The machine is equipped with a
200 W diode pumped Yb:YAG fiber laser with continuous wave mode and a laser beam
diameter of 0.150 mm and a wavelength of 1050 nm. The spherical gas-atomized pow-
dered material (Marloc C6150) has a size distributed of 5-22 um. This size distribution
is relatively small compared to standard powder batches and is ideal for geometries that
require fine details in the finished product (Vock et al. 2019).

The key to producing fine particle structures is in applying the correct sample design,
building sequence, and production parameters in the PBF-LB process. The production
parameters have the governing role in the manufacturing. The samples were designed to
build 2D projections of the X-axis and Y-axis layer by layer along the Z-axis of the machine
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(Fig. 5¢). It is not trivial to achieve good surface and tolerances in a shape that grows along
this Z-axis, as this causes an overhang (Akram et al. 2018; King et al. 2015; Malekipour
and El-Mounayri 2018). This mean that the laser beam will inevitably penetrate deeper
than intended in the Z-direction, especially if standard production parameters are utilized
(Trapp et al. 2017). The result is a surface that is larger than the specified dimensions and
the surface has a rougher finish.

It is crucial that the laser beam does not burn through many powder layers but is melt-
ing just enough to get an impermeable outer particle shell with an acceptable surface
roughness and pore-matrix configuration. The standard PBF-LB production parameters
were not appropriate for this study and the customized parameters utilized were provided
from an independent, unpublished study where fine geometries were much more impor-
tant than mechanical strength of the sample. The Marloc C6150 steel has extraordinarily
good mechanical properties (Brgtan et al. 2016), which make it unnecessary to discuss the
strength of the sample parts for the applied pressures (eight bar) and stresses in the perme-
ability tests. The specimens were built with one contour at 500 mm/s laser speed at 50 W
with a layer thickness of 0.03 mm. The inner section had similar parameters with paral-
lel scanlines 45 degrees on to the machine X-axis (Fig. 5¢). For each layer the scan lines
were rotated 90 degrees. The hatch spacing, which is the distance between the laser scan
lines, was set to 0.105 mm. The customized parameters contributed to minimum Z-axis
penetration.

3.3 Sample inspection, CT imaging, and image analysis procedures

Due to the specific design of the samples, traditional measuring and control equipment
could not be used without destroying the samples. Porosity measuring devices, e.g., Helium
or Nitrogen porosity meters, or surface area measurement techniques, e.g., gas adsorption
methods (BET), were unsuccessful. To determine the internal properties of the samples,
the samples were examined externally in a microscope and inspected internally in a Nikon
XT H 225 ST industrial CT scanner.

The CT images and image analysis techniques were utilized for the estimation of sample
porosity, internal surface area, and for calculation of the area ratio component, a, that is
needed for the empirical correlations. Due to time and funding limitations only the sam-
ples A3, B3, B6, C1, and D3 samples could be sufficiently analyzed. These samples were
selected randomly from the different duplicates. The large density contrast of the steel par-
ticles to the air-filled voids in the samples contribute to high-quality images. The voxel size
in the CT images was 22.297 um in all three dimensions (X, Y, Z) for the image analysis
of samples A3, B3, B6, and D3 (similar size as the Marlok C1650 powder). The resolu-
tion was improved to 8.466 um for all three dimensions (X, Y, Z) for sample C1. The CT
images were filtered and analyzed with the VGSTUDIO MAX 3.1 software package. A
greyscale threshold algorithm was applied to reduce noise and structural artifacts in the
CT images and to determine the particle shape, size, and form in the different samples
(Fig. 6). The sample porosity and sample surface area of the particle matrix were deter-
mined through volume analysis on the voxel data with the marching cubes method. The
porosity was measured as a volume ratio of the designated void voxels to the solid voxels.
The surface area of the solid voxels provided the surface area data. The CT-image stacks of
the various shape matrices were further subjected to image analysis using the ImageJ 1.52a
software package on pixel data for comparison. The open space (porosity) was measured as
an area measurement by using the “Intermodes” auto threshold method and calculated as
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Fig.6 Voxel data analysis on
sample A3 with the VGSTUDIO
MAX 3.1 software package. In
this particular case, the sample
A3 is ghosted (grey) and a sec-
tion of the sample is isolated
from the remaining sample to
visualize the internal structure of
the cubical sphere packing (red)

the ratio of the measured area to the total image area. This supplied the area ratio compo-
nent, @, measurements.

3.4 Permeability test procedure, calibration, and equipment

The permeability measurements were conducted with the constant flow rate methodology
(McPhee et al., 2015). The absolute—permeability cell setup (Fig. 7) consists of a horizon-
tal oriented, pressurized, 38.0-mm-diameter Hassler cell which is connected in parallel to
three circulatory pumps and an outlet reservoir tank. The Hassler cell is customized with
two enlarged feeding nodes that incorporate a fixture for the pressure transducers (P1 and
P2 (type: GE Druck PTX5072-TA-A3-CA-HI-PA-0-250mbara) with 0.1 kPa accuracy) and

<— VP-12K pump and 260D ISCO pump

Directional flow valve

»

d P1 Flow P2 Return o1l reservoir

H Hassler cellé

VP-12K 1 TT

Sleeve pressure tank

“ Fig. 8

Vindum pump | Back-pressure valve
01l (EXXSOL D60)

Fig. 7 Schematic sketch of the absolute-permeability cell setup. The T1-temperature sensor measured room
and oil temperature during the test. The P1 and P2 pressure transducers are mounted in customized fixtures
at the ends of the Hassler cell. The pumps are connected in series. The interior of the Hassler cell is shown
in Fig. 8
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10*10*35 mm cubical
container core

38.0 mm cylindri_ce;l'sl_lell ﬁtting
ensure no flow outside the cube

Fig. 8 Customized Hassler cell. Left: Picture of test preparations. Sample being inserted into the cell before
mounting of the pressure sensors. Right: Schematic sketch of the interior of the cell with a 11-mm-internal
diameter fixture for the pressure sensors. The cubical container core samples have a cylindrical shell that
fits in the 38 mm diameter chamber and prevents flow outside of the cubical container core. The rubber
sleeve is pressed around the fixtures and core sample with eight bar pressure

an enlarged 11-mm-internal diameter feeding pipe (Figs. 7 and 8). The enlarged feeding
pipe ensures negligible parasitic pressure losses from the cell components between the P1
and P2 sensors within the flow rates provided by the pumps. The combination of two VP-
12 K Vindum Pumps and one 260D Teledyne ISCO pump provides a complete range of
flow rates from 0.0001 to 165.0 ml/min with a pulse-free and continuous mode of rate
delivery. The rates utilized in this study are 7.5-165.0 ml/min corresponding to superficial
velocities from 0.0012 to —0.0275 m/s. The feeding nodes and the 3D core sample are fixed
within the Hassler cell with an airtight rubber sleeve that is pressed around the core and
feeding nodes with eight bar confining pressure. The cubical container samples are fabri-
cated with a cylindrical shell fitting to ensure a tight sealing with the rubber sleeve and no
leakages along the wall (Fig. 8).

The circulation fluid was EXXSOL D60 oil at room temperatures (20.2-21.4 °C). The
oil density of 790 kg/m> was measured by an Anton Paar Density Meter, DMA 5000 M
at room temperature (21.0 °C). The dynamic viscosity was measured with a SI Analytics
KapillaryViscometer D50 to 0.001384 (Pa-s) at room temperature (21.0 °C) and 0.002543
(Pa-s) at (4.5 °C). The oil was dyed red to help locate leakages, from pipefittings etc., dur-
ing the saturation procedure. The dye had no measurable influence on the density and vis-
cosity measurements. During the saturation sequence, the Hassler cell was turned vertical
and flooded from the bottom to help evacuate air from the cavities of the hollow cylindrical
shell fittings (Fig. 8). A backpressure technique with an abrupt pressure drop (shocking)
was applied to flush trapped air from the interior pore-space matrix. The backpressure was
built up and released incrementally from 1-7 bar. The technique was then repeated with the
opposite flow direction and vertical orientation. The samples were deemed fully saturated
when the initial flow test revealed no zero-shift from the pressure transducer responses in
both directions (Fig. 9).

The permeability test followed the multipoint flow rate technique (McPhee et al. 2015),
equivalent to the step-test procedure in large-scale aquifer testing (Kruseman et al. 1990).
The testing sequence from the C6 sample is presented in Fig. 9 as an example. Each sam-
ple test incorporates 24 individual measurements divided into four main sequences of
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Fig. 9 Multipoint test sequence of sample C6 with 24 individual flow rates from 7.5 to 165.0 ml/min. The
four main sequences include a “no zero-shift” pause between each sequence to ensure no pressure shift
in the sensors. The procedure provides duplicate measurements that confirm each rate measurement and
reduce uncertainties in the data analysis

incremental flow rate increases followed by a mirrored flow rate decrease. The mirroring
of the sequences provides duplicate measurements that confirm each rate and reduce uncer-
tainties in the regression. Each point of flow rate was run until steady state was reached.
The speed of pressure stabilization is a function of the sample length and the permeability
of the sample. The time needed for each test was different for each of the four sample types.
All samples displayed steady state within 20-40 s. A sequence of zero flow was included
between the four main sequences to ensure that no zero-shift of the pressure response had
occurred during the test. Each main sequence includes the rate 29.0 ml/min which pro-
vides seven measurements of the same reference level to ensure that no pressure shift had
occurred between the four sequences (Fig. 9).

To verify k (Eq. 1), kp, and B (Eq. 2) attained with the EXXCOL D60 oil experiments
some samples were cleaned with toluene and further tested with distilled water. Most of
these tests were not satisfactory because the steel samples showed signs of corrosion upon
contact with water. Precipitated iron hydroxide powders (rust) were seen on the parti-
cles after the tests. However, some data from these tests are provided to show the general
behavioral change observed and to allow for comparison with other published works.

4 Results
4.1 Fabrication results

Details of different A, B, C, and D samples are presented in Fig. 10. The pictures show
that surface roughness is the limiting factor for retaining the designed particle shape and
form. The powder that border the designed particle surface boundary is partly melted
and remolded into the sample during the fabrication. The resulting particle surface is not
smooth on the microscopic level but inhibit a certain fraction of the surrounding powder as
a rough “coating”. For instance, the fabricated contact point between two individual parti-
cles are slightly thicker than the designed specifications (Fig. 10b, c, e, and f), especially
affecting the pore throat size of samples A and C more than the samples B and D.

The average estimated properties of porosity, area ratio, and surface area for A3, B3,
B6, C1, and D3 are presented in Table 4. CT images of the samples show that the particle
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Fig. 10 Images of some of the 3D-printed test samples. a Sample A type with cubical container b Close-up
of the 1.0 mm spheres. ¢ Sample D type with free pore space between the two sets of octahedrons. d Sam-
ple B type without the cubical container. Notice the index finger for scale. e Close-up of the 1.0 mm octahe-
drons. f Sample C with cubical container

size, shape, and configuration were essentially maintained. However, the rough coating of
powder along the particle surfaces altered the pore-shape matrix compared to that of the
original smooth particle specifications. The particles are slightly larger than intended in
the design, especially in regions where they were not bound by a neighboring particle. A
selection of different CT images is given in Fig. 11 to show these effects for a single parti-
cle bed of each sample. The figure shows three images of each sample. Each image depicts
the X-axis and Y-axis (Ref. Fig. 5) of the samples and shows a different cross-sections
of a specific particle bed within each sample. The “pore body” image represents the sec-
tion with the largest channel opening within the pore. The “Dupuit” image shows the sec-
tion with a channel opening corresponding to the estimated porosity of the bed (Table 4).
The “pore throat” image shows the narrowest channel section of the pores in the bed. The
alterations are most easily observed for the spheres of A3 which have a thicker connection
between neighboring particles of the next bed in the pore body image (Fig. 11). This image
should ideally be similar to the B3 image if the spheres were smooth. The contact points
between the octahedrons are also thicker than the intended design, but the images of B3
and C1 show that the pore body section of the samples is less affected than A3. This also
applies to D3, but here the contact points are seen in the pore throat image. The pore throat
images show that the channel openings are smaller than intended. Comparison between
the properties of Table 4 to those of the intended design in Table 2 confirms the observed
differences. The samples have lower porosities, larger contraction ratios, and rougher and
larger surfaces than intended.

Figure 12 shows the void fraction of the combined CT-image stacks from the same
section of the particle bed seen in Fig. 11. The images shown in Fig. 11 are highlighted
in yellow markers. The black voids in the CT images are designated as the channel
opening along the bed and calculated as a void fraction. The length through the bed
is the Z-axis of the samples in Fig. 11. The void fraction data in Fig. 12 confirm that
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Table4 CT image estimated sample properties of porosity, area ratios, and surface area for the A3, B3, B6,
C1, and D3 samples. Specific surface includes wall effects

ID Number of Average Average Porosity Average Sample Specific Particle
measured particle particle of sample pore area internal surface of surface
particles diameter surface n (%) ratio surface sample area vs.

(mm) area (mm?) a(-) area (mm?) S (m™) original
design (%)

A3 900 1.00 3.767 34.96 0.128 13 545 3 869 119.9

B3 900 1.00 2918 73.66 0.420 11053 3158 168.5

B6 900 1.00 2.646 75.40 0.427 10 101 2 886 152.8

Cl1 2000 0.50 1.032 68.72 0.292 29 736 8 496 2383

D3 1800 1.00 2.635 51.16 0.643 18 795 5370 152.1

The deviations from the original design are calculated as the ratios between the average particle surface
area estimated from the CT images and from the ideal smooth design in Table 3

for each 1 mm length of sample, A3 and B3 have one bed of particles and one con-
striction segment of the channel. Samples C1 and D3 have two. The theoretical void
fraction of the intended design is shown as full lines in the figure. Compared to these
lines, the samples display smaller void fractions and greater constrictions. The parti-
cles are also not fully symmetrical in the Z-axis of the sample, as is indicated by the

Sample A3 | Sample B3 | Sample C1 | Sample D3

QO ®

Pore
body
cross
section

Dupuit’s
cross
section

Pore
throat
cross
section

Fig. 11 Raw-data greyscale CT images. The images depict approximately 9 mmx9 mm of the X-axis and
Y-axis from a typical section of the particle beds of the cubical cores of A3, B3, Cl1, and D3. The “pore
body” cross-section corresponds to the largest channel opening within the pores. The “Dupuit’s” cross-
section represents the area ratio corresponding to the porosity given in Table 4. The “pore throat” image
shows the narrowest channel section of the pores in the bed. The estimated geometrical data are presented

in Fig. 12 and Table 4. The images are yellow markers in Fig. 12
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Fig. 12 Estimated void fraction (dotted lines) through a typical section of the particle beds in samples A3,
B3, C1, and D3 with reference to Fig. 11. The data start at the pore body cross Sect. (0 mm) and transgress
through the pore throat of the bed to the next pore body. The images of Fig. 11 are highlighted in yellow
markers along the curves. For each 1 mm length of bed, A3 and B3 have one constriction segment, while
C1 and D3 have two. The smooth lines illustrate the theoretical void fractions that would have been the

result if the particles were smooth and symmetrical (Fig. 3). The geometrical properties are summarized in
Table 4

non-symmetrical void ratios in Fig. 12. The lower half of the particles, e.g., from 0.5
to 1 mm of A3 and B3, are thicker due to the applied fabrication technique and the
laser beam seems to have penetrated 2-3 layers beneath the particle boundary.

4.2 Hassler flow cell results

The results of the multipoint flow rate tests with EXXSOL D60 oil are presented in Table 5
and Fig. 13. The least square regression results of the pressure loss versus the flow rate
data are obtained for both the linear fit (Darcy—Eq. 1) and the polynomial fit (Forch-
heimer—Eq. 2). The linear regressions only include the linear data of the test, which was
done through iterative testing and comparison of the linear regressions (Fig. 13). The poly-
nomial regression includes all the data points up to the maximum rate of 165 ml/min. All
the samples show deviations from linearity after surpassing a threshold, termed critical
velocity u, [cm/s] in Table 5. The u, is calculated as the rate of flow where the linear
regression yields approximately 1% lower differential pressure loss than the polynomial
regression. The u, is calculated from superficial velocity because this velocity is used in
the empirical correlations. The onset of u, is observed at lower velocities for sample A and
progressively increases in sample B—C—D, respectively. This affects the number of meas-
urements (i) included in the linear regression because the point of divergence is different
for the four sample types, while the measurements are conducted on the same intervals.
The accuracy of the pressure sensors is displayed in Fig. 13c as a reference and shows that
some of the data points of sample B are close to the sensor limits. All other samples were
within sensor accuracy range.

The permeability (k) of samples A1-A5 range from 641 to 738 D (6.33 x 107'% to
7.18 x 1071% m?) and samples C1-C6 display the range k=756-920 D (7.46 x 1070 to
9.07 x 107'% m?). The largest k is observed in samples B1-B6 with the range 7 796-9 988
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D (7.69 x 10~ to 9.86 x 10~° m?), more than one order of magnitude larger than that of
the other sample types. The lowest permeabilities are observed in samples D1-D6 with
the range of 440-619 D (4.34 x 1071 — 6.11 x 107! m?). This indicates some slight dif-
ferences in the pore-matrix geometry of the different samples in each sample group, even
though the duplicate samples were fabricated in parallel with the same Marlok C1650 pow-
der batch, AM equipment, and laser beam specifications. This is most clear with samples
B3 and D4 in Figs. 12g and 13c, which display markedly steeper tangent lines and lower
permeability than the others in their respective group.

The permeability k of Eq. 1 is typically slightly less than kj of Eq. 2, most clearly
observed for samples A1-AS. The polynomial regression generally offers marginally better
R? than the linear regression, but the higher ky, tend to slightly under-estimate the pressure
drop at the lowest rate of flow, 7.25 ml/min (0.00121 m/s). The linear regression slightly
overestimates the pressure drop compared to the measurements at the lowest rates of 7.25
and 14.5 ml/min (0.00121 and 0.00242 m/s), which suggest that a small portion of non-
linear losses are included in the regression. These variations are too small to be seen in
Fig. 13, but they insinuate that the correct permeability is presumably found somewhere
between the two regressions presented.

The inertial resistance factor (#) of samples A range from 23,608 to 38,861 m~!,
which is considerably larger than that of the other sample types. However, the magni-
tude of the f# is dependent of the permeability. For instance, the B1-B6 samples display
the lowest # of 903—1 110 m™~!, which is more than one order of magnitude smaller than
the A1-AS samples. This is opposite to the observed permeability behavior. To compare
the relative magnitude of the f one must evaluate the ratio of the inertial component to
the viscous component, fp/(ulky) in Table 5. For A1-AS the ratios are 9.4-14.9, which
is twice as large as those of 5.0-6.1 and 4.58-7.64 for B1-B6 and C1-C6, respectively.
The ratio for the B and C samples is twice as large as those of sample D of 2.33-2.76.
This is reflected in the curvature of the data in Fig. 13 and corresponds to the same ten-
dency in the observed onset of u, occurring at lower superficial velocities for samples A
than samples B—C-D, respectively. This is seen in Fig. 13b where the curvature of the
data is more profound for A1-AS5 than for other B-C-D samples in Fig. 13d, f, and h.

A multipoint test with distilled water for sample A3 is presented in Fig. 14 to dem-
onstrate the general behavioral change for different fluids. The density of water (998 kg/
m’) is higher than the oil density (790 kg/m3), while the viscosity of the oil (1.38 mPa-s)
is higher than for water (0.994 mPa-s). The linear data in Fig. 14a for distilled water
show lower pressure losses than oil, but the divergence from streamline flow is observed
at a lower velocity. This agrees with oil having higher viscosity than water (Table 5).
In Fig. 14b the pressure loss for distilled water is higher than for oil after the velocity
exceeds approximately 2.3 cm/s. This agrees with water having a higher density than
oil. The regression results in Table 5 show that the permeability attained with distilled
water is not equal of the oil permeability. Some rust was identified on the steel spheres
after the test and this might explain the differences.

4.3 Empirical correlations
The empirical correlations of the experimental data (Eqgs. 1 and 2) to the Kozeny—Car-

man equation (Eq. 20) and the Ergun equation (Eq. 30) are presented in Table 6. It is
convention for these equations to be described according to a representative particle
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Fig. 13 Experimental results for the EXXSOL D60 oil multipoint Hassler flow cell tests for samples A, B, C, and
D including all the 23 duplicates. The data are plotted as differential pressure loss per unit length versus the super-
ficial velocity, AP/L vs. u,. The velocity range of the tests is 0.00121-0.0275 m/s (7.25-165 ml/min). Linear least
square regression fits are shown in dashed lines in figures a, ¢, e, and g, while polynomial least square regression
fits are shown in full lines in figures b, d, f, and h. Regression results are presented in Table 5
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diameter of the porous media (Carman, 1937; Ergun and Orning 1949; Fand et al. 1987;
Macdonald et al., 1979). This is typically done through introducing the spherical rela-
tion of Eq. 31.

Area of sphere 6-(1—n)

- Volume ratio of solids in the porous media = 7
¢ .

~ Volume of sphere
(€29)
where the particle diameter, d (m), the porosity of the bed (r), and a surface factor that
account for particle roughness and shape, @ (-), is defined to describe the specific surface
area, S. For a single particle the surface factor, @, is unity for smooth spheres and less
than unity for all other shapes. The same convention is therefore presented as an additional
equational form (Eqs. 33, 35 and 37) in Table 6, so that the results can be easily compared.
The Kozeny—Carman equations are correlated to the Darcy equation (Eq. 1), which
corresponds to Egs. 32 and 33. The only unknown parameters in Eqs. 32 and 33 are the
constants k. and X, respectively, and these constants are adjusted to achieve a best fit
with the regression data of Eq. 1.

3

n 2
k= where k. = k, -t
kC-SZ c 0 (32)
2'd2' 3
- ren - where Xp = k¢-6-6 (33)
Xo-(1—n)

Ergun equation is correlated to the Forchheimer equation (Eq. 2), which corresponds to
Eqs. 34, 35, 36, and 37. The only unknown parameters in Eqs. 34, 35, 36, and 37 are «,
Xy, By, and Yy, respectively, and these constants are adjusted to achieve a best fit with the
regression data of the linear and polynomial term in Eq. 2, respectively.

Darcy regression Forchheimer regression
B
104 = 80 S
He=- il * —0il
- = @ Water 5 1 —water @ - - / Sample A
- 8- * Uk U " = —-60
E ] i : /
c 6 1 i
o ‘ & &0
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- 4 e o e
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< P ad <20 A
."']
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Fig. 14 Experimental results for the EXXSOL D60 oil and distilled water from the multipoint Hassler flow
cell tests of sample A3. The data are plotted as differential pressure loss per unit length versus the superfi-
cial velocity. The velocity range of the tests is 0.00121-0.0275 m/s (7.25-165 ml/min). Linear least square
regression fits are shown in dashed lines, while polynomial least square regression fits are shown in full
lines. Regression results are presented in Table 5. a The pressure losses for distilled water are lower than
for oil, but the divergence from linear flow occurs earlier. The stars indicate the onset of critical velocities,
u,, of the two experiments. This is expected because of the higher viscosity of oil. b The pressure losses for
water surpass that of oil at approximately 2.3 cm/s, due to the higher density of water
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Table 6 Empirical correlation with parameters in Kozeny—Carman (Eqs. 32 and 33) and Ergun (Eqgs. 34—
37) for samples A3, B3, B6, C1, and D3

Input data n S @ d T a k kg p
[%] [m™] [-] [mm] [-] (-] [D] [D] m™]

A3 34.96 3869 1.0084 1.00 1.0 0.128 738 771 27 721
B3 73.66 3158 0.5004 1.00 1.0 0.422 7796 8255 1090
B6 75.47 2 886 0.5100 1.00 1.0 0.427 9988 10 756 899
Cl1 68.72 8 496 0.4418 0.50 1.0 0.290 868 899 9949
D3 51.16 5370 0.5497 1.00 1.2247 0.640 619 624 6443
Sample Output k, X; Output a, Bo Xg Yy

data [Equa- [Equa- data [Equa- [Equa- [Equa- [Equa-

tion 32] tion 33] tion 34] tion 36] tion 35] tion 37]

A3 Kozeny 3.92 141 Ergun 1.87 2.45 135 1.84
B3 ~Carman 55 187 (Eq. 301 546 1.10 177 0.83
B6 leq- 201 5 o5 188 243 1.06 175 0.80
Cl1 5.25 189 2.54 3.04 183 2.28
D3 7.60 274 3.77 1.29 271 0.97

The particle shape factor, @, is calculated from Eq. 31. The permeabilities, k and kg, are provided in units
of Darcy, [D]. The transformation to SI units corresponds to 1 D=0.9869233-107'2 m?

3

ey = #ﬂsz (34)
kF:)% where Xp = 2-0)-6-6 (35)
bt

p= % where ¥y = 2 "8’6 37)

The empirical correlations of the experimental data (Egs. 1 and 2) to the new analytical
Navier—Stokes approximations (Egs. 18 and 29) are presented in Table 7, with the same
input data of Table 6. The Stokes flow approximation are correlated to the Darcy equation
(Eq. 1), which corresponds to Eq. 38. Equation 38 has two unknown coefficients, C and k,,
and these two parameters are treated as a single unknown coefficient, kg (Eq. 19), which is
adjusted to achieve a best fit with the regression data of Eq. 1. Equation 19 is then applied
to see how the k, factor would result should the dissipation coefficient be defined C =3.

n’ 3-x

k=———— whereky = —
ky-72-S° ST Ky %)

Equation 29 is correlated to the Forchheimer equation (Eq. 2), which corresponds to
Eq. 39 and 40. The unknown parameters in Eq. 39, are C, k,, and these are treated equal to
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Table 7 Empirical correlation with the parameters of the analytical Navier—Stokes approximations (Egs. 38,
39 and 40) for samples A3, B3, B6, C1, and D3. Input data are found in Table 6

Sample Output data kg ky Output data ksp kor Cyr
[Equa- [Equa- [Equa- [Equa- [Equa-
tion 38] tion 19] tion 39] tion 19] tion 40]

A3 Darcy data  3.92 2.40 Forch. data 3.73 2.52 0.03

B3 [thua—38 521 1.81 [Equﬁgn 39 49 1.92 0.09

B6 ion 3815 53 1.80 and 40] 4.86 1.94 0.09

Cl 5.25 1.80 5.08 1.85 0.11

D3 5.07 1.86 5.03 1.87 0.13

the coefficients in the Stokes flow approximation (Eq. 38) and are adjusted to achieve a best
fit with the regression data of the linear term of Eq. 2. The Cy; are adjusted to achieve a
best fit with the regression data of the polynomial term of Eq. 2.

n’ 3.x
kp = where kg, = =——
F PRy SF Kor 39
B = & s
) K2, (40)

4.4 Critical Reynolds numbers

Three types of critical Reynolds numbers are presented in Table 8 to allow for comparison
with values found in the literature. These numbers are typically utilized to describe when the
flow characteristics deviate from linearity. The most common definition is that of Eq. 41,
where the characteristic length is described by the diameter of the particle in the bed. Bear
(2013) states that this definition provides Re.; within the range 1-10 for porous media.
Table 8 shows that all of the samples achieve numbers within this range. The definition of
Re, follows the definition suggested by Blake (1922) and is the same definition used by
Carman (1937) (Eq. 42). Carman (1937) concluded that Eq. 20 is valid for critical veloci-
ties corresponding to Re,~2.0. Table 8 shows that the samples B3 and B6 achieve similar

Table 8 Critical Reynolds
numbers for samples A3, B3,
B6, C5, and D3. The Reynolds
numbers are defined by Eqgs. 41, A3 Oil

Sample /] p u, Rer; Rer, Rec; R
[mPa-s] [kg/m’] [cm/s]

1.38 790 049 281 073 028 0.06

42, and 43
Water* 0.994 998 0.27 271 0.70 0.28 0.05
B3 Oil 1.38 790 0.91 520 1.64 0.85 0.05
B6 Oil 1.38 790 0.90 5.06 1.79 0.92 0.05
Cl oOil 1.38 790 0.84 481 0.57 031 0.04
D3 Oil 1.38 790 0.84 4.83 090 059 0.02

The ratio R of the non-linear to the linear dissipation component is
represented by Eq. 44. The input values are provided in Tables 5, 6,
and 7
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values, while samples A3, C1, and D3 have values less than one. The Reynolds number
definition utilized in this paper is presented in Eq. 4 and critical Reynolds numbers of this
definition correspond to Re; in Eq. 43. Table 8 shows that all samples attain Req3 <=1

p-u,-d
Rec, = —— 41
c1 u (41)
pP-u.
R =
=g (42)

p-Vem p-u.-t

c

H _ﬂ‘S‘kop

Rec; = 43)
An alternative definition is presented in Eq. 44 where the divergence from linearity is
described as a ratio of non-linear over linear dissipation.
_ non-linear dissipation _ C4-Re  Cy-p-V,.-m _ Cg,-p-u.-t
C ™ " lineardissipation c C-u T 3.mea?-u-S-ky
(44)

5 Discussion

The presented experiments show that AM in combination with high-resolution CT imaging
technology and image analysis software enables the construction and detailed inspection
of complex porous media. In this paper it was found that it is the combination of these
three different 3D technologies that provide the full benefit of each individual technique.
The technologies complement each other because they limit uncertainties in the interpreta-
tion of the pore-matrix configuration, especially if compared to conventional porous media
studies, e.g., where particles are poured into a cylindrical container. In the presented work,
the problem of the container wall affecting the particle arrangement of unconsolidated
material is avoided. The exact placement of each particle can be controlled through the
design and fabrication of the 3D samples. Since the properties of the design are known
they can serve as a reference upon comparison with the final product. After fabrication, the
CT imaging and image analysis software can provide a complete and highly accurate ren-
dering of the samples which allows for comparison with the design properties. This allows
for testing of geometries that previously would have been impossible to achieve. This dem-
onstrates the potential benefit of combining these 3D technologies in porous media studies.

An issue for metal-based AM fabrication powder materials is the possibility that the
material reacts with the fluid. This is observed in the presented experiments for oil and
distilled water. The regression results in Table 5 show that the permeability attained with
distilled water is not equal to the permeability attained with oil. This suggests that the dif-
ference in fluid properties do not fully explain the behavior of the data shown in Fig. 14.
Corrosion products (rust) were identified in the samples after the test with distilled water
and this is a probable explanation to the different permeabilities of the A3 sample. Other
fabrication powder materials that would eliminate the corrosion problem, e.g., Aluminum,
Titanium, or other stainless-steel blends or even plastic resins are readily available on the
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global market. Investigating how these powders react with the testing fluid is therefore rec-
ommended before performing the permeability tests.

5.1 Fluid flow through porous media

The Hassler flow cell test results demonstrate that the permeabilities (4.34-1071°
—9.98-107 m?) of the four sample types (which have sand sized particles; d=1.0 mm and
d=0.5 mm) are within the range of permeabilities associated with unconsolidated sandy
soils (Bear, 2013). Medium to coarse sand have permeabilities between 107" and 10™° m?
(Bear 2013; Freeze and Cherry, 1979). The permeabilities of the four sample types (A, B,
C, and D) are different and they are also slightly different for each sample within each sam-
ple group. The CT images of the five selected samples confirmed that the particle shapes,
sizes, and configurations are preserved in the samples (Fig. 11). This argues that the varia-
tions of permeability within each group are caused by slight variations in porosity, surface
area, and surface roughness of the individual samples in each sample group. Comparison
of B3 vs. B6 data in Tables 5, 6, and 7 supports this statement.

For the packing arrangement with the cubical particle bed configuration, the altera-
tion of particle shape from samples A to B displays a large influence on the permeability,
from 641-738 D (6.33-107'° — 7.18:107'° m?) to 7796-9988 D (7.69%107° to 9.86x10~°
m?), respectively (Darcy regression). While this is expected, it is surprising to see that the
lowest permeability is observed in samples D with the range of 441-619 D (4.34x10~!°
— 6.11x107'° m?). Both the sample B and D configurations consist of particles with the
same size and shape, but the inter-fixed octahedron bed of sample D evidently alters the
pore-matrix geometry drastically. The same trend is observed when the size of the parti-
cles is reduced from samples B to C. This demonstrates that it is not the particle shape or
size that determines the permeability, but the corresponding pore shape and pore size that
results from the packing of particles. These observations have good agreement with the
literature (e.g., Bear 2013).

The empirical correlations on the linear flow data (Darcy regression in Table 5) show
that the Kozeny—Carman equation attains coefficients of similar magnitude to those pub-
lished by others, k-=3.92-7.60 (Eq. 32) and X,=141-274 (Eq. 33). Carman (1937)
reports k. values ranging from 4.84 to 6.13 from testing on randomly packed beds of
smooth glass spheres. Fand et al. (1987) report X values ranging from 174 to 184, also
from testing on randomly packed beds of smooth glass spheres. Even though the particle
shapes, sizes, and packing arrangements of these various sample groups are different, it
is interesting to note that the coefficients provided by the Kozeny—Carman equation are
very similar. However, the presented experiments demonstrate that the analogy to the pipe
geometry factors suggested in Eq. 21 by Carman (1937) is not correct for porous media.
The tortuosity (7) of samples A3, B3 B6, and C1 is unity, while it is 1.2247 for sample D3.
The upper limit for the pipe geometry factors is 3.0 (Table 1). Consequently, there are no
pipe geometry factors that can describe any of the datasets. The k., coefficient is therefore
not a function of the tortuosity factor (z%) and the pipe geometry factors (ky) in the form of
Eq. 21 (corresponding to Eq. 45) for non-uniform pore channels.

ke #ky -7 (45)

In the Darcy flow region, the Stokes flow approximation coefficient kg derived from
correlations with the linear regression is identical to the k. of Kozeny—Carman for A3, B3,
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B6, and C1, where the tortuosity is unity. The main difference is seen in the sample D3
results where the kg coefficient now resembles the other octahedron samples. The result-
ing geometry factors, k,, for the octahedron particle beds B3 (k,=1.81), B6 (k,=1.80),
and C1 (k,=1.80) closely resemble the factor of a square (k,=1.78), or closer to a 2x 1
rectangle (k,=1.94) for sample D3 (k,=1.86). These coefficients have good agreement
with the actual shape of the pore body geometries of the sample configurations (Fig. 3,
Fig. 4, and Fig. 11), where the pore bodies of samples B and C are squares, and sample D
is rectangular. The geometry factor for sample A3 (k,=2.40) does not resemble that of a
circle (ky=2.0). The geometry factors closest to the k, value of sample A3 are elliptical or
rectangular shapes (Table 1). All the five samples A-D achieve geometry factors within the
range of possible values and samples B, C, and D show good agreement with the observed
shape of the pore channel. These results argue in favor of the assumption that Eq. 19 can be
approximated by the 3x constant (Eq. 46) for non-uniform pore channels.

kg~ 2T (46)

Mao et al. (2016) note that the “Forchheimer” permeability (kj) is not always equal to
the Darcy permeability (k). This is also observed in this study and this affects the empiri-
cal correlations. The empirical correlations between the non-linear flow data (Forchheimer
regression in Table 5) show that the Ergun equation attains linear coefficients, a,=1.87-
3.77 (Eq. 34) and X =135-271 (Eq. 35), similar to those published by others. The sample
A3 value (1.87) agrees with several of the experiments of Ergun & Orning (1949) who
report a factor of a;=1.8-1.9 for tests with beds of spheres with 30.3-37.2% porosity. The
X;=135 of sample A3 agrees with the data of Rumpf and Gupte (1971) who report Xy
values from 124-162 on beds of glass spheres with 43.6-64.0% porosity. The non-spherical
particles (B, C, and D) attain values of &, =2.43-3.77 and X;=171-271. Dudgeon (1966)
report tests on angular sand and gravel particles, where most of the data range approxi-
mately from X;=159 to X;=546. Similar ranges are also reported by McDonald et al.
(1978) and Olatunde and Fasina (2018). The coefficients provided by the Ergun equation
are relatively similar for a wide range of particle sizes and shapes. Since the analogy to the
pipe geometry factor (circular pipe k,=2) is not correct for porous media in this equational
form, a, evidently adopts numerical values that have no logical meaning. Furthermore, the
influence of the tortuosity factor (7) is not accounted for in the Ergun equation. The a, will
thus at best represent a clustered parameter that account for several erroneously defined
geometrical variables.

The coefficient kg, (Eq. 39) derived from correlations with Eq. 29 to the non-linear
regression data is identical to twice the size of a, of the Ergun equation for A3, B3, B6,
and C1, where the tortuosity is unity. The main difference is seen in the sample D3 results
where the kg coefficient now resembles that of the other octahedron samples. The result-
ing geometry factors, kg, for the octahedron particle beds B3 (kyr=1.92), B6 (kyr=1.94),
and D3 (k,,=1.87) closely resemble a 2x1 rectangle (k,=1.94). These coefficients are still
within the range of possible k, values (Table 1), but only agree well with the pore body
geometries of the samples with D3 configuration (Figs. 3, 4, and 11). Table 7 shows that
the values of the kg coefficients are consistently less than the kg coefficients. In the litera-
ture it is often suggested that the differences between Forchheimer permeability (kj) and
the Darcy permeability (k) are a result of different flow characteristics within the porous
media consisting of a variety of pore sizes (Forchheimer 1930; Carman 1937; Fand et al.
1987; Newman and Yin 2013; Mao et al. 2016). Inertial effects might then occur in the
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larger pores, while the smaller pores are still in the fully linear region. However, in the pre-
sented experiments the pores within each porous media are virtually equal. This suggests
that the differences between kj and k might be an effect caused by the best-fit regression
method applied to the experimental data.

Based on the results from the provided experiments it is shown that the assumption of
Kozeny in Eq. 10 is proven suitable for porous media with homogenous pore matrixes.
From a theoretical point of view the assumption is logical if viewed in relation to the
assumptions enforced by the Navier—Stokes equation in Stokes flow conditions. In Stokes
flow conditions the fluid wraps around the entire surface within the pore channels and the
frictional shear forces act on all surface area available to the fluid (White 2006; Cengel and
Cimbala, 2010). Applying Kozeny’s assumption is then in accordance with the assumption
of Stokes flow. A pore channel’s specific surface area to volume ratio is thus the appropri-
ate characteristic length unit (m) for porous media flows. This is not a controversial conclu-
sion because the expression is essentially the same definition applied in conventional fluid
mechanics for pipe flow. For a uniform pipe this characteristic length unit simplifies to an
expression in relation to the internal diameter of the pipe (Eq. 6). For a non-uniform pore
channel, the expression does not simplify any further. A shape factor (¢ in Eq. 31) does
seemingly enable the application of the particle diameter as part of the expression, but the
diameter of a particle is not the actual characteristic length unit of which the flow behavior
relies, a fact that frequently seems to be forgotten.

The new porous media equation (Eq. 29) is based on analogies to the analytical
Navier—Stokes equations for pipe flows. In the Darcy flow regime, the analogy of porous
media flow to the Stokes flow around a single sphere is perhaps controversial, but the cor-
relation of Eq. 18 to the experimental data shows coefficients (kg) that agree well with
experiments (Table 7) and the theory (Table 1). The resulting geometry factor (k, of
Eq. 19) of the four sample types is indeed consistent with the observed shape of the chan-
nels in the pore body center region. The success of the analogy presumably relies on the
fact that the dissipating forces of the flow are not just a result of frictional shear dissipa-
tion alone, as in the Hagen—Poiseuille equation, but also incorporates a significant portion
of pressure dissipation. The application of the Stokes sphere constant, 3z, implies that a
significant portion (1/3) of dissipation losses are due to pressure dissipation. The pressure
dissipation arises due to the non-uniformity of the channel geometry, which induced spatial
variations to the strain rate field and induces acceleration of the velocity field within the
flow through the porous medium. In uniform straight pipes this type of dissipation does not
occur as the cross-section is uniform and there is no change to the velocity field along the
pipe in steady-state flows.

Based on the results from the provided experiments it is shown that the effects of par-
ticle roughness do not alter the flow behavior in Darcy/Stokes flow conditions. A particle
with rough surfaces rather provides more surface area on which the dissipating frictional
shear forces of the fluid flow can act. This is evident through comparison between samples
B3, B6, and C1 which all yield matching kg coefficients after accounting for surface area
and porosity differences. This is also evident through comparison of the presented experi-
ments with those of e.g., Carman (1937), Ergun and Orning (1949) and Fand et al. (1987)
and others. The range of coefficients achieved for smooth particles, e.g., k-=4.18-6.13 for
smooth spheres (Carman 1937), is similar to those achieved for the different rough parti-
cle arrangements presented here (k,=3.92-7.60). It is therefore important to describe the
specific surface and the porosity of the porous media accurately when utilizing empirical
equation for prediction purposes.
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Macdonald et al. (1979) suggest that particle roughness should highly affect the flow
dynamics in the “high” velocity flow region of the Forchheimer equation. This implies that
the B, and Y of Egs. 36 and 37 would be expected to be relatively larger if the parti-
cle roughness had significant influence on the convective acceleration term. The empir-
ical correlation of sample A3 results in f, and Y equal to 2.45 and 1.84, respectively.
These values are actually lower than the range f,=2.5-3.0, reported by Ergun & Orning
(1949) on experiments on randomly packed beds of smooth glass spheres and lead shots.
The data of Fand et al. (1987) on experiments on randomly packed beds of smooth glass
spheres provide Y range of 1.811-1.925. The surface area-to-volume ratio of sample A3 is
comparable to what would be expected from a bed of smooth spheres of similar porosity,
but the particles are indeed very rough. Much higher factors of #, and Y would therefore
be expected if the particle roughness had significant influence on inertia at the velocities
tested. The results thus prove contrary to the predictions of Macdonald et al. (1979).

The B, and Y of the orthorhombic samples B, C, and D show seemingly random vari-
ability in their behaviors (Table 6). The B3 and B6 show low f, values of 1.10 and 1.06,
respectively, while sample C1 shows a high #, value of 3.04, even though the cubic pack-
ing arrangements of the samples are identical. The high 8, of C1 agrees with the predic-
tions of Macdonald et al. (1979) but the lower 8, of B3 and B6 argues that there is some
other cause than the surface roughness that affects the behavior. The g, and Y coeffi-
cients of sample D3 are also low and in a similar range to that of B3 and B6. Upon com-
parison, similar results are seen in, e.g., Dudgeon (1966) in his work on crushed marble
and other granular material, or indeed, similar factors are achieved on the data of Becker
(1947) on orthorhombic packings. Consequently, the application of the f, does not yield
consistent or logical results and the outcome is therefore difficult to predict. Furthermore,
the influence of the tortuosity (z) is not accounted for in the Ergun equation. The g, will
thus at best represent a clustered parameter that account for several undefined geometrical
variables.

The convective acceleration dissipation coefficient Cg; (Eq. 40), derived from corre-
lations with the non-linear data of the Forchheimer regression, are small and are similar
for all four sample types A-D. These values cannot be easily compared to f, factors pub-
lished in the porous media literature, but they are expected to be comparable to similar
laminar pipe flows coefficients (K, range between 0.0 and 2.0). The dissipation coeffi-
cient Cg; of all the samples, A3, B3, B6, C1, and D3, are within the range limits of K
found in the literature of pipes (Cengel and Cimbala 2010; Idelchik 1994; White 2006;
Crane 1957). Furthermore, they are very small. These results suggest a low degree of
wake formation or flow separation within the pores, and that most of the non-linear
pressure dissipation is due to the continuous acceleration and deacceleration of the fluid
through the pores. This demonstrates that it is the magnitude of channel contraction ()
that governs the dissipation of mechanical energy in Forchheimer flow, in good agree-
ment with the numerical studies of Newman and Yin (2013).

The spherical particles of sample A3 display the lowest Cg; =0.03 which is probably
due to the rounded particle shape and corresponding streamlining of the channel geom-
etry through the pore throat. A specific value for K; ., of 0.03 (Eq. 25), similar to Cg;,
of sample A3, corresponds to, e.g., a well-rounded and smooth pipe contraction seg-
ment in turbulent flow conditions (@¢=1.05) (Tables 4-8 in Cengel & Cimbala, 2010).
The marginally larger Cy; coefficients of the octahedron samples B3, B6, and C1 can
be explained by a less-streamlined channel geometry through the pore throat with more
rapid changes along the pore channel length. It is also interesting to note that sample D3
has the largest Cg; =0.13 even though the g factor for samples D in Eq. 2 is the smallest
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of all the sample types. This can be explained by additional losses caused by the tortu-
osity of the channels. The alteration of the predominant flow direction from one pore
to the next enforces a change in the velocity field not accounted for by the expansion
of the channel alone (note that the modification leading to the 7° factor in Eq. 29 is not
performed to account for this effect).

The Cg; coefficient should depend on the flow characteristics within the channel.
This means that C; should include a kinetic energy correction factor (Ref. equation 25
with @ =2.0), which infer that the flow is still fully laminar. This implies that the mag-
nitude of the Cy; coefficient is expected to decrease as the flow characteristics turns tur-
bulent and @~ 1.05. A decrease of inertia is observed in several “high” velocity experi-
ments, both analytically and numerically (Fand et al. 1987; Hill et al. 2010; Barree and
Conway 2005), but this does not necessarily suggest a divergence from laminar flow
condition. The divergence might be caused by separation of the laminar boundary layer,
as presented and discussed in detail by Idelchik (1994) for conventional pipe flows.
The limit of Re >30-50 for laminar flow separation in pipe diffusers shown by Idelchik
(1994) suggests that the laminar boundary layer is still in force for flow conditions simi-
lar to those in this study. The application of the Cg; coefficient then offers an alternative
explanation to the observed behavioral change of flow characteristics at higher Reynolds
numbers, as opposed to the theories discussed by Barree and Conway (2005), on the
existence of a “minimum permeability plateau” or the application of the cubic velocity
term discussed by Firzoozabadi and Katz (1979) or Ezeudembah (1982).

5.2 Limitations of the equations

It is here shown that Eq. 29 works well for porous media consisting of multiple copies
of equivalent pores. However, before applying the equation on different porous media,
it is important to consider the limitations of the equation regarding the many assump-
tions underlying the applied modifications of the fundamental Eq. 3. The modifications
are highlighted in Eq. 47 with different colors, signifying the modifications associated
with the characteristic geometry of the porous media (green), the velocity field (red),
the Stoke sphere approximation (blue—linear term), and the concept of minor losses in
pipes (blue—non-linear term).

AP 7-8? T-u Cx, T-S 1% ug?

2 n k-n?

n2 n-k, a “7)

A significant share of the modifications results from the endeavor to describe the
interstitial fluid velocity field within the porous media from a measurable superfi-
cial fluid velocity component (red color). The velocity modifications are particularly
profound in view of the velocity component of the convective acceleration term. The
importance of Kozeny’s assumption “...that the granular bed is equivalent to a group
of parallel, similar channels...” has a major role in the limitations of the equation. If
the channels of the porous media are a group of unparallel and dissimilar channels,
as is often the case in natural soils, the modifications of the velocity field are unable
to describe the flow relations by a single set of coefficients. A collection of differ-
ent channel geometries would result in a collection of different velocity fields, each
bound by the geometry of that particular pore channel within the porous media. The
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resulting “global” coefficients would then be an outcome of the average behavior of
the sample.

The assumption of Kozeny does, however, not rely on the porous media to be homo-
geneous in terms of the size and shape distribution of the soil solids of the media. It is
the pore-matrix configuration that determines whether the porous media is homogenous.
As a consequence, Eq. 29 might function well as long as the mixture of soil particles
and their arrangement result in a homogenous pore distribution. An inhomogeneous
pore distribution would, however, complicate the matter because the divergence from
linear flow occurs earlier for large pores. Additional non-linear dissipation will then
occur in parts of the media while other parts will still be fully in the linear flow regime,
as Forchheimer (1930) pointed out. It is therefore relevant to consider when the convec-
tive acceleration term must be accounted for.

The divergence from linearity is typically assessed through evaluation of the critical
Reynolds number of the flow. A variety of critical Reynolds numbers have been pre-
sented in Table 8. The critical numbers of Re; and Re, are both within the expected
range of each definition. The Reynolds number definition used in the Stokes approxima-
tion (Rec;) is less than one for all samples. This is consistent with the critical number
criterion of Re <=1 for Stokes flow in general (White, 2006). The criteria of Stokes
flow approximation require that the Re <1 when applying the linear term of Eq. 3
alone on fluid flow problems. Although the Re.;, Rec,, and Rec; definitions fulfill this
requirement experimentally, they do not provide information about the relative magni-
tude of the inertial versus the viscous component observed in the flow data (Figs. 13
and 14). This is only achieved with the ratio R, where the samples have ratios between
0.02 and 0.06 (Table 8). This ratio essentially state that the non-linear term is 2-6%
of the magnitude of the linear term for the critical velocity used in the equation. This
might be a more useful definition for prediction purposes.

Unlike the conventional Reynolds number definitions, the ratio R, incorporates the
factors and coefficients (Cy; and 1/a?) that account for the constriction and expansion
of the pore channel. If a pore channel has a severe constriction, 1/a® will be a large
number, which implies that the divergence from linearity has to occur at relatively lower
flow velocities. Alternatively, if there is no contraction of the channel, the Cg; (Ref.
equation 25) will approach zero, and there will be no divergence from linearity, even at
very high flow velocities. Presumably this applies until the onset of turbulence, such as
for conventional pipe flows (Rep;,, ~2300).

6 Conclusion

The presented experiments demonstrate that the application of AM, CT imaging, and
image analysis techniques represents an improvement in porous media studies. These 3D
technologies enable the study of porous media in a controlled fashion and allow experi-
mental testing on geometries that would otherwise be impossible to achieve with conven-
tional study methods on natural soils or particle beds. Uncertainties regarding the geo-
metrical properties are minimized because the 3D-printed porous media samples can be
evaluated with CT imaging after fabrication. This combination of 3D technology improves
the data acquisition and data interpretation and contributes to new insight into the phenom-
enon of fluid flow through porous media.
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The presented experiments confirm that the equations of Kozeny—Carman (1937) and
Ergun—Orning (1949) can be adjusted to fit the experimental data. However, their underly-
ing fluid mechanical theory do not describe the variation in geometrical properties prop-
erly. This is due to the analogy of porous media flows to the Hagen—Poiseuille flow rela-
tion, which is seemingly inaccurate for non-uniform pore channels.

The empirical relations of the Darcy equation and the Forchheimer equation can be
explained through the analogy to the analytical Stokes flow approximation and the analyti-
cal solution of the convective acceleration term of the Navier—Stokes equation. The success
of applying the Stokes sphere constant implies that the dissipating forces of the flow are
not just a result of frictional shear alone but that a significant portion of dissipation losses
are due to pressure dissipation as well. The pressure dissipation arises due to the non-uni-
formity of the channel geometry, which induced spatial variations to the strain rate field
and induced acceleration of the velocity field within the flow through the porous medium.
The new analytical Navier—Stoke equation (Eq. 29) provides geometrical coefficients that
agree with the observed geometries of the 3D samples. The new equation addresses and,
to some extent, modifies some frequently applied assumptions of porous media flow. The
conclusions regarding these assumptions are as follows:

e The assumption of Kozeny is applicable for porous media flow and Eq. 10 is the correct
characteristic length unit for application in porous media flow equations.

e The assumption of Dupuit (1863) on interstitial flow velocity is not the appropriate
average velocity found within a non-uniform pore channel. An extension to Dupuit’s
assumption is presented, where his assumption is viewed as an approximate value of
the maximum velocity in the pore center. Correcting for the channel geometry provides
a representative average velocity field of the pore body center. This velocity field is
suggested as the analog to the “free stream velocity field” in Stokes flow, which allows
for the 3w Stokes constant to apply to porous media flows.

e A new critical ratio number, R, that predicts when the Darcy equation deviates from
linearity has been suggested. This definition provides diverging limits to the Darcy
equation that are in line with the assumptions required for the Stokes flow approxima-
tion (Re < 1) and might be useful for prediction purposes.

e The tortuosity of a pore channel is an individual geometrical property of the porous
media and functions as an input variable in Eq. 29.

These modifications of theory along with the experiments presented demonstrate that
the effects of surface roughness do not affect the flow behavior in Darcy flow or in Forch-
heimer flow. The transition from Darcy flow to Forchheimer flow is largely governed by
the ratio of constriction of the pore throat and the pore body. This constriction ratio gov-
erns the relative acceleration of the fluid and the corresponding inertia that are associated
with higher flow velocities in porous media.

In order to evaluate the new theory and equations, there is a need to perform more per-
meability tests on porous media where the pore geometry is well defined and known. This
will probably be achieved soon since the 3D printing and CT imaging technologies are
mature enough to provide a means to do so already. Further work should also be focused on
porous media with different pore size distributions and pore-shape variations. Combined
with investigations of flow conditions into the region of higher Reynolds number flows,
this will provide a better understanding of porous media flow and the transition from lami-
nar to the turbulent flow regime in porous media.
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