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Abstract

To utilize a low-pressure and low-enthalpy well, a subsonic ejector system
(referred to as subsonic geoejector) was developed and tested at the Theistareykir
Geothermal Field in 2020 and 2021. The system connected a low-pressure
geothermal well to a nearby high-pressure well to induce flow from the low-
pressure well under otherwise unfavorable pressure. The subsonic geoejector has
similar working principle as an industrial ejector used in many industries.
However, unlike traditional ejectors, it is faced with challenges involving two-
phase geothermal fluids and highly variable inflow conditions. From analysis with
an analytical and numerical model of the subsonic geoejector, it was found that it
cannot accelerate the high-pressure fluid enough to create an underpressure that
will induce flow from the low-pressure well under real operating conditions. To
address this problem, this paper will introduce a supersonic geoejector that was
designed to meet the operational requirement for power production and analyzed
with an analytical and numerical model. The result of the models are promising,
and it is found that the new setup could potentially increase the pressure of
geothermal fluid from low-pressure well sufficiently or up to 2.4 bar, which would
add up to 0.8 MWe for power generation.
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Geoejector: A0 draga jarohitavokva ar lagprysti
jarohitaholu

Jeffrey Macatangay Andal

jani 2023

Utdrattur

Til ad nyta lagprysta og lagvermis gufuborholu var settur upp jektor med
vOkvahrada undir hljoohrada (kalladur subsonic geoejector) og hann préfadur &
beistareykjum 4 arunum 2020 og 2021. Kerfid tengdi lagprysta jardhitaholu vid
nerliggjandi haprystiholu til ad framkalla fleedi Gr lagprystiholunni vid annars
Ohagstedan bakprysting. Jektorinn er sambarilegur vid jektora sem notadir eru i
ymsum atvinnugreinum. Olikt hefdbundnum jektorum, er mikil askorun folgin i
pvi ad tveggja fasa jardhitavokvi streymir um hann og innstreymid er mjog
breytilegt. Ut fra greiningu med analytisku og tolulegu likani af jektornum med
vokvarennsli undir hljodhrada kom 1 ljos ad hann getur ekki hradad
haprystivokvanum ndgu mikid til ad bua til undirprysting til pess ad vidhalda flaedi
fra lagprystiholunni vid raunverulegar rekstraradstedur. Til ad bregdast vid pessu
vandamali mun pessi grein kynna jektor med vokvarennsli yfir hljodhrada (e.
supersonic geoejector), sem var hannadur til ad uppfylla rekstrarporf fyrir
orkuframleidslu og greindur med analytisku og tdlulegu likani. Nidurstada
likansins lofar gédu og bendir til ad nyja uppsetningin gati aukid prysting
jarOhitavokva Ur lagprystiholu um 2,4 bér, sem myndi bata vid allt ad 0,8 MW i
raforkuframleidslu.
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Chapter 1

Introduction

Drilling geothermal wells is one of the primary costs drivers to any geothermal project, ranging
from 32 to 37% of a project's total investment (Gehringer, M. and Loksha, V.C., 2012). Aside
from the cost, the drilling also involves high risk with success rates of wells ranging from 59
to 83% depending on the project phase (IFC, 2013). One of the reasons a well is regarded
unsuccessful is when the pressure of the fluid from the well is below the threshold to be
connected to the steam gathering system of the associated plant. To address this problem at the
Theistareykir Geothermal Field, a rudimentary ejector system, referred to in this study as a
subsonic geoejector, was built and tested in 2020 and 2021. These tests aimed to connect to a
nearby high-pressure geothermal well, THG-11, to induce flow from a low pressure and
enthalpy geothermal well, THG-15, by creating a localized underpressure where the two
streams meet.

An ejector is a static device that converts the pressure of a high-pressure primary stream
into kinetic energy to draw or entrain a fluid from a low-pressure secondary source. The two
streams will then mix and discharge into a diffuser to convert the kinetic energy back into
increased pressure. Ejectors are relatively common and have a variety of applicability in
different industries such as refrigeration, power generation, and chemical sectors.
Additionally, this technology has a minimal maintenance requirement due to their nonmoving
parts, low operating expenses, and limited constraints on the working fluid (Besagni, G., 2019).

Limited information can be found regarding the application of ejectors to recover
geothermal fluids from low-pressure wells. In 1999, an ejector apparatus to increase the fluid
recovery from geothermal wells was patented (Jung, D. B., 1999). However, according to
Gutsol, A. F. (Gutsol, A. F., 2018), the ejector field test did not validate the patent’s claim and
it was likely caused by the problem on the ejector parameters. Unfortunately, no calculation
method for the ejector parameters was disclosed in the patent.

In the current work, the ejector used for this purpose is referred as a geoejector. To
analyze the performance of a geoejector, this study looked into several studies in different
industries that investigated the effect of geometrical parameters on ejector performance were
reviewed. Keenan and Neuman proposed a 1-D constant pressure mixing ejector theory to
analyze the performance of an ejector (Keenan, J. H. & Neuman, E. P., 1942). This model was
later improved by considering the thermodynamic irreversibility and real gas behavior
(Keenan, J. H. & Neuman, E. P., 1950). Another study proposed that after the primary flow is
discharged from the ejector’s nozzle exit, it fans out without mixing with the entrained flow
and induces the latter to a converging duct within the mixing chamber. This converging duct
accelerates the entrained flow to a sonic velocity at some point inside the converging duct
known as the "effective area" or the “hypothetical throat”. Downstream of the hypothetical
throat the mixing of the two streams occurs with a uniform pressure (Munday, J. T. & Bagster,
D. F., 1977). Huang et al. assumed that the hypothetical throat occurs inside the constant area



mixing section of the ejector and built a 1-D model to predict performance while the ejector is
in critical mode or double choking (Huang et al., 1999). One of the challenges of the 1-D model
for ejectors was determining the speed of sound in a two-phase flow. To circumvent this
problem, the mass flux maximization criterion was introduced by Ameur et. al (Ameur, et al.,
2016). Chen et al. developed a theoretical model that analyses ejector performance under
critical and sub-critical modes (Chen et al., 2017). The model from Chen et al. compared
reasonably to experimental and theoretical results from the literature (Huang et al., 1999,
Aphornratana et al., 2001).

The continuous development of theoretical or analytical models provides remarkable
achievement in predicting the performance of an ejector. The analytical models however, was
unable to accurately duplicate the flow regime within the ejector. One way to obtain such
information is by using computational fluid dynamics (CFD) (Bartosiewicz et al., 2005). CFD
is an established analysis and design tool that is used as a cost-effective and accurate alternative
to scale model testing (ANSYS Inc., 2023a).

The flow regime inside an ejector is complicated, making CFD or numerical modeling
complex. According to studies, the relative error between the numerical model and the
experimental data could range from 20 to 100% (Ringstad et al., 2020). Notwithstanding
significant discrepancies with the experimental data, studies revealed that the numerical model
could achieve a good agreement with the pressure profile inside an ejector (Sriveerakul et al.,
2007, Colarossi et al., 2012). Furthermore, the numerical modeling is crucial because it can
provide information on the underlying transport mechanisms for heat, momentum, and mass
transfer that an analytical model cannot.

The field tests at Theistareykir employed a rudimentary subsonic geoejector. The high-
pressure geothermal well was operated below its nominal operating capacity due to the
limitation of the separator used during the tests. Using analytical and numerical modelling, the
flow regime inside the subsonic geoejector will be predicted to determine the factors that
influence its performance and its applicability to operate the high-pressure geothermal well to
its normal operating condition. Further, the information obtained from these models was then
used in the analytical model of the supersonic geoejector to determine the geometric
parameters and to predict its performance under realistic operating conditions. The analytical
model used for the supersonic geoejector was largely based on the models developed by Huang
et al. (Huang et al., 1999) and Chen et al. (Chen et al., 2017). To analyze the performance of
the supersonic geoejector, experimentation is the most reliable approach. However, due to the
time and resource costs it requires to design the experiment, numerical modelling was
employed to determine the underlying transport phenomena for heat, momentum, and mass
transfer.

The use of a geoejector has the potential to increase the power generation by extracting
energy from idle or non-operational wells. The existence of both high- and low-pressure well
within the geothermal field is not unique to Theistareykir; similar case can be seen in several
geothermal fields in the Philippines (DOE, 2023) and is believed to be present in other high-
temperature steamfields around the world. This work is considered a first step in developing a
practical and economical geoejector that employs the flow of a high-pressure well to induce
flow from a well at lower pressure, thus connecting it to the steam gathering system. The model
does not yet address major challenges expected under real operations, such as scaling, presence
of liquid water in the secondary flow, and highly transient inflow.
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Chapter 2

Field test at Theistareykir Geothermal
Production Field

This chapter describes the wells and setup used during the field test at Theistareykir
Geothermal Field in 2020 and 2021. This chapter also discusses the performance indicators
that would be used to assess the success of using a geoejector to extract geothermal fluid from
a low-pressure and low-enthalpy well.

2.1 Wells THG-11 and THG-15

The subsonic geoejector used in the field test at Theistareykir Geothermal Field
connected wells THG-11 and THG-15 as the high-pressure fluid source (primary) and the low-
pressure fluid source (secondary), respectively.

Well THG-11 is a production well that was drilled in July 2016 and is a high-pressure
well, which has a well head potential of 14.4 MWe. Well THG-15, located on the same well
pad as THG-11, was drilled in March 2017 and is a low-pressure well, which is below the
threshold to be connected at the steam gathering system (Mkangala, A., 2017, Egilson, T.,
2019). Further information about the wells is shown in Table 2.1.

Table 2.1 Properties of wells THG-11 and THG-15 (Egilson, T., 2019).

Well name  Depth  Measured mass flow Reported well Enthalpy Well head Status!

(m) rate at reported head pressure (kJ/kg) potential
wellhead (bar-g) (MWe)!
pressure(kg/s)
THG-11 2224 26 30 2700 14.4 In use
THG-15 2260 14 8.7 950 2.0 Not in use

! (Kniitsson, et al., 2018).

The wellhead pressure of THG-11 is currently reduced to the steam gathering system
pressure (9.5 — 10 bar-g) through orifice plates. On the other hand, the wellhead pressure of
THG-15 is not high enough to reliably enter the system (i.e. minor fluctuations in the line
pressure cause the well to choke) and has therefore not been in use.

From the recent well measurement data and recommendations from the power plant
operators, the pressure from THG-11 considered in this paper ranges from 10 to 25 bar-g.
Additionally, the well was determined to have a maximum mass flow rate of 30 kg/s. Well
THG-15 has a maximum wellhead pressure of 9 bar-g. However, there is no recent well
measurement to determine its maximum mass flow rate. Furthermore, it was recommended
that the liquid coming from the stream of THG-15 should be mixed to the stream coming from



THG-11, as it was believed to be a solution to the latter’s silica scaling problem by functioning
as a wet scrubbing medium.

2.2 Field test setup

During the field test setup, as shown in Figure 2.1, THG-11 and THG-15 were connected
to the primary and secondary inlet of the geoejector, respectively, and the outlet was connected
to a separator. It should be noted that the separator used was inadequately large to support the
entire capacity of THG-11 and THG-15; with this in consideration, THG-11 operated at a
higher well head pressure to reduce mass flow. After that, the pressure was reduced using
pressure control valve and orifice plates before entering the geoejector.

L

Subsonic
geoejector

Secondary flow inlet

Well THG-15

Well THG-11

(a)

Figure 2.1 (a) Schematic diagram of the field test setup and (b) picture of the
geoejector during field test.

2.3 Measurements and data collection

Landsvirkjun conducted field testing at Theistareykir Geothermal Field in 2020 and
2021. As a result, the field test analysis will be based on the gathered data and operator's log
sheet provided by Landsvirkjun.

The data provided consists of several measurements taken at various points within the
subsonic geoejector setup, see Figure 2.1. To analyze the performance of the subsonic
geoejector, the pressure and enthalpy in both inlets, differential pressure in the orifice plate
near THG-11, and total mass flow and enthalpy at the outlet were used among the available
data. The mass flow rate at the primary inlet was estimated using the differential pressure at
the orifice plate and was validated in the operator's log sheet’s set-in mass flow. The mass flow
rate at the secondary inlet, or the entrained flow, was calculated by subtracting the mass flow
rate at the primary inlet to the total mass flow rate at the outlet. Nevertheless, some of the test
results were not satisfactory (i.e. missing measurement data and mass flow readings could not
be validated) to make a comprehensive analysis of the subsonic geoejector’s performance.
Still, several field measurements from September 1 to 8, 2021, were available for study. Figure
2.2 shows an overview of the collected data. It should be noted in the figure that there was a
break period between September 2 and September 8.
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Figure 2.2 Overview of the field test data conducted from September 01 to 08, 2021.

According to the Operator’s log sheet, the field test from September 1 to 2 and
September 8 follow different procedures.
The following procedures were followed for September 1 to 2:
1. Set mass flow from the primary well.
2. The inlet for the secondary well was then fully opened.
3. the separator valve tightened to set the back pressure in the system.

The following procedures were followed for September 8:
1. Set mass flow from the primary well.
2. The inlet for the secondary well was then fully opened.
3. The valve in the secondary inlet was occasionally tightened.

2.4 Performance indicators

For this study, three performance indicators were used to assess the success of using the
subsonic geoejector to extract geothermal fluids from low-pressure and enthalpy well. The
following performance indicators are used:

1. Entrainment ratio (ER): the ratio of the mass flow rate between secondary and primary
flow (see Equation 2.1).

2. Induced pressure: the difference between the outlet’s pressure and secondary flow
inlet’s pressure (see Equation 2.2).

3. Change in useful energy (4H,): the difference between the energy from the outlet’s
separated steam and the energy from the primary flow's steam input (see Equation 2.3).
For this performance indicator, it was assumed that the mixed fluid exiting the
geoejector was separated in its gas and liquid phase at constant pressure at the outlet.
The energy from the secondary flow’s steam input was not considered because the
THG-15 could not connect directly to the system due to its vulnerability to pressure
fluctuations.

m
ER = .secondary
Myrimary (2' 1)
Induced pressure = -
p Poutlet psecondary (2.2)

AHu = mg(outlet)hg(outlet) - mprimaryhprimary (2 3)



Chapter 3

Analytical model for geoejector

The flow regime inside the geoejector, like a normal ejector, is complex as it involves
subsonic, transonic and supersonic fluid flows, interaction between the primary and secondary
flows with large velocity gradient, shock waves, and two-phase fluid flow (Sarevski, V. V. &
Sarevski, M., 2019). Simplifications and assumptions within the flow regime inside the
geoejector are necessary to establish a basis in developing the analytical model for the
geoejector.

The two types of geoejectors examined in this study are the subsonic and supersonic
geoejector. The rudimentary geoejector employed during the field test at Theistareykir
Geothermal Field is the subsonic geoejector. The supersonic geoejector, on the other hand, is
the improved design considered to address the problems found using the subsonic geoejector.
The main difference between these two geoejectors is the nozzle; the subsonic geoejector has
a converging nozzle, while the supersonic geoejector has a converging-diverging nozzle.
Additionally, the supersonic geoejector has a narrower and longer mixing section’s throat, also
known as a constant area mixing section, than the subsonic geoejector.

This chapter will provide the simplifications and assumptions that were used in the
development of the analytical model for the geoejectors. This chapter will also go through the
energy and exergy analysis, which will be used to illustrate the energy and exergy flow inside
the system.

3.1 Subsonic geoejector

Theistareykir Geothermal Field's rudimentary subsonic geoejector, as shown in Figure
3.1, varies from conventional subsonic ejectors used in other industries by having a short
throat. The absence of a longer throat is predicted to have a direct impact on the geoejector's
outlet pressure. Sufficient mixing is required for the momentum transfer between the primary
and secondary stream to be completed. This efficient mixing between the two streams can
directly affect the regained pressure (Pianthong et al., 2007).
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Figure 3.1 Subsonic geoejector used during field test at Theistareykir Geothermal
Field.

3.1.1 Flow regime inside the subsonic geoejector

The primary fluid is accelerated through the nozzle (from 1 to 2, each number is
represented by the location in Figure 3.1). This acceleration decreases the pressure of the
primary fluid allowing the secondary flow to be entrained. It is then assumed that the properties
of the entrained flow (5) and the flow coming from the secondary inlet (4) remains unchanged
until mixing occurs. The primary flow leaving the nozzle (2) is then assumed to spread without
mixing with the entrained flow (3). With the absence of the minimum throat length for an
efficient mixing, the flow regime in this rudimentary subsonic geoejector was simplified by
assuming that the two streams mixed homogeneously inside the mixing section before entering
the throat (6) at constant pressure. The mixed fluid will then pass through the throat (7), which
accelerates the mixed fluid. The flow is then decelerated in a diffuser (8) to reach a desired
back pressure.

3.1.2 Analytical model for the subsonic geoejector

To understand the data gathered during the field test and to determine the viability of
using the technology in full-scale operation, an analytical model for the subsonic geoejector
was developed following the flow regime described in Chapter 3.1.1. The model was used to
predict the output pressure and enthalpy for given primary and secondary inlet conditions.
Further, to develop the model, it requires assumptions and simplifications that are necessary
to understand the complex flow in the system. The simplifications and assumptions used in
this model were as follows:

1. The model uses a constant specific heat ratio, £, of 1.327 and is based on analytic
equations for an ideal gas, even though the fluid is not an ideal gas, to maintain
momentum balance. It is important to note that & decreases slowly with increase in
temperature. The value used fits well for a temperature range within the geoejector.
Therefore, constant specific heat is assumed for the analysis (White, F., 2011).

2. The model treats the two-phase flow from well THG-15 as a homogeneous mixture
behaving as an ideal gas (i.e. it uses weighted density and enthalpy, and common
pressure and temperature). This is a significant simplification given the low quality of
the steam, which raises the importance of phase separation and uncertainty regarding



the flow regime. However, at this stage, it is a necessary simplification to get an initial
geoejector design.

3. Isentropic relations were used to simplify the analytical model derivation. However,
to account for non-ideal processes (i.e. effects of frictional and mixing losses), a
coefficient of frictional and mixing losses, ¢;, and isentropic efficiency, n,,, were used.

a. The ¢; accounted in this model was 0.84. This value was taken from Huang et
al. (Huang et al., 1999) wherein it was based on the area ratio between the
constant area mixing section and nozzle’s throat. In the case of the subsonic
geoejector, it had a converging nozzle and no constant area mixing section:
therefore, the area ratio was based on the ratio between the throat (7) and the
nozzle exit (2). Based on how this coefficient was applied in the analytical
model, it was observed that it is similar to efficiency, and so 0.84 reflects the
losses within the system is 16%.

b. The 7, within the geoejector was assumed to be 90%.

4. The primary and secondary flows mix in the mixing chamber before reaching the throat
(7). The mixing is assumed to occur at a uniform pressure which is equal to the pressure
of the entrained flow (5).

5. The kinetic energies at the primary inlet (1), secondary inlet (4), and diffuser outlet (8)
are negligible.

6. The inner walls of the subsonic geoejector are adiabatic, with no heat loss.

7. Effects of the liquid-vapor phase change (i.e. condensation and boiling) are not
accounted for in the model.

Following the processes, simplifications and assumptions used the analytical model
developed to assess the performance of the subsonic geoejector used at Theistareykir
Geothermal Field is shown on Figure 3.2. The thermophysical properties of the fluid were
obtained using CoolProp (Bell, I. H., Wronski, J., Quoilin, S., & Lemort, V., 2014) wherein
the equation of state of ordinary water/steam was largely based on IAPWS 95 formulation
(Wagner, W. & Pruss, A., 2002).
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Figure 3.2 Flowchart of the analytical model of the subsonic geoejector.

The geometrical measurements inside the subsonic geoejector or the geometric
parameters are fixed and known in this flowchart, as shown in Figure 3.2. Inlet mass flow,
pressure, and enthalpy are required from the primary and secondary flow as an input in the
model. Following the computations in the flowchart while satisfying the iteration requirements
yields the output (pressure and enthalpy at the outlet). Appendix A contains details on the
governing equations of the analytical model's processes.

3.2 Supersonic geoejector

The supersonic geoejector was designed to enable improved geoejector performance
under the THG-11's normal operating conditions. As shown in Figure 3.3, the supersonic
geoejector has a converging-diverging nozzle and a constant area mixing section, as compared
to the subsonic geoejector. The various components found in other industries' ejectors are the
same as those found in the supersonic geoejector. Meanwhile, the supersonic geoejector's
geometric parameters were modified based on the calculations described in this chapter.
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Figure 3.3 Supersonic geoejector designed for Theistareykir Geothermal Field.

3.2.1 Flow regime inside the supersonic geoejector

The primary fluid is accelerated to supersonic speed through the converging-diverging
nozzle (from 1 to 3, each number is represented by the location in Figure 3.3), thereby creating
underpressure in the mixing section that induces flow from the secondary inlet (5). Ideally, the
induced or entrained flow accelerates and reaches sonic speed at the hypothetical throat (6),
effectively choking the secondary flow. The primary flow leaving the nozzle is assumed to
spread without mixing with the entrained flow (4). The two streams start to mix at the
hypothetical throat (7) at constant pressure. The flow remains supersonic within the section
until it is compressed and decelerated through a shockwave (8). In reality, a train of
shockwaves is formed, but analytical models typically simplify the process and consider one
normal shockwave. The flow is then further decelerated in a diffuser (9) to reach a desired
back pressure.

3.2.2 Analytical model for the supersonic geoejector

The geometric parameters for the supersonic geoejector were determined using the
analytical model. Furthermore, the analytical model was utilized to predict its performance
under the specified boundary conditions. The model, like the analytical model for the subsonic
geoejector, requires simplifications and assumptions that are necessary to understand the
complex flow in the system. The assumptions used in the analytical model are based on the
information gathered from the subsonic geoejector field tests and other available literature,
primarily Chen et al. (Chen et al., 2017) and Huang et al. (Huang et al., 1999):

1. The flow from both the primary and secondary source is assumed to follow the ideal

gas law.

2. The following values, as shown in Chapter 3.1.2, gave an acceptable result in the
prediction of outlet pressure and enthalpy of the subsonic geoejector (see Figure 5.4)
and will be adapted for the supersonic geoejector:

a. constant ratio of specific heat (C,/C,), k = 1.327.
b. coefficient of frictional and mixing losses, ¢; = 0.84.
c. isentropic efficiencies of the nozzle and entrained flow, n,, = 0.90.

3. The primary flow leaving the nozzle and the entrained secondary flow will not start to
mix until they reach the hypothetical throat (location 7 in Figure 3.3).

4. At the hypothetical throat, the two streams start to mix with uniform pressure equal to
the pressure of the secondary flow at the hypothetical throat.

5. The entrained flow is choked at the hypothetical throat.

6. The inner walls of the supersonic geoejector are adiabatic.

The following boundary conditions and constraints were added to the model to ensure that
the analytical model would meet the requirement in the steamfield for power generation:
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1. The exit pressure of the supersonic geoejector should not fall under 9.5 bar-g, or the
pressure threshold at the separator, to avoid problems from surges in the steam
gathering pipeline.

2. The maximum pressures at the primary and secondary inlet considered in the model
are 25 bar-g and 9 bar-g, respectively.

3. The model treats the two-phase flow from well THG-15 as a homogeneous mixture
behaving like an ideal gas (i.e. it uses weighted density and enthalpy, and common
pressure and temperature). This is a significant simplification given the low quality of
the fluid, which raises the importance of phase separation and uncertainty regarding
the flow regime. However, at this stage, it is a necessary simplification to get an initial
geoejector design.

4. While there is no recent available data to determine the maximum mass flow from
THG-15, the mass flow is considered similar to the values in Table 2.1.

5. To ensure that the fluid from the secondary source will be effectively entrained, the
pressure of the primary flow at the nozzle exit should be less than or equal to the
pressure of the secondary flow at the hypothetical throat.

6. To avoid a shockwave due to sudden change in flow direction, the area of the nozzle
exit should be less than the area of the constant area mixing section.

7. The mixture in the constant area mixing section is homogeneous.

8. Effects of the liquid-vapor phase change (i.e. condensation and boiling) are not
accounted for in the model.

Following the processes and the assumptions, the analytical model developed to determine
the geometric parameters of the supersonic geoejector was largely based on the models
developed by Huang et al. (Huang et al., 1999) and Chen et al. (Chen et al., 2017), as shown
on Figure 3.4. The thermophysical properties of the fluid were obtained using CoolProp (Bell,
I. H., Wronski, J., Quoilin, S., & Lemort, V., 2014).
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Figure 3.4 Flowchart of the analytical model of the supersonic geoejector.

In this flowchart, as shown in Figure 3.4, the diameters of the primary and secondary
inlets, as well as the diffuser outlet, are known; however, the diameter of the nozzle exit must
be assumed in order for the model to function. After all other geometric parameters were
collected, the diameter of the nozzle exit would be modified to satisfy the constraints. The
model requires mass flow, pressure, and enthalpy from the primary and secondary flow inlets
as inputs. Following the computations in the flowchart while satisfying the iteration
requirements yields the output (pressure and enthalpy at the outlet, as well as geometric
parameters). Appendix B contains details on the governing equations of the analytical model's
processes. It should be noted that in designing the supersonic geoejector, the inputs in the
model should account for the inverse relationship between the mass flow rate and well head
pressure of a geothermal well. This is because the calculated nozzle throat area (4>) and the
hypothetical throat (47) are the choking points that limit the mass flow rates regardless of the
change in the well output.

The flowchart in Figure 3.4 must then be revised algebraically to predict the
performance of the supersonic geoejector, with the inputs change to the determined geometric
parameters as well as the pressure and enthalpy of the primary and secondary inlets. This
modified flowchart will then calculate the outlet's pressure and enthalpy, as well as the
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entrainment ratio. This was done because there is no available information to accurately
quantify how much flow was entrained from THG-15.

3.2.3 Primary nozzle position and constant area mixing section length

The following geometric parameters of the supersonic geoejector are not directly
incorporated within the analytical model, however studies have shown that these parameters
have a direct effect to the entrainment ratio and exit pressure:

1. Primary nozzle position (NXP): Distance between the nozzle exit and the entrance of
the mixing section or the converging section going to the hypothetical throat (See
Figure 3.3). This geometrical parameter is important as it directly impacts the
entrainment ratio. NXP will be calculated using the formula presented by Ding et al.
(Ding et al., 2016), as shown in Equation 3.1. Where a is an empirical constant that is
typically between 0.07 and 0.09. Here, a value of 0.07 is used in the proposed design.

D
NXP = (/0.083 + 0.76 ER — 0.29) z—j
3.1)

2. Length of the constant area mixing section (Lcams): Studies in the literature have made
various conclusions regarding the impact of the length of the constant area mixing
section on the entrainment ratio. However, studies showed that as it increases, the
mixing effect between the primary and induced flows improves. This efficient mixing
decreases the speed differential between the two flows. As a result, the mixed stream
becomes more uniform, and the ejector may work at a higher back pressure and gain a
higher-pressure ratio. The achievable back pressure, however, declines when the ratio
of the Lcams to its diameter, D7, exceeds 5 (Chen et al., 2013). With this, a ratio of 5 is
used in the current work (see Equation 3.2).

Leams

D, >

(3.2)

These geometrical parameters are based on empirical observations and parameters
obtained from the analytical model presented in the previous subsection. Optimizing these
geometrical parameters requires experimental validation, which is not covered in this study.

3.3 Energy and exergy analysis

An energy and exergy analysis, in addition to the performance indicators discussed in
Chapter 2.4, used to depict the heat and exergy flow inside the geoejector system. Energy
analysis is primarily based on the First Law of Thermodynamics, which accounts for the
energies entering and exiting the system. Exergy analysis, on the other hand, is based on the
Second Law of Thermodynamics, which provides information about the sources and locations
of thermodynamic losses (Dincer, 1., & Rosen, M. A., 2020).

The system considered for this part of the study is bounded by the primary and secondary
inlets up to the geoejector's outlet. Furthermore, to provide a better understanding of the
geoejectors' performance, the mixed fluid exiting the geoejector was considered to be separated
in its gas and liquid phase at constant pressure at the outlet. This is a significant factor to
consider when measuring the performance of geoejectors because the power plant at
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Theistareykir Geothermal Field is a single flash power plant and only utilize the separated
steam for electricity generation, whereas the separated liquid is currently not utilized.

For the energy analysis, the energy efficiency, Nenergy, Of the geoejector is based on the
ratio of the enthalpy flow of the separated steam at the outlet, Hg(outlet)a and sum of the
enthalpy flow entering from the primary, Hprimary, and secondary inlet, Hsecondary, (see
Equation 3.3). Additionally, to determine the effectiveness of the geoejector in extracting the
energy from the secondary flow, the energy conversion efficiency, 1,, will be calculated
based on ratio of the change in useful energy, AH,, and enthalpy flow entering from the
secondary inlet (see Equation 3.4).

) _ Hyouttet)
energy Hprimary + Hsecondary (3.3)
AH,
Mag = 7
Hsecondary (3 4)

For the exergy analysis, the total exergy (E) of a system (see Equation 3.5), in the absence
of nuclear, magnetic, electrical, and surface tension effects, is divided into four components:
physical exergy (E™), kinetic exergy (EXY), potential exergy (E’7), and chemical exergy (E<H)
(Bejan et al., 1996).

E = EPH + ECH + EKN 4 EPT
(3.5)
Only kinetic and physical exergy were considered for geoejector systems, and the rest are
negligible. To simplify the calculation of exergy in each component of the geoejector, the total

specific exergy (e) on a mass basis for the geoejector shall be calculated using Equation 3.6-
3.8.

e = ePH 4 kN

(3.6)
Where:
ePH = (h, — hy) — To(sx — s
(hx — ho) — To(sk — So) 3.7)
2
oKN — Vi
2 (3.8)

In this part of the study, the subscripts k& and 0 represent the component and environmental
or dead state, respectively. The environmental state taken into account was based on the
available average temperature at one of the nearby meteorological stations, Husavik, during
the month of September when the field tests were conducted. The average environmental state
employed in this analysis is 6.3 °C (Climate-Data.org, 2023) and the ambient pressure is
assumed to be 1 bar.

To determine the exergetic efficiency or effectiveness of the geoejector system, €, an
exergy rate balance should be performed to calculate the exergy rate of destruction and loss in
the stream (see Equations 3.9-3.11).
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E E; +E
ek—.L'k 1 — Cak Lk

E K Ef
d d (3.9)
Ecr =E, . +E; +E
fk Dk dk Lk (3.10)
Where:
E, = mye
o T (.11)

The exergy rate of component associated with the fuel, £ 7 k» Tefers to the exergy coming
from the primary and secondary inlet, while the exergy rate of component associated with the
product, E"p'k, refers to the exergy stream of the separated steam in the outlet. The exergy rate
of loss of component, E 1k refers to the exergy stream of the separated liquid in the outlet. The
exergy rate of destruction of components, E'd,k, refers to the exergy destroyed in the stream.



16

Chapter 4

Numerical modelling for subsonic and
supersonic geoejector

For this study, a commercial CFD software (ANSYS CFX) was used for the numerical
modelling to discretize the governing differential equations (continuity, momentum, and total
energy) within the geoejector. ANSYS CFX has an advanced coupled solver with powerful
preprocessing and post processing features that is capable of modelling steady-state, turbulent
flows, subsonic and supersonic flows, and multiphase flows (ANSYS Inc., 2023a). These
ANSYS CFX features are necessary for the numerical modelling of the geoejectors.

In this study, it is important to note that a large relative inaccuracy of the numerical model
in comparison to experimental data is possible. To reduce this inaccuracy, model complexity
must be increased, which necessitates more information about the flow conditions (i.e. local
pressures, velocity profiles, turbulence intensity, and vapor quality) (Ringstad et al., 2020).
Furthermore, because the flows within the geoejector are complex, the model must be
simplified to decrease the high computational cost. Despite this, numerical modeling is crucial
because it can provide information on the underlying transport phenomena for heat,
momentum, and mass transfer.

This chapter will discuss the parameters used for the numerical modelling of the subsonic
and supersonic geoejector.

4.1 Geometry and mesh

As the findings of this study are intended to be used at Theistareykir Geothermal Field for
additional research and field testing, the geometrical parameters of the subsonic and supersonic
geoejectors will not be given at this point. Nevertheless, Figure 4.1 shows the geometry and
mesh of the geoejectors used in this study. The figure shows that the geometry's outlet is far
from the diffuser's end. This is an important consideration to ensure that the thermophysical
parameters of the mixed fluid at the exit are uniform across the cross-sectional area of the
outlet.

(1) (C)) (1)

®)
(a) (b)

Figure 4.1 Geometry and mesh of (a) subsonic geoejector (b) supersonic geoejector.
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Each number is represented by the location in Figure 3.1 and 3.3 for the
subsonic and supersonic geoejector, respectively. Note that the figures were
not scaled.

To improve results accuracy and minimize convergence issues, both geoejector meshes
in Figure 4.1 (a and b) were built using the mesh matrix criteria as shown in Table 4.1. A grid
convergence study was performed in order to measure the variance of the computed solution
and reduce the computational time when using different grid sizes (see Appendix C). Both
subsonic and supersonic geoejectors were analyzed in three levels of grids (coarse, fine, and
very fine) and the variations of calculated results in several measure points (a. Subsonic
geoejector: static pressure at the primary and secondary inlet, and enthalpy at the outlet; b.
Supersonic geoejector: mass flow rate at the primary and secondary inlet and enthalpy at the
outlet).

Table 4.1 Mesh matrix for subsonic and supersonic geoejector.

Description Measures of mesh quality Subsonic Supersonic
geoejector geoejector
No of Nodes 51449 96 023
No of Elements 135 686 245199
Aspect ratio The acceptable range is less Min: 1.1727 Min: 1.1616
than 1000 if running double Max: 79.5140 Max: 37.112
precision. ! Average: 8.3798  Average: 4.1756
Skewness 0 (ideal) to 1 (worst).? Min: 0.0003 Min: 0.0001
Should be less than 0.95 to Max: 0.9181 Max: 0.9309
avoid convergence difficulties.? Average: 0.2022  Average: 0.2242
Orthogonal 0 (worst) to 1 (ideal).? Min: 0.08194 Min: 0.06907
quality Orthogonal factor should be Max: 0.9901 Max: 0.9913

1
greater than 5.‘

Average: 0.7957

Average: 0.7746

(ANSYS Inc., 2023b), (ANSYS Inc., 2023d)

4.2 CFD settings

4.2.1 Numerical scheme

The flow domain of the model is a three-dimensional steady state with advection scheme
and turbulence numerics set in high resolution. In high resolution setting, it enforces a
boundedness criterion by varying the blend factor values across the domain according to the
local solution field. Blend factor will be close to 1.0 for accuracy in the flow region with low
variable gradients and close to 0.0 in regions with abrupt changes in the variable gradients to
prevent overshoot and undershoot and to maintain robustness. The blend factor of the
advection scheme 0.0 is similar to first order scheme and blend factor 1.0 is similar to second
order scheme (ANSYS Inc., 2023b).

4.2.2 Turbulence model

There are several turbulence models used to predict the ejector flow, however the results
have not been conclusive as to which model gives the most accurate prediction (Djajadiwinata
et al., 2021). From the study conducted by Zhu et al. (Zhu, Y., & Jiang, P. 2013), four
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turbulence models (Standard k-epsilon, Realizable k-epsilon, Renormalization-group (RNG)
k-epsilon, and Shear stress transport k-omega model) in three-dimensional ejector were
compared in the experimental data. The results found that the RNG k-epsilon model provides
the most accurate predictions of both shockwave structures and mass flow rates.

The RNG k-epsilon model was used in this study to simulate the flow regime of the
geoejector. This turbulence model is based on renormalization group analysis of the Navier-
Strokes equations, where the standard k-epsilon model’s transport equations for turbulence
generation and dissipation are same, but the model constants are different. For more
information about the turbulence model, see ANSYS Inc., 2023c.

4.2.3 Materials

The geothermal fluid has a wide variation in chemical composition between and within
geothermal fields, and, in some cases, over time within the same geothermal wells (Clark et
al., 2011). To simplify the model, the fluid coming from the primary and secondary inlets is
assumed to have the properties of pure water. Furthermore, in the field setup, the fluid flowing
from the primary inlet is considered dry steam and presumed to be at saturation vapor point,
but the fluid entering from the secondary inlet is wet steam with a steam quality of 8-10%
(varies depending on the inlet pressure).

In this study, the material or fluid in the system is set to homogeneous binary mixture of
saturated liquid and vapor of wet steam. The material uses the IAPWS 97 database (Wagner,
W., & Kruse, K., 1998) to determine the equation of state for water and steam properties.

4.2.4 Boundary conditions

The configuration of boundary conditions determines the robustness of the solution. For
the subsonic geoejector, the configuration of the boundary conditions was set to “most robust”
or most stable configuration. The boundary conditions of the model were mass flow rate, total
temperature, and steam quality at the primary and secondary inlet, as well as static pressure at
the outlet. This configuration for the subsonic geoejector was used to calculate the static
pressure from the primary and secondary inlet, as well as the enthalpy at the outlet.

For the supersonic geoejector, the configuration of the boundary condition was set to
“sensitive to initial guess”. The inputs of the model were total pressure, total temperature, and
steam quality at the primary and secondary inlet, as well as static pressure at the outlet. This
configuration for the supersonic geoejector will calculate the mass flow rate from the primary
and secondary inlet, as well as the enthalpy at the outlet.

In comparison to the subsonic geoejector, the supersonic geoejector configuration is less
robust. Nonetheless, this configuration was chosen because there is no measured data available
to quantify the amount of entrained fluid from the secondary flow for the supersonic ejector.

4.2.5 Convergence criteria

The simulation ran iterations at each timestep to converge its residuals to below a target
of 1x10°. However, simulation shows a transient convergence behavior wherein the target
residual levels could not be obtained due to an inherent unsteadiness of the solution. To reduce
the computation time of the simulation, the following constraints were used to determine
whether the subsonic or supersonic geoejector solution converged:

1. The simulation should have at least 100 iterations.
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2. Changes in the measure points should be minimal from the previous 100 iterations.
The measure points added in the model are as follows:
a. Subsonic geoejector: static pressure at the primary and secondary inlet, as
well as enthalpy at the outlet.
b. Supersonic geoejector: mass flow rate at the primary and secondary inlet, as
well as enthalpy at the outlet.
3. The energy, mass, and momentum imbalance should be less than 0.5%.



20

Chapter 5

Results and discussion

5.1 Subsonic geoejector

Using the available field measurements, the overall performance of the subsonic
geoejector during the field test was determined (See Figure 5.1). It is important to note in this
data that the field test does not run continuously, and there is a gap between September 02 and

September 08, 2021.
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Figure 5.1 Overview of the performance of the subsonic geoejector.

The pressure readings in Figure 5.1(a) reveal that the subsonic geoejector successfully
increased the pressure of the entrained flow from the secondary inlet by up to 0.55 bar. These
higher induced pressure levels were obtained on September 8™ when the secondary flow was
curbed. As illustrated in Figure 5.1(b), the lower the entrained fluid from the secondary flow,
the higher the induced pressure. It is believed that when the entrained mass flow decreases,
more available energy from the primary flow is transferred to the entrained flow.

The change in useful energy, AH,,, in Figure 5.1(a) shows that the majority of the positive
results were obtained during the field test from September 1 to 2, whereas the majority of the
negative results were obtained during the field test from September 8. This could have occurred
because the procedures used during these field test periods were different. The negative AH,, is
believed to be caused by the restriction in the flow from the secondary inlet, resulting to a
lower entrained flow. This was also seen in Figure 5.1(c), where a smaller entrainment ratio
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led to a lower or negative AH,,. It is believed that the difference in speed between the primary
and secondary streams at the mixing chamber have risen as entrained flow dropped, resulting
in a higher shear stress and mixing losses. This could not be verified using field test
measurements due to a lack of information beyond the secondary inlet. Futher analysis on this
is discussed in the results of the numerical model.

To further understand the field test measurements, the analytical model was used to
analyze and illustrate the flow regime inside the subsonic geoejector with pressure-enthalpy
(Ph) diagram and pressure and velocity profile of Case No. 090221 1140 (Case number
indicates to the date and time of the field test. Analytical model inputs: m,;=8.45, m,~=12.49
kg/s, p1 =15.40 bar-g, p,=11.24 bar-g, h;=2787 kJ/kg, and h,=950 kl/kg), as shown in Figure
5.2 and Figure 5.3, respectively.
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Figure 5.2 Calculated ph diagram of the subsonic geoejector from the analytical model
(each point is represented by the location in Figure 3.1).
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Figure 5.3 Calculated pressure and velocity profile of the subsonic geoejector from the
analytical model.

Figures 5.2 and 5.3 show that the nozzle accelerates the primary fluid from 17.39 to
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266.99 m/s (point 1 to point 2, each number is represented by the location in Figure 3.1). This
acceleration reduced the primary flow’s pressure from 15.40 to 12.40 bar-g. However, the
pressure of the primary flow leaving the nozzle remains higher than the pressure of the
secondary flow, 11.24 bar-g (5) which could not have led to entrainment of the secondary flow.
It is believed that the underpressure was created further downsteam (3) as the field test
measurements show that the subsonic geoejector did entrain flow from the secondary flow
based on these conditions. As the fluid mixed in the mixing section (6), the mixture was
assumed to be homogeneous with pressure, velocity, and enthalpy of 11.24 bar-g, 111.23 m/s,
and 1685.25 kJ/kg, respectively. The mixed fluid was then accelerated as it passed through the
throat and resulted in a reduction of pressure to 9.88 bar-g (7). Finally, as the fluid decelerated
in the diffuser, pressure recovered, yielding pressure and enthalpy of 11.65 bar-g and 1689.3
kJ/kg, respectively (8). The output pressure and enthalpy of the analytical model shows a good
agreement with the field test measurement in the outlet that gives relative error of 1.64% and
1.01%, respectively.

The results were compared to field test measurements to validate the analytical model,
as shown in Figure 5.4. The chart shows a good agreement between the results and field
measurements with a maximum relative error of 13.01% for static pressure and 10.37% for
enthalpy at the outlet. The majority of the high relative errors were detected during the
September 8 field test. This is believed to be related to the observations found in the field test

measurements were negative 4H,, is obtained.
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Figure 5.4 Validation of analytical model (AM) with field test (FT) measurements for
subsonic geoejector.

With the information obtained from the analytical model, the Sankey and Grassman
diagram (see Figure 5.5) were used to visualize the energy and exergy flow within the system.
In the diagrams, the height of the box represents the amount of (a) energy and (b) exergy within
the system. In the Sankey diagram in Figure 5.5(a) shows that the subsonic geoejector has an
energy efficiency, Nenergy, 0f 73.35%. Additionally, it was found that the energy conversion
efficiency, nap, , or the percentage of energy absorbed from the secondary flow to the
separated steam outlet of the subsonic geoejector is 20.42%. On the other hand, in Figure
5.5(b), the exergetic efficiency, €, was determined to be 72.21%. Further, the Grassman
diagram shows that most of the exergy destruction occurred when the primary and secondary
streams mixed, for this case the exergy destruction during mixing was 1.69% of the total
exergy.
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Figure 5.5 (a) Sankey and (b) Grassman diagram of the subsonic geoejector from the
results of the analytical model for Case no. 090221_1140.

The analytical model provides information about the flow regime inside the subsonic
geoejector; nevertheless, a numerical model is required to identify the underlying transport
phenomena for heat, momentum, and mass transfer. Figure 5.6 shows the pressure, velocity,
and enthalpy profile of the Case no. 090221 1140 obtained from the numerical model
(Numerical model inputs: m=8.45, m,=12.49 kg/s, T;_,=202.6 °C, T,_,=188.86 °C, x;=1,
x4=0.075, and pg=11.46 bar-g).
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Figure 5.6 Calculated (a) pressure, (b) velocity, and (c) enthalpy profile of case no.
090221 1140 from the numerical model.

In Figure 5.6, the primary flow at a pressure of 12.51 bar-g was accelerated in the nozzle
to 176.31 m/s, resulting in a pressure reduction to 11.61 bar-g. The figure shows that the
pressure of the primary flow leaving the nozzle continues to decrease and is accelerated further
in the mixing section. This acceleration of the primary fluid produced an underpressure of
11.32 bar-g, which allowed entrainment to the secondary flow. Unlike the assumption in the
analytical model, the stream did not immediately mix at the mixing section, as seen in Figures
5.6 (b) and (c). Furthermore, because the minimum length was not present at the mixing
section's throat, both streams did not properly mixed until they were further downstream of the
outlet of the geoejector. The exit pressure and enthalpy of the fully mixed streams were 11.46
bar-g and 1694.37 kJ/kg, respectively. In comparison to the field test measurements, the
primary pressure inlet had the biggest relative error of 23.06%. While the secondary inlet
pressure and outlet enthalpy exhibit good agreement with relative errors of 1.72% and 3.38%,
respectively.

The resulting pressure, velocity, and enthalpy profiles of the analytical and numerical
model for Case no. 090221 1140 were plotted together to determine the difference between
the analytical and numerical model outputs (see Figure 5.7). The figure shows that there were
two key disparities between the profiles. First, the pressure projected by the numerical model
is lower than the pressure measured in the field, which was also used as input for the analytic
model. However, both the analytical and numerical models demonstrate that the primary flow
generated an underpressure downstream of the nozzle, allowing entrainment from the
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secondary flow. Second, the numerical model result showed that the streams mixed further
downstream of the diffuser, contrary to the analytical model's assumption that the streams

mixed instantaneously at the mixing section.

Velocity, m/s

Legend:

1 primary flow inlet

2 nozzle exit

3 primary flow at mixing section

4 secondary flow inlet

S suction line or secondary at mixing section
6 mixed flow at mixing section

7 throat

8 diffuser exit or geoejector outlet 56
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Secondary (AM) Secondary (NM) == == 184 284 185
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Figure 5.7 Predicted flow regime for the subsonic geoejector from the analytical (AM)
and numerical (NM) model. (a) schematic diagram of subsonic geoejector with
reference points; (b) pressure profile; (¢) velocity profile, and (d) enthalpy

profile.

The results of the analytical and numerical models were compared to determine their
accuracy in predicting the field test measurement, as shown in Figure 5.8. Unfortunately,
because the models have different output (pressure and enthalpy at the outlet for the analytical
model, and pressure at the primary and secondary inlet, as well as enthalpy at the outlet for the
numerical model), they could not be directly compared. The figure demonstrates that the
analytical model agrees better with the field test measurements (with a maximum relative error
of 13.01% at the outlet pressure) than the numerical model (with a maximum relative error of

23.80% at the primary inlet pressure).
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To further understand the factors that affect the performance of the subsonic geoejector,
an analysis on the shear stress generated due to the difference in speed between the primary
and secondary streams at the mixing section was performed. It seems that during the September
8 field test, the shear stress induced by the increased mass flow from THG-11 is higher than
that of the September 2 field test (see Figure 5.9). This increased shear stress is thought to have
increased mixing losses in the stream during the September 8 field test. This phenomenon was
also observed in the analytical model of the subsonic geoejector. The agreement of the field
test measurements and the analytical model for the September 8 data improved when the
model's losses were increased (¢; from 0.84 or 16% loss to 0.5 or 50% loss), but there was an
increase in relative error for the September 1-2 data (see Figure 5.10).
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Figure 5.9 Shear layer between the primary (coming from the red arrow) and
secondary (coming from the blue arrow) stream at the mixing section.
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Figure 5.10 Comparison of results between the field test (FT) and analytical model in
varying coefficient of loss.

Regardless of how well the subsonic geoejector performed in the field test, the
information gained from the analytical and numerical models indicates that the subsonic
geoejector could not be used when the high-pressure geothermal well, THG-11, is run at its
normal operating pressure. This is because the acceleration of the primary fluid in the nozzle
is insufficient, resulting in a pressure leaving the nozzle that is too high (i.e. for a primary inlet
pressure of 25 bar-g, the nozzle exit pressure is estimated to be 17.57 bar-g) to allow
entrainment from the secondary flow and could generate a backflow in the secondary inlet due
to a high-pressure difference at the mixing section. Lastly, a narrower and longer throat at the
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mixing section is needed to improve the mixing effect of the primary and secondary streams
and to reduce mixing losses caused by considerable differences in speed between the streams.

5.2 Supersonic geoejector

The supersonic geoejector was designed to solve the anticipated issues in using the
subsonic geoejector under the THG-11's normal operating conditions. Because this study is
regarded as a first step toward building a practical and cost-effective geoejector, the acquired
geometric parameters from the analytical model were changed to standard pipe sizes that are
commercially available in order to reduce the cost of the planned field test. However, because
the geoejector study is still ongoing and a field test is being prepared, the geometric parameters
acquired are not included in this study. Still, the results for the supersonic geoejector's
operating parameters, flow regime, and performance will be provided and discussed in this
chapter.

To estimate the operational range of the supersonic geoejector, as shown in Figure 5.11,
the geometrical parameters obtained were used in the analytical model while varying inlet
pressure for the primary and secondary inlets.

o
8.8

8.6

~
o ©
T T

N
o
T
>
Geoejector outlet pressure (BARG)

Secondary pressure at inlet (BARG)

N
~
T

~
N
T

wy

N
N

225 23 235 24 245 25
Primary pressure at inlet (BARG)

Figure 5.11 Geoejector exit pressure for varying input pressures.

Figure 5.11 shows that the induced pressure ranges from 0.5 to 2.4 bar. As the pressure
from the primary flow varies, there is a corresponding minimum pressure that the secondary
flow should meet to ensure that the output of the geoejector is not susceptible to surges in the
steam gathering system. This sets the operational range of the geoejector. When the pressure
from the primary flow is lower than 23.1 bar-g, there is a need to increase the pressure from
the secondary flow. This is needed because as the pressure at the primary flow inlet decreases,
so does the primary mass flow rate, reducing the available energy from the primary flow to
increase the pressure of the entrained flow. Furthermore, if the primary inlet pressure falls
below 22.2 bar-g, the energy from the primary flow will not be enough to induce flow from
the secondary inlet while reaching the desired minimum outlet pressure and therefore the
geoejector cannot be run at such condition. Changes in the geometric parameters of the
geoejector are required to handle lower than 22.2 bar-g inlet pressure of the primary flow.
However, this would limit the mass flow from THG-11 and decrease its power output. On the
other hand, when the pressure from the primary flow is greater than 23.1 bar-g, there is still a
need to increase the pressure from the secondary flow. This increase is necessary to be certain
that the pressure of the secondary flow in the hypothetical throat remains higher than the
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pressure of the primary flow leaving the nozzle. This scenario can be observed in Figure 5.12.
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Figure 5.12 Pressure of primary flow at nozzle exit and entrained flow at the
hypothetical throat.

Figure 5.12 shows that the area to the right of line a-a is where the primary flow pressure
at the nozzle exit (ps3) is greater than the pressure from the entrained flow at the hypothetical
throat (ps). If the geoejector operates at this condition the entrainment ratio is expected to
decrease due to unfavorable pressure difference. This area could be reduced by increasing the
diameter of the nozzle exit to decrease the primary flow pressure even further. However, as
mentioned in the constraints in Chapter 3.2, the area of the nozzle exit should not be greater
than the area of the constant area mixing section.

The relationship between the induced pressure of the secondary flow and entrainment
ratio is shown in the upper portion of Figure 5.13. When induced pressure is at its lowest, 0.5
bar, the entrainment ratio is at maximum, 50.4%. On the other hand, if the induced pressure is
at maximum, 2.4 bar, the entrainment ratio will be at lowest, 25.8%. This range of entrainment
ratio and induced pressure is ideal as the values obtained for the mass flow for both wells are
near their maximum, see the lower graph of Figure 5.13. Note that the areas plotted in this
figure are determined by the operational range shown in Figure 5.11.
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Figure 5.13 Induced pressure and mass flow vs entrainment ratio.

To further understand the flow regime inside the supersonic geoejector, the predicted
performance in the operating condition provided by the field operators (Analytical model
inputs: p;=25 bar-g, ps=9 bar-g, h;=2802 kl/kg, and 45=950 kJ/kg) is illustrated with pressure-

enthalpy (Ph) diagram and pressure and Mach No. profile as shown in Figure 5.14 and 5-15,
respectively.
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Figure 5.14 Calculated ph diagram of the supersonic geoejector from the analytical
model (each step is represented by the location in Figure 3.3).
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Figure 5.15 Calculated pressure and Mach No. profiles of the supersonic geoejector
from the analytical model.

The nozzle accelerated the primary fluid to supersonic speed at Mach No. 1.72 (3, each
point indicated by the location in Figure 3.3) and created an underpressure of 3.17 bar-g, as
shown in Figures 5.14 and 5.15. Because of this underpressure, the secondary flow was
entrained and choked at the hypothetical throat, resulting in acceleration to Mach No. 1 and
pressure decrease to 3.64 bar-g (6). The two streams were considered to be homogeneous as
they mixed in the hypothetical throat (7), with pressure, Mach No., and enthalpy of 3.64 bar-
g, 1.22, and 2164.13 kJ/kg, respectively. The mixed fluid is decelerated to Mach No. 0.69 by
a shockwave (8) as it travels through the constant area mixing section, which raises the pressure
to 7.41 bar-g. The flow is then decelerated further in the diffuser (9) to achieve pressure and
enthalpy values of 10.48 bar-g and 2297.10 kJ/kg, respectively. The analytical model yielded
mass flow rates of 27.11 and 10.16 kg/s for the primary and secondary flow, respectively.

With the information obtained from the analytical model, the Sankey and Grassman
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diagram (see Figure 5.16) were used to visualize the energy and exergy flow within the system.
In the diagrams, the height of the box represents the amount of (a) energy and (b) exergy within
the system. In the Sankey diagram in Figure 5.16(a), it shows that the supersonic geoejector
has an energy efficiency, Nenergy, Of 91.62%. Additionally, it was found that the energy
conversion efficiency, 1,y , or the percentage of energy absorb from the secondary flow to
the separated steam outlet of the subsonic geoejector was 25.67%. On the other hand, in Figure
5.16(b) the exergetic efficiency, €, is 86.62%. Further, the Grassman diagram shows that most
of the exergy destruction occurred when the primary and secondary streams mixed at the
constant area mixing section, for this case the exergy destruction during mixing was 7.21% of
the total exergy. The increased in exergy destruction in this part of the geoejector was the result
of the added coefficient of frictional and mixing losses in the model.
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Figure 5.16 (a) Sankey and (b) Grassman diagram of the supersonic geoejector from
the results of the analytical model.

Since the supersonic geoejector is planned to be connected to the power plant, the change
in power output under the operational range (see Figure 5.11) was compared to the generated
power from only using well THG-11 (without geoejector), as shown in Figure 5.17.
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Figure 5.17 Power output potential from using supersonic geoejector and from well
THG-11 only (without geoejector).

The result of the model, from Figure 5.17, suggests that the added power generation from
the supersonic geoejector could vary from 0.5 to 0.8 MWe or 25% to 40% of the wellhead
potential of THG-15. The figure further shows that the highest added power output from THG-
15 is only achievable when the output from THG-11 is limited, however, the total power output
declines as the input from THG-11 is reduced (entrainment ratio increases). Note that the
variation in the power output of the supersonic geoejector is dependent on the inlet pressures
of both primary and secondary flow.

The analytical model provides information about the flow regime inside the supersonic
geoejector; nevertheless, a numerical model is required to identify the underlying transport
phenomena for heat, momentum, and mass transfer. Figure 5.18 shows the pressure, Mach
No., and enthalpy profile produced from the numerical model at the operating conditions
provided by the field operators (Numerical model inputs: p;.¢=25.03 bar-g, ps.»—=9 bar-g, T,
0=226.16 °C, T1.0=176.9 °C, x;=1, x5 =0.093, and py=10.48 bar-g).
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Figure 5.18 (a) Pressure, (b) Mach Number, and (c) enthalpy profile of supersonic
geoejector.

From Figure 5.18, the nozzle accelerates the primary fluid to supersonic speed at Mach
1.55 and reduces its pressure to 5.63 bar-g. A shockwave occurs when the primary fluid exited
the nozzle, resulting in a decrease in flow speed (Mach No. 1.08) and an increase in pressure
(11.08 bar-g). As the primary flow chokes at the hypothetical throat, the primary fluid was
accelerated up to Mach No. 1.35, resulting in a 7.68 bar-g underpressure that induces flow
from the secondary inlet. The induced flow was also choked at the hypothetical throat, causing
the stream to accelerate to Mach No. 1. At the hypothetical throat, both the primary and
secondary streams mixed with pressures and Mach No. of 7.68 bar-g and 1.34, respectively.
The mixed flow is subsequently decelerated at the constant area mixing section by a
shockwave, which raises the pressure of the mixed flow to 9.85 bar-g. The flow is then
decelerated further in a diffuser to achieve pressure and enthalpy values of 10.48 bar-g and
2652.77 kl/kg, respectively. The analytical model yielded mass flows of 28.22 and 3.00 kg/s
for the primary and secondary inlets, respectively.

The supersonic geoejector results were limited to analytical and numerical models. The
output of the supersonic geoejector could not be validated in the absence of field test data or
experiments. Despite this, the performance of the supersonic geoejector was predicted and
compared in different pressures at the primary and secondary inlet, as shown in Figure 5.19,
using the operating parameters indicated in Figure 5.11. The figure shows that only the mass
flow from the primary inlet exhibits good agreement between the two models, with a relative
difference ranging from 3.57 to 4.09%. The mass flow for the secondary inlet, on the other
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hand, varies significantly from 66.99 to 76.61%. The variation in the secondary inlet was
carried over to the enthalpy at the outlet, which had a relative difference ranging from 11.63
to 17.27%.
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Figure 5.19 Comparison of analytical (AM) and numerical model (NM).

The pressure, Mach No., and enthalpy profile of the models were plotted together to
identify the difference between the analytical and numerical model results (see Figure 5.20).
According to the figure, one of the biggest discrepancies within the profiles is the shockwave
that occurs at the primary flow leaving the nozzle (location 3) in the numerical model. The
pressure of the primary fluid before the hypothetical throat (location 4&6) increased as a result.
Despite this, as the streams accelerated in the mixing chamber (location 3.5) before the
hypothetical throat, underpressure was formed allowing entrainment to the secondary flow.
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Figure 5.20 Predicted flow regime for the supersonic geoejector from the analytical.

Notwithstanding the differences in the analytical and numerical model results, the
generated profiles in Figure 5.20 show similarities in the flow regime determined both models.
In order to better understand the source of their difference, two factors were explored to
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determine their impact on the outcomes (see Figure 5.21). On the figure, the steam quality

values at the secondary inlet were varied to test the models' sensitivity (from the approximated

steam quality at the operating condition of 0.093 to 1). Second, to examine the sensitivity of

the analytical model, the losses inside the model were ignored (c; and n,, are equal to 1 instead

of 0.84 and 0.9, respectively).
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Figure 5.21 Analysis on the relative difference of results between the analytical and
numerical model.

Figure 5.21 shows that when the steam quality of the secondary inlet was increased to 1
in both the analytical (with losses, ¢~0.84 and 71,=0.9) and numerical models, the relative
difference in enthalpy at the outlet decreases from 15.51 to 0.31%. However, the relative
difference at the secondary mass flow inlet has increased from 70.53 to 75.37%. On the other
hand, when the losses in the analytical model were disregarded (c; and 7n,, are equal to 1), the
analytical and numerical models improved their agreement. When the steam quality at the
secondary flow is 0.093, the relative difference between the analytical (without losses) and
numerical model for the secondary mass flow inlet decreases from 70.53 to 3.18%. Better
agreement was also seen in terms of relative difference in primary mass flow input (from
4.09% to 1.90%) and enthalpy at outflow (from 15.51% to 0.80%). Yet, should the steam
quality of the secondary flow at the inlet increased, the relative difference in the entrained flow
increased up to 49.26%, while the primary inlet pressure and enthalpy at the exit remained in
good agreement.

The results demonstrate that the losses in the streams were one of the factors contributing
to the relative difference between the analytical and numerical models. Due to the absence of
losses, the primary stream occupies more area within the hypothetical throat, reducing
entrained flow (see Equation 11 at Appendix B). However, it is believed that there are still
underlying factors, such as geometric parameters, may have influenced the difference between
the analytical and numerical model results.
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Chapter 6

Conclusion and recommendations

This study is intended to be as a preliminary step toward the development of a geoejector,

which could be utilized to extract energy from a low-pressure and low-enthalpy well. This
study examined the field test conducted at the Theistareykir Geoethermal Field and developed
both an analytical and a numerical model to analyze its performance. The results of this
investigation were then used to develop a new design of the geoejector that meets the
requirements of the geothermal field. The main findings of the study can be summarized as:

1.

Field test results shows that the subsonic geoejector entrained flow from the secondary
stream and subsequently resulted in an increase in pressure at the outlet as it mixes to
the primary stream. However, changes in useful energy should be taken into account
to ensure that the use of geoejectors is beneficial for power generation.

The field test measurements of the subsonic geoejector demonstrate better agreement
with the analytical model results (with a maximum relative error of 13.01% at the
outlet pressure) than the numerical model (with a maximum relative error of 23.80%
at the primary inlet pressure).

The analytical and numerical models for the subsonic geoejector revealed that the
nozzle was insufficient to provide an underpressure to properly entrain the secondary
flow. Consequently, operating THG-11 at its normal operating conditions (i.e. for a
primary inlet pressure of 25 bar-g, the nozzle exit pressure is estimated to be 17.57
bar-g) may result in backflow to the secondary inlet due to a considerable pressure
difference inside the mixing chamber.

The shear stress caused by difference of speed between the primary and secondary
streams leads to an increase in losses in the system. To ensure that minimal losses
occur within the systems, the secondary flow should be choked at the mixing section
to induce sonic flow.

The supersonic geoejector was designed based on the realistic operating conditions in
the field. According to the model, a minimum pressure from the secondary inlet is
necessary to keep the back pressure and pressure inside the mixing chamber within
the defined constraints. Furthermore, the operational range in Figure 5.11 indicate that
the primary and secondary well pressures could go as low as 22.2 bar-g and 7.2 bar-
g, respectively.

Significant relative difference from 66.99 to 76.61% were found in the predicted
secondary mass flow between the analytical and numerical model for the supersonic
geoejector. This huge difference could be attributed to the losses added in the
analytical model as well as other underlying factors such as geometric parameters.
Subsonic and supersonic geoejector has an energy conversion efficiency, 1y, of
20.42% and 25.67%, respectively. Due to the difference of input in both models, the
N5 could not be directly compared.

. Based on the operational range in Figure 5.11, the analytical model suggests that using

a supersonic geoejector might result in an additional potential for power generation
of around 0.5 to 0.8 MWe, or 25% to 40% of the wellhead potential of well THG-15.
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10.

11.

12.

13.

14.

Field test of the supersonic geoejector is required to collect more information about
flow conditions (such as local pressures, velocity profiles, turbulence intensity, and
steam quality) in order to improve both the analytical and numerical models.

Further study on the shear stress would improve the accuracy of the analytical model
in predicting the performance of the geoejector.

The analytical model could not predict the impact of changing various geometric
parameters (i.e. NXP and constant area mixing section length). To better understand
their influence, controlled experiments are required.

The existence of a high-pressure well and low-pressure well within a geothermal field
is not unique in Theistareykir Geothermal Field. Similar cases could be found in the
Philippines and probably other countries with high-temperature geothermal fields.
Doing similar study in different geothermal field would be valuable in order to better
understand the factors that influence the geoejector's performance.

The geoejector could be an effective alternative to handle the silica scaling problem
at THG-11 because when liquid from THG-15 is mixed with the stream of THG-11,
power from THG-15 can be recovered for additional power generation.

Further research into modifying the geoejector into a multi-stage geoejector could
broaden the system's application into various geothermal fields that has no high-
pressure wells similar to THG-11.
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Appendix A Governing equations for
subsonic geoejector

This part of the study provides information on the governing equations found in the

analytical model for the subsonic geoejector, see Figure A.1. Subscript numbers in the figure
refer to locations in Figure A.2.
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Figure A.1 Flowchart of the analytical model of the subsonic geoejector.
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Figure A.2 Subsonic geoejector used during field test at Theistareykir Geothermal
Field.

Nozzle (2): the acceleration of the primary fluid follows the gas dynamic relations
between the Mach No. at the exit of nozzle (M,) and the cross-section area (A4,) as shown in
Equation 1.

k+1
L 12GR=1)

1
A, 1 [1+50k=-1M,

A M| et
(6.1)

The pressure at the nozzle exit, p,, can be calculated using isentropic relation shown in
Equation 2.

_k_
P2-0 k-1

= 1+1(k 1)M,>
b2 B 2 2

(6.2)

Given the isentropic efficiency, 1, , of the compressible flow in the nozzle and the
isentropic enthalpy h5 obtained from the calculated pressure and entropy, h, can be adjusted
using Equation 3.

hy = hy — N (hy — h3)
€)
Suction line or secondary flow at the mixing section (5): it is assumed that the properties

of the secondary flow are constant from the inlet up to the suction line, as shown in Equation
4.

Ds =Pa,hs =hy;Ts =Ty, S5 =S4, Pp5 = Pa, Vs = Uy @)

Primary flow at the mixing section (3): it is further assumed that the entropy of the

primary flow remains constant from the outlet of the nozzle (2) to the suction line (3) and that

the primary and secondary streams start to mix with uniform pressure, equal to the pressure of
the secondary flow at the mixing section (5), as shown in Equation 5.

S3 =S2 P3=Ds
)
Mixing flow at mixing section (6): in this section of the geoejector, it is assumed that the
primary and secondary flow will mix at a constant pressure equal to the pressure of the
secondary flow at the suction line (ps = pg). The properties in the mixing chamber can be
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calculated using the conservation of momentum and energy, as shown in Equation 6 and 7,
respectively.

c;(my vz + niyvs)
U6 =

my + My "
2 2
ml (h3 + v%) + Tfl4 (hs + v%) v62
he = -
6 my + 1y 2 0

Mixing section’s throat (7): as with the flow inside the primary nozzle, the flow in the
mixing chamber is assumed to be isentropic. Thus Equations 8 and 9 are used to calculate the
fluid properties.

1 k+1
Z0-1)
A; 1 1 +7(k — 1)M,*
A M| T+ D)
®)
, ke
— k-1
P20 _ |14 (k - M,?
b7 2
)

Given the isentropic efficiency 7n,, and the isentropic enthalpy h3, obtained from the
calculated pressure and entropy, h, can be adjusted using Equation 10.

h; = hg —nyp(he — h7
7 6 — n(hs 7) (10)
Diffuser (8): the diffuser decelerates the fluid to recover the pressure. To calculate the
properties at the diffuser’s outlet, the steady one-dimensional incompressible continuity
equation, as shown in Equation 11, is used.

wen )
(11)

The enthalpy at the diffuser’s outlet (hg) can be obtained through energy balance, as
shown in Equation 12, while the rest of the properties at the diffuser outlet are obtained by
assuming that the entropy at the mixing chamber’s throat is equal to the entropy at the diffuser
outlet.

2 2
Uy Vg
hg = —_
g = h; + > >
(12)
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Appendix B Governing equations for
supersonic geoejector

This part of the study provides information on the governing equations found in the
analytical model for the supersonic geoejector, see Figure B.1. Subscript numbers in the figure
refer to locations in Figure B.2.

Input: iy, py, hy, M, ps, hs, k, Dy, D3, Ds, Dg, €1, M,

v

il 2
A13se = g Diasy
Tysipy = Flpuhy) Ty 55,05 = f(psrhs) Assume: p; $
s s si=ss  hipi = f@sY)
v, = v =
A1py Asps $
Assume:p; ¢ [
sy=s,  hyps=f(pss3) | af= % vg = y2(hs — hg) +vg?
s
i Adjust p;
kor it = ot
a; = % v; =y2(hy — b)) + v, 2 Until v§ = ag A
a he =hs=nu(hs—h3)  pe=pi
Adjust p; 3
L PerSeTe = (D hg)  ve = 2(hs — hg) + vs?
Until v; = a; v "
s
hy = hy—na(hy—h3) P, =p 7 Vere
PrsaTa = f(orhs) v, =20 — ) F g2 I
_ Ps =DPs S4 =53
V2p2
kps
Assume: s ¢ Parha Ty =f(pasy)  ay= J e
S3 =5z ha,p3 = f(ps,53) ‘ o
ve=2(hy —hy) ¥ v32 Ay =—2
) W= VI Ry T A=
. l
vy = A—‘ vy = vV2(hy — hy) + 1,2
P2 A7 =Ag+ Ay P7="Ps
Adjust p; I - (i vy + 1sve)
1y + ms

Until vy = vy

2 2
1y (h‘ + %) + g (116 + %) 2

Assume: pg vz P7 2 2 < i
Vg = —— =p; +v,%p, -, < hy i
L Pg =P7 +V77p7 = Vg"pg 7 My + 1hg 2
O L. 757,y = f(p7,h7)
e T2 T2
P Sa:Tg = f(Pa, hg)
Adjust pg
Until pg = pg v
A
S9 =Sg V9 =1g (i)
2 2
Vg 2]
hg = hg +— ——
ho = hg + = 2
Por Pa, To = f(ho, 5)

Figure B.1 Flowchart of the analytical model of the supersonic geoejector.
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Suction chamber Mixing section Diffuser

1 Primary flow inlet
2 Nozzle throat
3 Nozzle exit

Constant area mixing section

f 4 Primary flow at the hypothetical throat
H -z 2 7Y 5 Secondary flow inlet
aj AAAAAAAAAAA (“A]» H7) ) 6 Entrained flow at the hypothetical throat
A H H 7 Hypothetical throat or cross-sectional
Z < . £ A 4 area inside the constant area mixing section

8 Shockwave within the constant area
mixing section
9 Diffuser exit / Ejector outlet

NXP

Figure B.2 Supersonic geoejector designed for Theistareykir Geothermal Field.

Nozzle throat (2): to get a supersonic flow from the nozzle, the throat should accelerate
the primary fluid until it reaches sonic flow. With this, the pressure, p,, and the enthalpy, h,,
at the throat, can be determined by iterating p, until the fluid velocity, v;, becomes critical,
i.e. equal to sonic velocity, a;, as shown in Equation 1 and 2, respectively (subscript numbers
refer to locations in Figure 3.4).

Vyip2 = \/Z(hl - h;lpz) + 1,2 "

kp,

* —
A2p2 = o
2|p2

2)
Considering the isentropic efficiency, 7,,, of the compressible flow in the nozzle, the
enthalpy obtained from the isentropic enthalpy, h, can be adjusted using Equation 3.

h, = hy = nn(hy — h3)
(3)

With the calculated pressure, p,, obtained from Equations 1 and 2, and adjusted
enthalpy, h,, from Equation 3, the velocity and density at the throat can then be determined.
These values, along with the mass flow rate, m,, are needed to get the area at the throat, A,,
as shown in Equation 4.

AZ = e
V202

“4)

Nozzle exit (3): in this section of the model, it is important to assign a temporary value

for the diameter of the nozzle exit, D3. This can later be optimized to make sure that all the

constraints are met. After assigning a value, the pressure at the nozzle exit, p;, will be iterated
until the two formulas for velocity, as shown in Equations 5 and 6, give equal results.

My

B ,03|p3A3

U3

Q)

Ué = \/Z(hz - h3|p3) + 1722
(6)
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Entrained flow at the hypothetical throat (6): the entrained secondary flow is assumed to
reach sonic, or choking condition, at the hypothetical throat. To calculate the pressure, pg, and
enthalpy, hg, of the secondary flow in this area, the value of the pressure should be iterated
until the fluid velocity, vg, becomes critical, i.e. equal to sonic velocity, ag, as shown in
Equation 7 and 8, respectively.

v;lpﬁ = \/2(h5 - thPG) + v52
(7)

. _ | kps
Qs|ps = pgl
143

(8)

Considering the isentropic efficiency, n,, the enthalpy obtained from the isentropic
enthalpy, hg can be adjusted using Equation 9.

he = hs — 0y (hs — hg
6 5 — Nn(hs 6) )
With the calculated pressure, pg, from Equation 7 and 8, and adjusted enthalpy, h¢, from
Equation 9, the velocity and density of the secondary flow before the hypothetical throat can
then be calculated. These values, along with the mass flow rate, ms, are needed to get the area
of the hypothetical throat occupied by the entrained flow, Ag, as shown in Equation 10.

s

A6 =
VePs

(10)

Primary flow at the hypothetical throat (4): it was assumed that the two streams start to

mix with uniform pressure equal to the pressure of the entrained flow at the hypothetical throat,

Pe- Additionally, it was assumed that the flow from the nozzle exit to the hypothetical throat

is isentropic. In contrast, a loss coefficient, ¢;, is included in calculating the area of the
hypothetical throat occupied by the primary flow, A,, as shown in Equation 11.

cmy

V4Psy

4
(11)

Hypothetical throat or cross-sectional area inside the constant area mixing section (7):
the sum of the areas of the primary and entrained flow before the hypothetical throat will then
be equal to the area of the constant area mixing section, as shown in Equation 12.

A, =Ag+ A
7 6 4 (12)
It was further assumed that the two streams would start to mix inside the constant area
mixing section. A momentum balance relationship with the inclusion of losses can be used to
determine the velocity, v, as shown in Equation 13.
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¢, (My vy + Msv)
177 =

my +m
1 5 (13)

Additionally, the enthalpy, h;, can be determined using the energy balance relation as
shown in Equation 14.

. v, 2 . Vg2
mq <h4 + T) + ms (hé + T) v72
h, = -
7 My + Ms 2

(14)

Shock wave within the constant area mixing section (8): The flow is compressed and

decelerated to subsonic velocities through a shockwave. To determine the flow property

changes in this section, the density, pg, will be iterated until it satisfies the conditions for the

continuity, momentum, and energy equation, as shown in Equations 15-17. The pressure and

enthalpy obtained will then be used to determine the remaining properties in this section, see
Equation 18. The iteration will continue until pg = pg.

v = %
8|psg Dg
(15)
Ps|pg = D7 + v72p7 - U8IP82p8
(16)
2 2
_ V7" Vsp
hgjpy = hy + == ——
(17)
Ps|pg’ S8l Ty)pg = f(pSIps’hSIps)
(13)

Diffuser exit or Geoejector exit (9): the diffuser will further decelerate the fluid and
increase the pressure. To obtain the properties at the diffuser exit, the steady one-dimensional
incompressible continuity equation, as shown in Equation 19, is used to calculate the velocity,

vy, after the diffuser.
Vg = Ug A,
(19)

After obtaining the velocity, the enthalpy, hg, at the diffuser exit could be obtained
through the energy balance equation, as shown in Equation 20. While the rest of the properties
at the diffuser exit could be obtained by assuming that the entropy after the shock, sg, is equal
to the entropy at the diffuser exit, sq.

2 2
Vg Vg
hg = hg + — — —
9 g T 5 >
(1)
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Appendix C Grid convergence studies

To assess the variance of the computed solution and reduce the computational time, a
grid convergence study was performed in three grid levels (coarse, fine, and very fine) for both
subsonic (Table C.1) and supersonic geoejectors (Table C.2). The computed solution on the
measurement points set on the model (a. Subsonic geoejector: static pressure at the primary
and secondary inlet, and enthalpy at the outlet; b. Supersonic geoejector: mass flow rate at the
primary and secondary inlet and enthalpy at the outlet) for the coarse and fine mesh will be
compared to the computed solution for the very fine mesh.

Table 1 shows that the variations in the computed solutions among the grids are minimal,
with 0.03 to 0.48% relative difference across the measurement points. This result is not
surprising as the configuration of the boundary conditions used for the subsonic geoejector is
the most robust for ANSYS CFX. Using the coarse grid for the numerical modelling of the
subsonic geoejector will provide a minimize the discretization error in the numerical
simulations and decrease in computational cost of about 63.77%.

Table C.1 Grid convergence study - subsonic geoejector.

Description Coarse Fine Very fine
Nodes 51449 88213 135416
Elements 135 686 246 326 387 444
Primary pressure, bar-g 11.1643 11.1628 11.1678
(Percentage difference, %) (0.03%) (0.04%) (0.00%)
Secondary pressure, bar-g 10.7948 10.7944 10.7952
(Percentage difference, %) (0.00%) (0.01%) (0.00%)
Outlet enthalpy, kg/s 1624.24 1622.85 1630.66
(Percentage difference, %) (0.39%) (0.48%) (0.00%)
Time per iteration, sec/iteration 3.88 6.04 10.71

Table 2 shows that the variations in the computed solutions between fine and very fine
grid is minimal, with a maximum relative difference of 1.42% across the measurement points.
On the other hand, the coarse and very fine grid has a significant difference in the computed
solution for suction flow with 18.93%. Using the fine grid for the numerical modelling of the
subsonic geoejector will provide a minimize the discretization error in the numerical
simulations and decrease in computational cost of about 46.81%.



Table C.2 Grid convergence study - supersonic geoejector.
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Description Coarse Fine Very fine

Nodes 55914 96 023 117 988
Elements 147 335 245199 336 793
Primary flow, kg/s 28.203 28.217 28.261
(Percentage difference, %) (0.20%) (0.16%) (0.00%)
Suction flow, kg/s 2.394 2.995 2.953

(Percentage difference, %) (18.93%) (1.42%) (0.00%)
Outlet, kg/s 30.521 31.399 31.223
(Percentage difference, %) (2.25%) (0.56%) (0.00%)
Time per iteration, sec/iteration 3.48 4.84 9.10
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