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Abstract 

Calcite scaling is a typical scaling problem that occurs in geothermal wells because 

of the flash boiling phenomenon. Studies related to geothermal scaling show that 

scaling affects output productivity adversely. In this thesis, two-phase modelling 

and an exergy analysis were performed to learn the mechanism of the pressure drop 

and exergy changes due to calcite scaling in the geothermal well. The work, 

therefore, provides a method to model the two-phase flow in the geothermal 

wellbore dealing with calcite scaling and exergy calculation within it. This study 

pertains to one of the wells in Svartsengi, Iceland. The scaling of the well has a 

thickness ranging up to 2 inches for a length of 100 meters in the borehole. By 

applying the two-phase modelling on wellbore fluid flow using the computational 

fluid dynamic method (ANSYS Fluent), this work allows an estimate of how the 

fluid thermodynamic properties change. The Eulerian model will be employed in 

this computational fluid dynamic study. Furthermore, the user-defined function 

code is integrated with the solver in order to analyse the exergy changes occurring 

due to scaling. The entropy and enthalpy properties are derived from empirical 

corelation form NIST data in which based on temperature and pressure to calculate 

exergy term. The pressure result from the computational fluid dynamic modelling 

by Vijay Chauhan shows satisfaction with the pressure log data. The pressure loss 

within the domain is approximately accounted for 7 bars. Furthermore, the user-

defined code result shows that entropy within the domain increases from 2.7100 

kJ/kg K at the inlet to 2.7178 kJ/kg K at the outlet. It also shows that the specific 

exergy in the inlet is started at 250.5 kJ/kg and reduced by 3 kJ/kg. The highest rate 

of exergy reduction in the domain is found out to be in the point where the fluid 

flow passes through the calcite zone in which calcite scaling contributes 30% 

exergy reduction. It can be concluded that the pressure decrease, entropy increases, 

and exergy decrease significantly in the calcite zone. Furthermore, exergy drop in 

calcite zone results from high entropy generation due to phase change in scaling 

zone. This study is a part of future development to analyse various factors 

contributing to exergy distribution in the wellbore.
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Ilham Narendrodhipo 

júní 2021 

 
Útdráttur 

 

Kalsít útfellingar í jarðhitaborholum er vandamál sem eykst við suðu í holunum. 

Rannsóknir sýna að útfellingar í borholum hafa neikvæð áhrif á framleiðslugetu 

þeirra. Í þessari ritgerð er tvífasa líkanagerð og exergíugreining notuð til að skilja 

betur hvernig þrenging í borholu vegna útfellinga hefur áhrif á þrýstingsfall og 

exergíuinnihald jarðhitavökvans. Aðferðunum var beitt á jarðhitaborholu í 

Svartsengi. Útfellingarnar í holunni voru allt að 2 tommur að þykkt á 100 metra 

dýptarbili í holunni. Með því að nota tölulegar aðferðir með aðferð Eulers við að 

leysa jöfnur fyrir tveggja fasa streymi fyrir borholuna í ANSYS Fluent, gera 

niðurstöður þessa verkefnis kleift að meta hvernig eiginleikar vökvans breytast sem 

fall af dýpt. Notendafall (User Defined Function, UDF) var þróað til að reikna út 

exergíuna í vökvanum, og var þannig unnt að meta breytingar á exergíu vegna 

útfellinganna. Óreiða og vermi voru reiknuð út frá þrýstingi og hitastigi fyrir báða 

fasana út frá gögnum frá NIST. Tvífasa straumfræðilíkanið af jarðhitaborholunni, 

sem þróað var af Vijay Chauhan, sýnir góða samsvörun við mæligildi frá 

borholunni. Þrýsingsfallið yfir dýptarbil holunnar sem var hermað er um 7 bör. Að 

auki fæst frá UDF-föllunum að óreiðan eykst frá 2.7100 kJ/kg K við inntakið neðst 

upp í 2.7178 kJ/kg K við úttakið. Það sýnir líka að exergían á massaeiningu í 

vökvanum lækkar um 3 kJ/kg frá 250.5 kJ/kg. Mesti hluti exergíufallsins var á 

dýptarbilinu þar sem þrenginga vegna útfellinga varð vart, eða um 30%. Það má 

því fullyrða að þrýstingur minnkar, exergía lækkar og óreiða eykst umtalsvert 

vegna útfellinganna. Þessi rannsókn er innlegg í framtíðar þróun sem miðar að því 

að skoða ýmsa þætti sem áhrif hafa á exergíu í jarðhitavirkjunum.
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Chapter 1 

1Introduction 

1.1 Background 

Increasing energy demand is becoming a significant challenge in the current era. 

Furthermore, the emission from non-renewable energy such as gas, oil, coal (fossil-based 

fuel) are considered a serious issue for the environment. Therefore, there has been an effort 

in promoting the usage of renewable energy resources. Wind, water, sun, geothermal and 

biomass are different sources of energy that are categorized as renewable energy resources. 

Renewable energy utilization provides an eco-friendly way to generate electrical power. 

Nowadays, many countries have starting to divert from fossil-based fuel energy to 

environmentally friendly energy resources. A group of 19 countries are officially committed 

to be a carbon-neutral country on 29 September 2018 [1]. The effort is made to reduce global 

CO2 emission, which poses a threat to the climate. In the context of geothermal energy, 

several countries are currently contributing to geothermal energy development, including 

countries pioneering geothermal energy development, such as Iceland and New Zealand. 

USA, followed by the Philippines, and Indonesia are the top three countries in term of 

installed capacity for utilization of geothermal energy as a source for electrical energy 

generation [2]. In 2017, the installed capacity for geothermal energy-based electricity 

generation worldwide was 12.8 GWe [3], and it is expected that geothermal utilization will 

be increasing in the future. It is very important to maintain geothermal production and its 

stability. So that the goal to reduce CO2 emissions can be achieved. The energy production 

process using geothermal energy, however, can be disrupted due to several factors, and it is 

vital to learn the cause and its effect. One of them is the scaling that forms in the wellbore.  

Wellbore scaling significantly affects the behavior and the thermophysical properties 

of the geothermal fluid in it. It is therefore important to study the fluid flow characteristics 

during the flow. Predicting fluid flow characteristics in the system can be done by several 

methods. One of them is by performing experiments to produce flow condition in the 

research facility. The method, however, is considered expensive and complicated. The 

technology and computational field development in this century have brought us to a new 

era of fluid dynamic analysis, making a more accessible and cheaper method available to 

achieve the goal. The term "computational fluid dynamics" refers to a part of fluid mechanics 

study that uses numerical analysis to solve problems involving fluid behavior. The numerical 

model used for fluid flow analysis however, requires validation by comparing the model 

simulation results to the actual measurement data.  



2  CHAPTER 1: INTRODUCTION 

   

1.2 Objectives and Goal 

This thesis study was focused on modelling fluid flow in the wellbore and analysing 

the thermodynamic property changes within the production wellbore, which happen to have 

calcite scaling in it. The following objectives of the thesis study are: 

 

• Application of two phase-phase models available in ANSYS Fluent for model flash flow 

in geothermal well 

• To develop an exergy calculation model using user-defined code, which can be 

integrated with the Fluent solver (ANSYS). 

• To estimate exergy destruction due to scaling in the geothermal wellbore that was used 

as a case study. 

 

The thesis study is performed with the following goal: 

 

• Understanding the mechanism of the pressure drop and exergy changes due to calcite 

scaling in the geothermal well. 

1.3 Literature Review 

This section covers the boiling phenomenon in a geothermal wellbore and its 

correlation to the calcite scaling occurrence. Moreover, this section also explains and analyse 

computational fluid dynamics and its previous application related to the flash boiling 

phenomenon. Both of these topics is are important matters to be explained in the literature 

review since this thesis study will be employed a computational fluid dynamic method to 

describe the flash boiling in the wellbore. 

1.3.1 Boiling State (Flashing Phenomenon) in Geothermal Wellbore 

Geothermal systems can be classified by its energy type (hydrothermal energy, 

geopressured energy, hot dry rock energy, etc.), the type of production fluid and reservoir 

fluid, and their temperature to distinguish its behaviors. In term of temperature, Hochstein 

divided geothermal systems into three groups based on average reservoir temperature in 

exploration wells which estimated by geothermometer [4]: 

 

• A low-temperature geothermal system where fluid temperature in the reservoir is below 

125 °C 

• A Medium temperature geothermal system where fluid temperature in the reservoir is 

between 125 °C to 225 °C 

• A high-temperature geothermal system where fluid temperature in the reservoir is higher 

than 225 °C 

 

Sometimes geothermal system is divided in term of its fluid enthalpy. However, even though 

this criterion is so called based on its enthalpy, in fact, this criterion still uses temperature as 

the benchmark since enthalpy is a function of temperature. The geothermal fluid which is 

under high pressure and temperature condition can be categorized as high enthalpy resource, 

and vice versa [5]. Table 1 below show the geothermal classification, which is according to 
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Lee paper [6], 

 

Table 1 Classification of Geothermal Resources by Temperature from Several 

Reference [6] 

 Muffler and 

Cataldi [7]  

Hochstein [4] Benderitter 

and Corny [8] 

Haenel, 

Rybach and 

Stegena [9] 

Low Enthalpy < 90 °C < 125 °C < 100°C ≤ 150 °C 

Medium 

Enthalpy 

90 °C – 150 

°C 

125 °C – 

225°C 

100 °C – 200 

°C 

- 

High Enthalpy > 150 °C > 225 °C > 200 °C > 150 °C 

 

Commonly, a high-temperature geothermal reservoir (225 °C) is associated with a 

two-phase geothermal fluid such that the wells usually produce dry steam, like in Patuha 

(Indonesia), Drajat (Indonesia) site, Larderello (Italy), or a steam and water mixture at the 

wellhead. High-temperature geothermal reservoirs are mainly utilized to generate electricity. 

On the other hand, low or medium temperature geothermal systems are more likely single-

phase water from the geothermal systems and used primarily in district heating. In cases 

where the geothermal fluid is of medium temperature and consists of liquid state brine, it is 

used to generate electricity by integrating it with a binary power plant (Kalina or Organic 

Rankine Cycle), suitable for this kind of system. However, in some cases, the medium or 

low temperature geothermal sometimes produce a two-phase fluid at the wellhead. This 

occurs during the upflow to the wellhead, where the geothermal fluid can reach its saturation 

point such that the liquid phase starts converting to the vapor phase during the upflow.  

In a two-phase geothermal system, reservoir brine can be in compressed liquid or 

saturated water form, which is dependent on the brine pressure and the saturation pressure 

at a certain depth. Before the wellhead is opened for exploitation, the wellhead's pressure is 

usually in the natural state with its reservoir pressure. However, when the geothermal brine 

starts to stream to the surface, it will experience a decrease in pressure as depth changes. 

Meanwhile, the temperature is relatively constant because the heat loss that occurs is low. 

This condition will result in a situation where the brine pressure reaches its saturation 

pressure at its temperature. Thus, the boiling phenomenon occurs in the wellbore and causing 

water level depletion in non-boiling wells at the beginning [10]. After this occurrence, the 

geothermal brine temperature will start to decrease with the decrease in pressure from the 

boiling point to the wellhead. In a high temperature well, the steam zone temperature is 

dictated by the steam zone's pressure as the boiling point temperature at that pressure [11]. 

Figure 1 show an example of temperature and pressure profile of the well that experience 

the flash boiling. The well is located in the Ohaaki, New Zealand. As shown in Figure 1, the 

temperature profile is constant when geothermal water is still in compressed liquid form. 

However, when the water starts to conduct flash boiling phenomenon at 67 bars, the 

temperature will fall as the pressure decreases (which leads to a reduction in saturation 

temperature).  
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Figure 1 The Isothermal Profile of Well at Ohaaki, New Zealand [12]  

 

Above the boiling point depth, the fluid will ascend to the wellhead in steam and liquid 

form. In a two-phase liquid-vapor flow, the distribution of the liquid and vapor phases in the 

pipeline is a crucial aspect of their description. This description determines a flow structure 

known as flow regime (Figure 2). Generally, two-phase flow is classified into four flow 

regimes, depending on the macroscopic behavior of the flow [13]. In the geothermal 

wellbore simulation study by Hasan and Kabir [14], which is based on drift flux methods, 

they simulate a wellbore model according to the evolution of fluid pattern in the wellbore at 

a certain depth. It shows that the pattern evolution depends on density, liquid hold-up and 

void fraction, velocity, and mass ratio between phases, and even its pipe roughness. 

Determining the flow regimes in a vertical well is much easier than a horizontal well because 

the phases tend to separate in the horizontal flow pattern due to gravity [15]. When 

modelling two phase flow, the bubble pattern is crucial since it will affect the surface area 

contact between the phases and the heat and mass transfer between phases. The velocities of 

two phases will also differ from each other. Once the geothermal fluid reach its flashing 

point condition in the wellbore, the vapor (and also liquid) velocity rises rapidly [16]. 

Moreover, the velocity of vapor phase is higher for all flow regimes than the liquid phase 

because of its buoyancy and vapor tends to flow at the middle of pipe domain [17]. This 

thesis study assumes a bubbly flow regime occupying the two-phase region with no 

coalescence and breakup to simplify the model. Moreover, the bubbly regime is more 

applicable to the liquid vapor mixture volume at first flashing point in geothermal well, as 

discussed in the literature [18], especially in liquid dominated system with compressed water 

as its initial phases. Even at higher vapor fraction, flow regime can still in bubbly regime 

which is shown by Blinkov et al. study [19].  
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Figure 2 Flow Regimes for Two-Phase Flow in A Vertical Pipe [20] 

 

1.3.2 Mineral Deposition 

 

Geothermal fluid is an evolution of meteoric water from rainfall that enters the 

recharge zone of the geothermal reservoir. Therefore, the dissolved solids concentration in 

this meteoric water is low [21]. However, in some cases, seawater can be the origin of the 

geothermal fluid, especially in the area with the geological setting near the sea. Svartsengi 

and Reykjanes is located in the Reykjanes Peninsula which make the geothermal fluid in 

this area is associated with seawater. Thus, this means that this geothermal site has a 

particular salinity characteristic [22]. The geothermal fluid will react to the hot source rock 

at depth, thus altering the geothermal fluid characteristics [23]. The geothermal fluid in the 

up-flow wellbore carries all the components from the result of the reaction passing through 

the fracture and fault of the system. The component may include the mineral of the reservoir 

rock or rock passed by the geothermal fluid with gas impurities. All these components have 

a potential to form mineral deposit. Scaling can be defined as mineral deposition, which 

occurs because of change in solubility or concentration. The mineral's solubility will be 

changing due to temperature and pressure variations during the fluid flow process 

(production or injection), and concentration of dissolved minerals in the liquid phase will 

increase as the vapor fraction increases in the system. There are three types of scaling that 

commonly occurs in the geothermal power plant industry. These are silica, calcite, and 

sulphite scaling. The mineral is precipitated at different geothermal facilities, whether inside 

the production casing, surface pipeline, scrubbing or separator. However, this does not rule 

out the possibility that scaling can occur in the reservoir in some cases.  

1.3.2.1 Scaling Process in The Wellbore 

 

Calcite scaling occurs due to calcium carbonate (CaCO3) deposition, a typical mineral 

that is found in most geothermal reservoir rock. Calcite and aragonite are the most common 

polymorphic calcium carbonate deposition minerals [24]. Figure 3 shows that the solubility 

of the calcite and aragonite mineral decreases with an increase in the temperature. Flash 
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boiling precipitation is most likely associated with calcite scaling [25] related to its mineral 

properties with retrograde solubility. On the other hand, silica solubility increases with 

increasing fluid temperature. Calcite scaling is a type of wellbore scaling that is formed 

because of several reasons [21]. The reasons are pH increase due to boiling in the well, pH 

increase due to linear depressurization (in Li Yiman paper [26] according to Arnórsson [24]), 

and pH increase due to casing corrosion (In Li Yiman paper [26] according to Wanner et al. 

[27]).  

 

Figure 3 Data Showing the Solubility Product for Calcite (Solid Line) and Aragonite 

(Broken Line) [24] 

 

 

Typically, calcite deposit in the production well once the flash boiling happens in it. 

However, in some cases, the boiling zone of the geothermal liquid may be in the reservoir 

formation (scaling in the formation pores) if the well is run at very low wellhead pressures, 

or the reservoir is in two-phase after extended drawdown [28]. Metal sulphide deposition 

may form at flashing condition [29]. Some of the wellbores also might experience silica 

scaling. However, this mainly occurs in the water waste of the injection well rather than in 

the production well. 

A wellbore with high CO2 impurities in its output will likely have scaling problems 

inside it. CO2 is a soluble gas, and it can dissolve in water. While the boiling phenomena 

started, the dissolved gas present in the liquid phase starts partitioning with the vapor phase 

even there is a small vapor fraction. The significant release of CO2 from the geothermal 

brine is the reason why calcite is precipitated rapidly and mainly at the beginning phase of 

boiling [23]. Unlike silica, the mineral forms a deposit with a bit of delay time after it is 

oversaturated [28]. The brine pH increases due to CO2 degassing during the upwelling 

boiling process (shown in Figure 4). Because CO2 become a partition to the gas after 

degassing process, it means that there is less CO2 dissolved in the liquid. Thus, pH of the 

liquid will increase. The rising pH of the brine will increase the chance that the aqueous CO2 

(𝐻2𝐶𝑂3) is in bicarbonate and carbonic ions (HCO3
-, CO3

2-). While at the low pH, CO2 in 

the aqueous form (H2CO3) dominates. The brine pH changes will lead to a chemical reaction 

process and result in the free ion of 𝐶𝑂3
− or 𝐻𝐶𝑂3

−. 



1.3 LITERATURE REVIEW  7  

  

 

 

Figure 4 Flash Boiling and Calcite Scaling Process (Modified from [29]) 

 

The free ion 𝐶𝑂3
− or 𝐻𝐶𝑂3

− from carbonic acid will react to the mineral calcite that 

is carried by geothermal fluid and will lead to conducting a chemical reaction, as follows: 

 

 

𝐶𝑎++ + 2𝐻𝐶𝑂3
− →  𝐶𝑎𝐶𝑂3 (𝑆) + 𝐻2𝐶𝑂3 

 

 

(1.1) 

 

𝐶𝑎𝐶𝑂3 (𝑆) is deposited as crystals on the casing walls, shown by white color (Figure 

5). This calcite scaling can vary in thickness which is different from each geothermal site. 

However, the notable behavior of the mineral deposition is that calcite scaling tends to clog 

the flow path in the wellbore. Therefore, this is the reason why the geothermal company is 

concerned about calcite scaling. 

 

 

Figure 5 Calcite Scaling in a 3" Bore [28]. 
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1.3.2.2 Geothermal Scaling Case and its impact 

The geothermal well performance can be judged by how much output the geothermal 

well can deliver. Wells typically have a very consistent output. However, at some point of 

production, the output can descend significantly in some of the geothermal wells. There are 

three reasons why output decline can occur in the wellbore [23], which is shown below, 

 

• The reservoir pressure drops as a result of over exploitation. 

• The flow line inside or outside the wellbore is plugged by solid deposition. 

• Increased colder water recharge that causes a decline of temperature and enthalpy in the 

fluid 

• Wellbore casing damage (bending, leaking or breaking) 

 

In general, mineral deposition, whether silica, calcite or sulphide scaling, has been a 

problem in some geothermal fields. In 2008 and 2010, Dieng geothermal powerplant 

capacity dropped by 20 MW very immediately. This decrease is a result of the very high 

silica content (more than 1000 ppm) [30]. The high temperature of the geothermal system 

(around 173 °C [30] – 300 °C [31]) and low quartz solubility in the Dieng geothermal system 

might be the reason why silica content in this area is high, considering, the silica 

concentration in the fluid of high temperature geothermal depending on the reservoir's quartz 

solubility [32]. This scaling case is categorized as the silica scaling problem in which the 

precipitation mainly occurs as the solubility of silica decreases with temperature and 

pressure. Thus, this means that Dieng silica case is different from this study case. However, 

this can give an idea that scaling plays a vital role in the powerplant's productivity rate. 

If we look more into the calcite scaling problem in a specific field, some geothermal 

wells like in the Philippines, Portugal, China, and Iceland experience calcite scaling. The 

Ribeira Grande geothermal field in Portugal experienced calcite scaling which has formation 

temperature of 235-245 °C [33]. This type of geothermal reservoir, geothermal fluid is 

commonly in calcite saturated state in which after boiling (CO2 release form the water 

phase), geothermal fluid become calcite supersaturated within the well. The fluids in 

Philippines' Mahanagdong also have the similar condition which has flash point temperature 

of 240-260 °C [34]. The Philippines' Pataan wells have high CO2 concentration (431-1073 

mmol/kg), which tend to have calcite scaling [35]. The calcite scaling study of the high-

temperature geothermal site in Xinjiang, China, by Yiman [26] estimated that the calcite 

scaling quantity is about 151-300 kg for the same flow rate (15.3 kg/s) and production time 

(48 hours). Moreover, the scaling thickness in this area is accounted for 1-3 cm. Barja, in 

his thesis about mineral scaling in Hveragerði geothermal district [21], stated that calcite are 

precipitated over 200-300 m in the geothermal well.  

Similar to silica scaling, calcite scaling also has an adverse effect on the productivity 

rate. According to studies about geothermal scaling, the calcite deposition can have a 

thickness range of 0.7 to around 3 cm, and it will restrict 10 to 45% of the geothermal fluid 

[36]. In the Kizildere, two production wells, namely KD-6 and KD-15, show a decrease in 

steam production (mass flowrate) by 73% and 54%, respectively, from January to 

September, 2007 [37], as shown in Figure 6. The well production's cyclic behavior indicates 

the increase in production after mechanical cleaning and decreasing again due to gradual 

calcite carbonate deposition (shown in Figure 6). In Iceland, Svartsengi geothermal field has 

also had occurrences of the calcite deposition in the well 8 and 11 [23]. However, the well 

recovers its productivity because of a routine cleaning program.  
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Figure 6 The Variation In Electricity Production of KD-6 and KD-15 Caused By 

Calcite Scaling [37]. 

 

 

Scaling will have a rough surface, which increase the friction factor of the wall [38]. 

From the study conducted by Zarrouk et al. [39], it can be concluded that friction value in 

the wellbore, which is also a function of the fluid velocity, will significantly impact its 

pressure.  Scaling will restrict the flow cross-section, which increases the fluid velocity for 

the same mass flow [39]. Moreover, changes in the phases will also affect the wellbore 

pressure loss, especially when dealing with the vapor phase. Vapor phases have a low 

density which increases the fluid velocity. The wellbore simulation study using 

GEOWELLS [40] from three experimental geothermal wells shows that gravity will affect 

the pressure drop by 85-90 % in the vertical pipe or wellbore. The rest of the contribution is 

due to friction forces and acceleration effect. The study shows that the scaling problem 

influences the pressure drop to a certain degree (around 15%) since the scaling problem is 

most likely associated with the velocity and acceleration effect. However, this does not mean 

that the scaling problem in the wellbore cannot be ignored.  

1.3.2.3 Mineral Deposition Detection, Size Measurement, and Treatment in Wellbore 

Scaling in a wellbore must be treated early on, or it will become a problem in the 

future. The first thing to do if the geothermal well encounters a scaling problem is to detect 

it. This can be done by downhole measurement. Downhole measurement is done along the 

borehole depth to find out important parameters of the well or geothermal fluid. This activity 

is commonly carried out after well drilling or as a routine check. The activity is not much 

different from oil or gas fields industries. However, because geothermal field characteristics 

are different from oil or gas fields, there are slight changes in the tool and the method used. 

In the geothermal industry, the biggest challenge in well conditions is the temperature in the 
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well, which is high and therefore, the tools used must be able to operate at this well 

conditions. 

The scaling detection is commonly conducted in a well that shows a declining output. 

The mineral precipitation depth, location, and thickness will be known by lowering the 

caliper log and go-devil log (Figure 7). The caliper log tool is equipped with an electric 

motor to open the arm. The caliper will record the inside diameter of the well and transmit 

it to the surface readout (SRO). Thus, the data recorded is the real-time data and represents 

the inside of the well geometry precisely. It is essential to inject cold water during the caliper 

log lowering process because of the electrical cable and the caliper tool temperature 

limitation [23]. Go-devil is the second technique used to survey geothermal wells. The go 

devil tool can detect the obstruction location, which in this case is scaling within the well by 

measuring its maximum clearance depth. Go-devil is unaffected by temperature which is an 

advantage over the caliper tool. The go-devil tool, however, cannot measure the inside 

diameter of the well. Moreover, this tool is built with one size diameter. So, if the go-devil 

diameter is smaller than the scaling itself in the first log down try, the logging operator needs 

to retry the process with a larger go-devil diameter to detect the scaling. Furthermore, the 

go-devil tool cannot be used as a benchmark for inside well diameter measurement. 

 

 

Figure 7 Caliper Log (left) and Go-Devil Tool (Right) [41] 

 

Scaling problems in geothermal wells can be mitigated or minimized by two ways: 

mechanic and chemical. Calcite scaling problem in the well can be removed by lowering 

broaching tool or reaming using a drill rig. Rahmani [42] suggested that regular mechanical 

cleaning is a suitable method for low deposition rate, but if the mineral is precipitated 

rapidly, the use of inhibitors is considered more suitable. The work also stated that drilling 

out the mineral deposition by utilizing a truck-mounted rig while the well is in production 

state is the most successful mechanical cleaning approach. However, in a broaching study 

by Wilson et al. [43], they stated that the calcite removing process is done by drilling rig or 

coiled tubing workover is costly and not effective compare to the scaling removal with 

broaching tool (Figure 8). Furthermore, if the scale has clogged the production aquifers or 

the slotted liner portion of the well, reaming can be ineffective [25].  
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Figure 8 Broaching Tool [43] 

 

The other way to clean the scaling in the wellbore can be done through the acid 

washing process. However, well acidising program is generally done for scaling that is 

formed in the geothermal fracture zone or feed zone, which cannot be penetrated by reaming 

equipment and broaching tool. A study done by Alcalá [44] shows that acidizing program 

gave good results to remove scaling, as practised in Mexico, El Salvador, and the 

Philippines. The study shows that it is important to choose the acid type and concertation 

based on the type of scaling formed or the other particles that clog the wellbore. Solid 

deposition removal for calcite scaling using HCl with corrosion inhibitors successfully 

increases wellhead pressure and production rate [23]. The HCl acid cleaning for calcite can 

be summarized using a chemical reaction given below: 

 

 

2𝐻𝐶𝑙 + 𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝐶𝑙2 + 𝐻2𝐶𝑂3 

 

 

(1.2) 

 

 

One way to address the wellbore's scaling problem is by controlling the flashing point 

by changing wellhead pressure, causing mineral deposition to spread out [25]. The study 

about calcite deposition by Wangyal [45] shows that increased wellhead pressure will 

decrease flashing depth (Figure 9). Thus, changing the flashing point in the well can be done 

by changing the wellhead pressure. This means that if the flashing point changes, then the 

water level also changes. This also means that the calcite scaling occurrence will change in 

depth since calcite scaling is precipitated rapidly right away after boiling. Therefore, when 

the well undergoes scaling treatment such as broaching and acid washing, it will not be hard 

to remove the mineral deposition.  
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Figure 9 Calculated Flashing Depth with Varying Wellhead Pressures in Five 

Icelandic Geothermal Wells [45] 

 

1.3.3 Two-Phase Fluid Modelling 

 

Modelling two-phase flow is more complicated than for single-phase flow because the 

properties of each phase (steam phase and liquid phase), such as velocity, temperature, etc., 

differ from one another. In case where the two-phase flow includes the boiling phenomenon, 

the bubble generation that affects the momentum and mass transfer must be taken into 

account. Wellbore simulators, which are developed and widely implemented in the 

petroleum sector, are also used in the geothermal industry for modelling two-phase flow. 

HOLA, GEOWELLS, WELBOR, FloWell and WELLSIM are a notable example of 

geothermal wellbore simulators. Most wellbore simulators calculate the pressure drop along 

with the wellbore depth by considering three parameters causing pressure change: gravity, 

acceleration, and friction. The equation used in the wellbore simulator is the general for of 

the momentum equation. The momentum equation is simplified to estimate pressure gradient 

in producing geothermal wells under one-dimensional conditions [46]. Moreover, empirical 

correlations are often implemented in wellbore simulation models. In wellbore simulation 

by Situmorang [47], two-phase modelling in multi-feed zone wellbore is done using PTS3 

software, which is coupled with the pressure-temperature spinner log data. The work 

develops and modifies the PTS3 software by implementing the pressure drop mathematical 

model proposed by Hasan and Kabir [14] based on the drift flux model and the homogenous 

model. It shows that the simulation model has a good agreement with the measurement data 

even using the homogenous model. Nizami and Sutopo, in their study [48], also used the 

Hasan and Kabir drift flux model in order to model the pressure profile within the geothermal 

wellbore. However, their primary study purpose was to develop a mathematical model for 
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silica scaling in geothermal wells. 

1.3.3.1 Computational Fluid Dynamic Study 

 

Geothermal wellbore modelling using computational fluid dynamics (CFD) 

simulation is relatively a new field of research. Computational fluid dynamic have been 

applied to several aspects of the geothermal industry, such as design and analysis of 

separator and scrubber units. Purnanto studied fluid behavior in a geothermal separator using 

ANSYS fluent [49]. The work compares three separator designs, and efficiency analysis was 

done using the particle tracking method (injecting liquid droplet). Renaud et al. [50] 

modelled the fluid flow in high enthalpy geothermal system in the porous media, including 

the wellbore area. A comparison of a 2D axisymmetric single-phase flow model with that of 

a full 3D CFD model was done in their study. The porous media is divided into three zones 

of interest, which has different fluid behavior in terms of turbulence and heat transfer. The 

study shows that 2D axisymmetric single-phase flow model and 3D CFD model produce a 

similar result in wellbore zone.  

Understanding the term of flash boiling and its mechanism is crucial to model the 

phenomenon in CFD. This mechanism also includes the nucleation process and how the 

bubble break up and coalescence during the flash boiling occurs in the system.  

 

Flash Boiling  

 

Even though there is limited research literature on wellbore modelling using CFD in 

the geothermal industry, a handful of literature is available on modelling and simulation of 

various boiling processes. Computational modelling related to boiling using CFD has been 

implemented in many sectors. This includes processes occurring in nuclear reactor safety 

systems dealing with boiling ([51], [52]), converging-diverging nozzle [53], bubbly flows 

in ducts [54], etc. In work done by Mictha [51] and Ghione [52], OpenFOAM is used as a 

platform for modelling boiling inside the nuclear reactor sub-channel. These study shows 

how the nuclear reactor's heated wall will perform bubble nucleation and how bubble 

nucleation will impact its momentum and energy transfer. Kolev, in his book [55], proposed 

that the subcooled model could be implemented in the flash boiling model. However, Liao 

et al. [56] stated that during flash boiling, the liquid temperature in the boundary would be 

similar to the liquid temperature in bulk, making it different from the subcooled boiling 

system.  Furthermore, the flash boiling process is process which is characterized by thermal 

non-equilibrium in which the superheated liquid is cooled down by giving its excess energy 

for vaporization process [57]. It is also essential to differentiate flash boiling from cavitation 

phenomenon, which has a similar process of phase change as that occurring during flash 

boiling. The fundamental differences between the "flashing" and "cavitation" phenomenon 

are how high the temperature (or pressure) condition, which governs the driving mechanism 

of the processes [57]. Cavitation is dealing with low pressure and temperature condition, 

such that the process occurs due to mechanical or pressure non-equilibrium. Flash boiling, 

on the other hand, occurs at high pressure and temperature condition, where the driving 

mechanism is thermal-non-equilibrium. The boiling process occurring in a geothermal 

wellbore is similar to flash boiling rather than cavitation due to high pressure inside the 

wellbore.  

A study from the literature [56] about flash boiling under different pressure level, 

using a homogenous seeding nucleation model, stated that the vapor fraction growth during 
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flash boiling (higher than 10 bar) is mainly controlled by interphase thermal non-

equilibrium. The works assume mass transfer by nucleation (Γ𝑛𝑢𝑐), negligible due to the lack 

of a reliable nucleation model for the flashing process. The simulation shows a case study 

of boiling with a pressure condition at 10 bars resulting in overpredicting vapor generation 

as compared to the actual data. The deviation is expected due to lack of bubble growth 

process model [56]. However, the simulation of a flashing process with a pressure condition 

above 10 bar shows a pretty good agreement with the actual data.  

 

Bubble Nucleation in Flash Boiling  

 

The nucleation phenomenon is an important part to be considered in modelling two-

phase flow. Liao [57] explains that the nucleation process in the flashing phenomenon can 

be modelled into three bubble growth model categories: homogenous seeding, step function, 

and nucleation model. The bubble diameter or bubble number density is assumed constant 

between the sub-cooled zone and flashing zone in a homogenous model, making this model 

distinguished from the other model, such as step function and nucleation model. The step 

function and nucleation model consider bubble diameter (db or dg) as a function of bubble 

number density (Nb). Moreover, the bubble number density, which is defined as number 

concentration of bubbles, will change when boiling occurs (when the vapor fraction 

increases). This means that both the step function and nucleation model require an additional 

equation to derive the bubble number density growth. Each type of model has its own 

divided zone that described the changes of the bubble number density. Figure 10 show the 

zone division for each type of model. These zones are: 

 

• Zone I sub-cooled liquid 

• Zone II superheated liquid (metastable) 

• Zone III nucleation (non-equilibrium) 

• Zone IV equilibrium 

 

 

Figure 10 Modeling Approaches for the Nucleation Process [56] 

 

The homogenous "seeding" is considered the most straightforward method in 

modelling flash boiling nucleation and often used in flash modelling. This homogenous 

seeding model assumes that subcooled liquid is "seeded" homogeneously with a certain 

number of tiny vapor bubbles. The vapor fraction will start to generate as the liquid reach 

saturation point (P = Psat(T0)). Application of the homogenous "seeding" method does not 

consider the metastable state and nucleation process by assuming to prescribed bubble size 

or number density. Liao et al. [56] study show that it is essential to choose a diameter bubble 
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and a minimum void fraction (initial state) appropriately depending on its pressure condition 

since it will determine the model result. The study shows that the monodispersed simulation 

at medium high-pressure condition (around 20 bar) will reach a satisfactory result when the 

initial bubble diameter is set at 1.0 mm with 10-9 as its initial vapor volume fraction. It also 

found out that using a vapor volume fraction of 10-6 has an identical result as the vapor 

volume fraction of 10-9. The result will be overestimated when 10-3 is used as a minimum 

vapor volume fraction. A study regarding a three dimensional  CFD simulation of a 

converging-diverging nozzle [53], prescribes a  bubble number density, which differs for 

each case, instead of using prescribed bubble diameter. However, it is worth noting that an 

equivalent approach based on bubble diameter 𝑑𝑏 rather than bubble number density 𝑁𝑏  has 

been used more frequently [57]. 

1.3.3.2 Heat Transfer between Wellbore Wall and Geothermal Fluid 

Even though the well is often assumed to be adiabatic, there will, in reality, be some 

heat exchange between the well fluid and its surroundings. Noorollahi et al. [58], in their 

study about heat transfer simulation between the fluid injected into the well and the 

surrounding hot rock in abandon oil and gas well using ANSYS, considered a complete wells 

design which each of diameters casing using a real well geometry. The study concludes that 

diameter plays a vital part in heat transfer in their simulations. He even considered different 

heat capacity for each lithology in his study that will affect the heat transfer around the 

surface. Hasan and Kabir [14], in their wellbore simulator study, use the same basic 

assumption. Heat transfer between the wellbore fluid and the surrounding component is 

taken into account. This can be calculated and modelled by considering that heat loss from 

the fluid to the wellbore/formation interface is equal to heat loss from this interface to the 

surrounding rock [14].  

For some wellbore simulation studies dealing with geothermal production well, it is 

assumed that there is no heat transfer between the wellbore casing and brine bulk. The 

wellbore flashing process is similar to a boiling process such that vapor is generated from 

liquid, but the process involves no heat transfer from the fluid (Adiabatic process or 

isenthalpic process) [59]. In the work from Situmorang [47] regarding two-phase modelling 

using a wellbore simulator, it is assumed that there is no heat loss between the hot geothermal 

fluid and the wellbore wall (boundary layer). This assumption exists because before 

geothermal wells are exploited, wells usually are heated (heated) by streaming the 

geothermal fluid on the infinitesimal mass flow rate (bleeding). Then, the well will be heated 

again through a transient state before reaching a steady state. Thus, by having a bleeding 

program in the well, it is expected that the casing wall temperature is uniform with the brine 

temperature, especially near-wall fluid temperature. This thesis wellbore modelling study 

will assume a simple computational fluid dynamics domain or geometry which only consider 

the fluid flow as the research interest. Thus, wall heat transfer is assumed negligible in this 

study.  
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Chapter 2 

2Methodology 

2.1 Study Case 

2.1.1 Geological Background 

The primary focus of this study pertains to one of the wells in Svartsengi, Iceland. 

Svartsengi is located in the Reykjanes peninsula, southwest of Iceland, approximately 50 

km southwest of Reykjavik. The geological structure of Svartsengi is shown in Figure 11. 

At the tip of the Reykjanes Peninsula sits the Reykjanes geothermal system. The Svartsengi 

geothermal system is about 10 kilometres to the west-northwest [60]. The Svartsengi 

geothermal field can be categorized as a high-temperature geothermal field , and it has been 

utilized as district heating and electric generation for five villages in the Reykjanes peninsula 

[61]. The Svartsengi Power Plant currently producing 75 MWe and 190 MWth [62]. 

  

 

Figure 11 A Geological Map of the Reykjanes Peninsula [63] 

 

Svartsengi geological and geothermal mapping has been studied by Pullinger [64].  In 

his study, Pullinger, which reference from the Jonsson Svartsengi geological map study [65], 

divided the Svartsengi surface geological area into different geologic units, including pillow 

lava piles, a table mountain, lava flows and crater rows: Thorbjamarfell – Lagafell, Hagafell, 

Svartsengisfell,  Older crater rows and lavas, and Younger crater rows and Iava [64].  The 
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rock in Thorbjarnarfell – Lagafell area comprises olivine plagioclase porphyritic pillow lava 

with a thin breccia up to 10 meters thick. The Hagfell ridge consists of olivine-plagioclase 

porphyritic pillow lava with a 5-10 m thick cover of breccia of the same composition. The 

Svartsengisfell Table Mountain is composed of plagioclase porphyritic pillow lava, foreset 

breccia, dykes and sheet lavas. In term of structural geology, an active fissure swarm cutting 

through the Svartsengi geothermal field has resulted in a high degree of faulting [64]. Figure 

12 shows several fault and fissure. The normal faults offset extended up to 10 meters, but 

some of the faults have an extreme displacement which accounts for 40 meters. There are 

two major fault systems in Svartsengi; the first one is extended from northeast to southwest 

(with 30°-40° strike), and a second is extended north to south (0°-20° strike).  Both of the 

faults have near vertical dips. The NE-SW fault is located in Thorbjarnarfell mountain. On 

the other hand, the N-S fault is a long fault with a length approximation of 1 km with an 

offset fault of 5 to 15 meters. In terms of surface hydrothermal alteration, the Svartsengi 

geothermal system has various types of alteration: high-intensity, medium-intensity and 

low-intensity alteration zones show its distribution in the Svartsengi geothermal area [64] 

(Figure 12). High-intensity alteration in the area is characterized by clay formation. 

Meanwhile, medium and low intensity alteration is characterized by the presence of silica 

deposition. 

 

 

 

Figure 12 Surface Hydrothermal Alteration and Fault in Svartsengi [64] 

 

2.1.2 Study Case Domain and Study Description  

According to the thesis by Sverrisdottir [66], In 1971, the first Svatsengi wells were 

drilled and only actively used 5 years later. SV-2, SV-3, SV-4, and SV-5 are some wells that 

have been used for the observation and develop a conceptual model in 1977.  SV-4 also one 
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of the wells that were used for production at that time [66] in which; according to Stefansson 

and Steingrimsson [67], this well experienced the calcite scaling. The calcite scaling diameter 

data has been measured with a caliper log, and the pressure data is provided in the Stefansson 

and Steingrimsson log report [67]. The wellbore and its scaling geometry will be explained in 

detail in section 2.6 

This thesis study utilizes computational fluid dynamics as an instrument to model 

wellbore fluid properties. The outputs of the simulation are pressure, temperature, vapor 

fraction. The pressure simulation result will be compared to the actual pressure data from 

caliper log to validate its credibility. Moreover, user-defined function code is integrated with 

the computational fluid dynamic solver to analyse the exergy value within in it.  

2.2 Computational Fluid Dynamics 

Computational fluid dynamics can be defined as a methodology that utilizes 

computers and theoretical relation to present a numerical simulation of the fluid flow. The 

simulation is instrumental in understanding the fluid behavior and its effect on its 

surrounding [68]. Computational fluid dynamics are built by structured codes around 

numerical algorithms that can solve fluid flow problems. The codes contain the following 

structure: 

 

Pre-Processor 

Pre-processor is a process that involves all the input of fluid problem and properties, which 

consists of the following: 

• Building geometry of interest 

• Grid generation 

• Choosing the process model for the phenomena 

• Define the fluid attribute 

• Specification of the boundary condition for the model simulation  

 

Solver 

Solver is a process that involves the numerical/partial differential equation required to solve 

the problem. finite difference and finite element is the example of the numerical solution 

technique.  This process consists of the following: 

• Integration of the governing equations of the fluid flow 

• Discretization 

• Solved the equation iteratively 

 

Postprocessor 

This stage is in the form of visualizing the simulation results. 

 

2.3 Exergy Analysis 

The first law of thermodynamics does not provide information about the maximum 

potential work that can be extracted from a given energy source. This maximum work that 

can be extracted (useful energy) from a heat source can be defined in terms of exergy. In the 

exergy term, there must be a specified state to which the amount of available work can be 

done [69]. It is the maximum useful work that can be acquired before the system and the 
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environment attain a state of equilibrium as it undergoes a reversible process. The dead state 

is the condition when the system is in equilibrium with the environment [70]. Thus, at the 

dead state, the system is at the environment temperature and pressure. This means that after 

the system and environment reach equilibrium, the exergy is zero. In contrast to energy 

which is conserved according to the first law of thermodynamic, exergy is not conserved 

and can be destroyed. Therefore, irreversibility determines the exergy value. 

  Exergy analysis is a method applied in any industry to derive the actual image of 

useful energy in the system. Analysing exergy is essential in identifying the cause, and 

location of losses in the imperfect system (irreversible system). Therefore, this information 

is useful to improve and optimize system efficiency by minimizing losses. This analysis also 

has been performed in the geothermal industry in order to assess its efficiency. Most of the 

exergy analysis in the geothermal field is concentrated more in the power plant equipment 

such as turbine and heat exchanger (condenser and evaporator). However, there is not much 

discussion of exergy assessment in the wellbore aspect. Mineral deposition is one of the 

problems that cause exergy destruction of the geothermal fluid.  

A detail explanation of exergy formula and calculation which is implemented in this 

thesis study will be presented in the 2.8.3 section.  

2.4 ANSYS Fluent 

ANSYS Fluent is a computational fluid dynamic platform used to predict fluid flow 

behavior, mass and heat transfer, chemical reaction, and other related phenomena. ANSYS 

computational mechanical software suite includes two computational fluid dynamics (CFD) 

programs. Fluent is one of them. ANSYS fluent provides two ways to solve the multiphase 

flow's numerical problem: the Euler-Euler approach and the Euler-Lagrangian approach. In 

the Lagrangian approach, the fluid elements are moving in space. Whereas, in an Euler 

approach, the elements are controlled volume fixed in space [71]. ANSYS Fluent provides 

three different Euler-Euler multiphase models. These models are the volume of fluid model, 

the mixture model and the Eulerian model. 

Turbulence is a complicated fluid dynamic behavior that requires good CPU power to 

resolve. A general approach is, therefore, to perform averaging on Navier-Stokes's equation 

to simplify various aspects of the fluid turbulence behavior. Fluent's turbulent flow solver is 

based on the Reynolds Average Navier-Stokes (RANS). These form of this equation is 

identical to Navier-Stokes's equation, with the velocities and other scalar variables now 

represented as an averaged quantities [72]. The RANS method is mainly employed in 

computational fluid dynamic simulation since large eddy simulation (LES) and direct 

numerical simulation (DNS) is highly computationally intensive.  

For a geothermal wellbore case, the system involves flash boiling rather than 

subcooled boiling at high temperature and pressure. The two-phase flow is formed when the 

geothermal brine depressurizes until it reaches its saturation. This causes vapor generation 

at that point of depth. Flash boiling in the wellbore is most likely to conduct a dispersed flow 

(bubbly flow) at the first point of flashing occurence. The Eulerian and the mixture model 

is preferably to be used for the dispersed-continuous phase.  The Eulerian model will solve 

conservation equations for each phase. In this study, some assumptions (model limit) are 

adopted to make the model simple and easier (Model Simplification), as follows: 
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• The simulation takes into account a section of the wellbore that is dealing with scaling 

and not the entire wellbore geometry and the feedzone area. Fluid property modelling 

for the wellbore assumes no impurities.  

• No heat transfer between casing and the fluid flow 

• It is not the focus of the study to analyse fluid behavior with respect to time.  Thus, a 

steady flow model was selected in which fluid properties are independent of time 

• Vapor temperature is assumed equal to the saturation temperature 

• Fluid pattern evolution is not modelled (related to bubble coalescence). Thus, the study 

only considers the bubbly flow regime with prescribed bubble diameter.  

2.5 Governing Equations  

The governing equations are be based on the ANSYS Fluent theory guide [72] and 

other literature related to the flashing phenomenon ([53], [56], [57]). In this study about fluid 

flow in a geothermal wellbore with the two-phase flow, the continuous phase is assigned as 

liquid, meanwhile the dispersed phase is assigned vapor. The lowercase 𝑖 implies the phase 

(𝑖 can be liquid or gas depending on the system). The conservation equations for the fluid 

flow are defined as follows: 

2.5.1 Conservation of Mass 

The continuity equation of phase 𝑖 is given as follows: [56],   

 

 
𝜕

𝜕𝑡
(𝛼𝑖𝜌𝑖) + 𝛻. (𝛼𝑖𝜌𝑖�⃑�𝑖) = Γ𝑖 

 

(2.1) 

 

 

Where 𝛼, 𝜌, 𝑎𝑛𝑑 𝑣 represent the volume fraction of the phase, the density of fluid and 

its velocity, respectively.  

 

The right-hand side terms are described as follows: 

 

• First term, Γ𝑖 corresponds to the mass gain or loss by the ith phase during boiling. The 

equation assumes condensation rate is deemed not to occur in the flash boiling process 

and negligible in the calculation ([53], [56], [57]).  

2.5.2 Conservation of Momentum 

The Momentum equation of phase 𝑖 is defined as [56], 

 

 
𝜕

𝜕𝑡
(𝛼𝑖𝜌𝑖�⃑�𝑖) + 𝛻. (𝛼𝑖𝜌𝑖�⃑�𝑖�⃑�𝑖) = −𝛼𝑖𝛻𝑃 + 𝛻. 𝜏𝑖 + 𝛼𝑖𝜌𝑖𝑔 + �⃑�𝑖Γ𝑖 + �⃑�𝑖 

 

(2.2) 

 

 

Where 𝛼, 𝜌, 𝑣 and 𝑃 represent the volume fraction of the phase, the density of fluid 
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velocity, and pressure respectively. 𝑔 is gravity acceleration constant. 

 

The right-hand side terms are described as follows: 

 

• The first term corresponds to pressure drop 

• The second term corresponds to turbulence term, which is explained as turbulent stress 

or phase stress-strain tensor 

• The third term corresponds to gravity  

• The fourth term corresponds to momentum exchange due to phase change. �⃑�𝑖 is the 

interphase velocity which the value is depended on mass transfer between phases. If Γ𝑔 >

0 (liquid mass is transferred to gas/vapor), then �⃑�𝑖 equal to �⃑�𝑙, but If  Γ𝑔 < 0 (gas/vapor 

mass is transferred to liquid), then �⃑�𝑖 equal to �⃑�𝑔. 

• The fifth term corresponds to interfacial force  

 

According to the ANSYS theory guide [72], which based on the Boussinesq 

hypothesis for turbulent stress-strain relation, the term 𝜏𝑖  represent stress-strain tensor 

represents the effective stress which appears as a function of fluid properties: viscosity and 

velocity. The stress-strain tensor is formulated as follows [56]:  

 

 

𝜏𝑖 = 𝛼𝑖𝜇𝑒𝑓𝑓,𝑖(𝛻�⃑�𝑖 + (𝛻�⃑�𝑖)𝑇) (2.3) 

 

 

where, 𝜇𝑒𝑓𝑓,𝑖 is the effective viscosity of phase 𝑖 which is molecular (𝜇𝑖) and eddy 

viscosity (𝜇𝑡,𝑖). The turbulent parameters can be obtained by adding another solver code, 

which is the turbulence model. The most common turbulence models used are the k-ε model 

and the k-ω model. This also means there will be one more additional equation for each 

phase. In this study, k-ε model was used to model the turbulence behavior.  

2.5.3 Conservation of Energy 

The energy equation of phase 𝑖 is given as follows: [56], 

 

 

𝜕

𝜕𝑡
(𝛼𝑖𝜌𝑖 (ℎ𝑡𝑜𝑡,𝑖 −

𝑝

𝜌𝑖
)) + 𝛻. (𝛼𝑖𝜌𝑖�⃑�𝑖ℎ𝑡𝑜𝑡,𝑖) = 𝛻 · (𝛼𝑖𝜆𝑖𝛻𝑇𝑖) + ℎ𝑖Γ𝑖 + 𝐸𝑖 

 

(2.4) 

 

 

Where 𝛼, 𝜌, 𝑣, 𝑇 represent the volume fraction of the phase, the density of fluid, 

velocity, and temperature, respectively. ℎ and 𝜆 is specific enthalpy, and heat conductivity.   

 

The right-hand side terms are described as follows: 

 

• The first term corresponds to the turbulent stress or phase stress-strain tensor. 
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• The second term corresponds to energy exchange. If Γ𝑔 > 0 (liquid mass is transferred 

to gas), then ℎ𝑖 equal to ℎ𝑙, but if  Γ𝑔 < 0 (gas mass is transferred to liquid), then ℎ𝑖 equal 

to ℎ𝑔. 

• The third term corresponds to interphase transfer of energy, such that 𝐸𝑖 is the sensible 

heat flux, and the following relation applies: 

 

 

𝐸𝑔 = − 𝐸𝑙 (2.5) 

2.5.4 Interfacial Area Concentration 

Interfacial area concentration is term for the interfacial area between two phases per 

unit mixture volume [72]. In this study, homogenous seeding will be used and implemented 

in the interfacial Area Concentration model equation. The nucleation process is neglected in 

this study and the prescribed bubble diameter 𝑑𝑏 is assumed. For spherical shaped bubbles, 

interfacial area concertation is formulated as below, where g represents the dispersed phase 

in the system (vapor) ([56], [72]), 

 

 

𝐴𝑖 =
6𝛼𝑔

𝑑𝑔
 

 

(2.6) 

 

 

where 𝐴𝑖 is interfacial area concentration, 𝛼𝑔 is vapor fraction and 𝑑𝑔 is bubble Sauter 

diameter. In this study, the bubble diameter and minimum volume fraction are 10-4 m and 

10-5. 

2.5.5 Interfacial force 

Interfacial forces for the system involving two-phase flow with boiling (subcooled and 

flashing) must be considered because the bubble formed will affect the momentum transport 

between vapor and liquid. The interfacial forces act on a bubble because of the surrounding 

liquid. In agreement with the third of Newton's law of motion, interfacial forces consist of 

drag force, lift force, wall lubricant, virtual mass, and turbulent dispersion ([50], [56]), as 

given below:  

 

 

�⃑�𝑔 = −�⃑�𝑙 (2.7) 

 

 

�⃑�𝑖 = �⃑�𝐷,𝑖 + �⃑�𝐿,𝑖 + �⃑�𝑊𝐿,𝑖 + �⃑�𝑉𝑀,𝑖 + �⃑�𝑇𝐷,𝑖 (2.8) 

 

 

 

 

where �⃑�𝐷,𝑖 is drag force, �⃑�𝐿,𝑖 is lift force, �⃑�𝑊𝐿,𝑖 is wall lubricant, �⃑�𝑉𝑀,𝑖 is virtual mass, and 
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�⃑�𝑇𝐷,𝑖 is turbulent dispersion.  Appropriate models required to calculate these interfacial 

forces, can be found in the literature  [56]. Identical models are used for water-air and water-

vapor flows. The models from the literature [56] are described as follows: 

2.5.5.1 Drag Force 

Drag force is the resistance force opposing bubble movement in the fluid. Its direction 

is, therefore, the opposite to the bubble's relative velocity. Drag force as formulated in the 

two-phase model is: 

 

 

�⃑�𝐷,𝑔 = −
3

4

𝐶𝐷

𝑑𝑔
𝛼𝑔𝜌𝑙|�⃑�𝑔 − �⃑�𝑙|(�⃑�𝑔 − �⃑�𝑙) 

 

(2.9) 

 

 

 

𝐶𝐷 is drag force coefficient. Because the ANSYS version used for this study, doesn’t provide 

Ishi-Zuber correlation, therefore Schiller and Naumann drag coefficient was employed. For 

flow that which includes boiling, the Schiller and Naumann drag coefficient [74] will be 

used in this study. The Schiller and Naumann model is appropriate for general use for all 

fluid-fluid phase combinations [72]. The Schiller and Naumann model for the drag 

coefficient is described in ANSYS Fluent as follows:  

 

 

𝐶𝐷 = {24(1 + 0.15 𝑅𝑒0.687)/𝑅𝑒    
0.44                                        

 
 𝑖𝑓 𝑅𝑒 ≤ 1000 

𝑖𝑓 𝑅𝑒 > 1000 

 

(2.10) 

 

 

where 𝑅𝑒 is Reynolds number. 

2.5.5.2 Lift Force 

Lift force plays a vital role and has a large effect on the radial distribution of the 

bubble. This force will push the bubble to the wall and, thus has a direction perpendicular to 

the bubble velocity. Small bubbles tend to move towards the wall. However, above a critical 

bubble diameter, bubbles are pushed towards the centerline of the channel. In this study, the 

formulation for this lift force is formulated as, 

 

 

�⃑�𝐿,𝑔 = −𝐶𝐿𝛼𝑔𝜌𝑙(�⃑�𝑔 − �⃑�𝑙) ×  (𝛻 × �⃑�𝑙) (2.11) 

 

 

where 𝐶𝑙 is the lift coefficient, and it will be calculated by the relation proposed by Moraga 

et al. [75]. The Moraga lift coefficient model applied to liquid drop and bubbles in ANSYS 

Fluent is expressed as:  
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𝐶𝑙 = {

0.767                           

− (0.12 − 0.2𝑒− 
𝜑

3.6
×10−5

)          

 −0.6353                         

 

 𝑖𝑓 𝜑 ≤ 6000 

𝑖𝑓 6000 < 𝜑 < 5 × 107 

𝑖𝑓 𝜑 ≥ 5 × 107 

 

(2.12) 

 

 

Where 𝜑 denotes Moraga lift coefficient, which depends upon on the particle or bubble 

Reynolds number and vorticity Reynolds number, as follows: 

 

 

𝜑 = 𝑅𝑒𝑏 𝑅𝑒𝜔 (2.13) 

2.5.5.3 Wall Lubricant 

Antal et al., in their work [76] proposed the first term for wall lubricant force. Wall 

lubricant is a type of force which is responsible for preventing bubbles from penetrating and 

touching the solid wall. Liao et al. [56] use a correlation from Antal et al. [76] to describe 

the analytical wall lubricant force, given as follows: 

 

 

�⃑�𝑊𝐿,𝑔 = −𝐶𝑊𝐿𝛼𝑔𝜌𝑙|(�⃑�𝑔 − �⃑�𝑙)|
2

�⃑⃑�𝑤 (2.14) 

 

 

where 𝐶𝑤𝑙 is the wall lubricant coefficient. In the original paper by Antal et al. [76], 𝐶𝑤𝑙 

value is computed with the consideration of the non-dimensional coefficient (𝐶𝑤1 = −0.01 

and 𝐶𝑤1 = 0.05). According to ANSYS theory guide [72], Tomiyama, frank, Hosokawa 

developed a new wall lubricant coefficient by modifying it with the Eotvos number. 

However, in the Hosokawa model, the wall lubricant force is computed using the Eotvos 

number and phase relative Reynolds number.  

2.5.5.4 Virtual Mass 

Virtual mass can be related to the liquid phase acceleration in various degrees due to 

bubble movement through the water. The virtual mass force give a considerably less impact 

when calculating the steady-state condition because the acceleration is almost zero [34]. This 

force is significant in the non-mechanical equilibrium process, which mostly occurs in low 

temperature and pressure condition (cavitation) [56]. Virtual mass is excluded in CFD 

modelling in the study of flashing in a nozzle [53]. The ANSYS tutorial guide defines this 

force as [72]: 

 

 

�⃑�𝑉𝑀,𝑔 = −𝐶𝑉𝑀𝛼𝑔𝜌𝑙 (
𝐷�⃑�𝑔

𝐷𝑡
−

𝐷�⃑�𝑙

𝐷𝑡
) 

 

(2.15) 

 

 

where the virtual mass coefficient 𝐶𝑣𝑚 is considered to be 0.5. The phase material time 

derivative, given in the above equation, is described as follows: 
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𝐷(∅)

𝐷𝑡
=

𝜕(∅)

𝜕𝑡
+ (𝛻. �⃑�)∅ 

 

(2.16) 

 

2.5.5.5 Turbulent Dispersion 

Turbulent dispersion is a force, resulting from the turbulent fluctuations of liquid and 

its effect on the gas bubbles. Liao et al. [56] use the Burns et al. [77] turbulent dispersion 

model to derive the turbulent dispersion value. Burns turbulent dispersion model is described 

as [77]: 

 

 

�⃑�𝑇𝐷,𝑔 = −
5

6
𝐶𝑇𝐷 𝛼𝑔𝜌𝑙

𝐶𝐷𝜇𝑡,𝑙

𝑑𝑔
|�⃑�𝑔 − �⃑�𝑙| (

∇𝛼𝑔

𝛼𝑔
−

∇𝛼𝑙

𝛼𝑙
) 

 

(2.17) 

 

 

By default, 𝐶𝑇𝐷= 1 and 𝜎𝑝𝑞 = 0.9.  

2.5.6 Interphase Mass and Heat Transfer 

From the literature survey [57], interphase mass transfer in the boiling model is 

dependent upon the mass transfer caused by phase change (thermal non-equilibrium), 

nucleation and bubble growth (mechanical non-equilibrium). Thus, the evaporation rate is 

formulated as: 

 

 

Γ𝑔 = −Γ𝑙 = Γ𝑝ℎ𝑐 + Γ𝑛𝑢𝑐 + Γ𝑏𝑔𝑟 (2.18) 

 

 

 

As mentioned in the literature review in section 1.3.3.1, for high-pressure condition, 

the mass transfer because of the mechanical equilibrium and bubble growth can be ignored 

[56] during the flashing process. Thus, the formula can be simplified as: 

 

   

Γ𝑔 = Γ𝑝ℎ𝑐 (2.19) 

 

 

where Γ𝑝ℎ𝑐 is defined as ([72], [53]): 

 

 

Γ𝑔 = Γ𝑝ℎ𝑐 =
𝐸𝑙

ℎ𝑡𝑜𝑡,𝑔 − ℎ𝑡𝑜𝑡,𝑙
 

(2.20) 

 

 

In the above equation, the sensible heat flux from the bulk water, which transfers to the 
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steam-water interface, is given as: 

 

 

 

𝐸𝑙 = δ𝑙(𝑇𝑙 − 𝑇𝑠𝑎𝑡)𝐴𝑖 (2.21) 

 

 

 

The homogenous seeding model in the evaporation process assumes that the steam 

and steam water interphase always remains at saturation condition (𝑇𝑔 = 𝑇𝑠𝑎𝑡) [53]. 𝛿𝑙 is 

the interphase heat transfer coefficient and 𝐴𝑖 is the interfacial area concentration. 𝛿𝑙 is 

formulated by the Ranz–Marshall correlation [78], which also have been used in the vertical 

pipe flashing study [56], given as follows: 

 

𝑁𝑢 =
𝛿𝑙𝑑𝑔

𝜆𝑙

= 2 + 0.6𝑅𝑒𝑏
0.5𝑃𝑟𝑙

0.3 
 

0 ≤  𝑅𝑒𝑏 ≤ 200,     0 ≤  𝑃𝑟𝑙 ≤ 250   
  

(2.22) 

 

 

ℎ𝑡𝑜𝑡,𝑔 and ℎ𝑡𝑜𝑡,𝑙 are the total liquid and vapor enthalpy whose value depends on the following 

rule for the evaporation process: 

 

 

ℎ𝑡𝑜𝑡,𝑖 = 𝑐𝑝,𝑖𝑇𝑖 +
1

2
|�⃑�𝑖|2 

 

(2.23) 

 
 

This Interphase Mass and Heat Transfer model option can be implemented in ANSYS 

by choosing the thermal phase-change model. The thermal phase change model is used for 

evaporation-condensation process. Furthermore, the sensible heat flux is derived by 

choosing a two-resistance model. 

 

2.5.7 Turbulence Model 

Turbulence kinetic energy and dissipation rate is a big part of the fluid momentum 

calculation since the fluid deals with a turbulence process. For k-ε turbulence model, The 

kinetic energy, and rate of dissipation, are derived by equations below [72]: 

 

 
𝜕

𝜕𝑡
(𝛼𝑖𝜌𝑖𝑘𝑖) + 𝛻. (𝛼𝑖𝜌𝑖𝑘𝑖�⃑�𝑖)

= 𝛻. [𝛼𝑖 (𝜇𝑖 +
𝜇𝑡,𝑖

𝜎𝑘
) 𝛻𝑘𝑖] + 𝐺𝑘 + 𝐺𝑏𝑜𝑦 − 𝜌𝑖휀𝑖 − 𝑌𝑀 + 𝑆𝑘 

 

 

 

(2.24) 

 

 

 

 

And 
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𝜕

𝜕𝑡
(𝛼𝑖𝜌𝑖휀𝑖) + 𝛻. (𝛼𝑖𝜌𝑖휀𝑖�⃑�𝑖)

= 𝛻. [𝛼𝑖 (𝜇𝑖 +
𝜇𝑡,𝑖

𝜎𝜀
) 𝛻휀𝑖] + 𝐶1𝜀

휀𝑖

𝑘𝑖
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏𝑜𝑦) − 𝐶2𝜀𝜌𝑖

휀𝑖
2

𝑘𝑖

+ 𝑆𝜀 

 

 

 

 

(2.25) 

 

 

 

where 𝐺𝑘 is the generation of turbulence kinetic energy because of the mean velocity 

gradients. 𝐺𝑏𝑜𝑦 represents the generation of turbulence kinetic energy because of buoyancy 

effect. 𝑌𝑀 is the contribution of the fluctuating dilatation in compressible turbulence to the 

overall dissipation rate. 𝜇𝑡 represent eddy viscosity. 𝜎𝑘 are 𝜎𝜀  the turbulent Prandtl numbers 

for 𝑘 and 휀, respectively. 𝐶1𝜀, 𝐶2𝜀, and 𝐶3𝜀 is constant. 𝑆𝑘 and 𝑆𝜀  are user-defined source 

terms. For details about the models, writer is referred to the ANSYS 15.0 user guide [72]. 

2.6 Geometry and Meshing 

The wellbore geometry and mesh development are done in ANSYS design modular 

and mesh generation tool.  The dimension for the geometry of the case study for Well no-4 

or SV-4, in Svartsengi, is based on the literature from  Stefansson and Steingrimsson [67]. 

The Svartsengi well no-4 has a variable cross-sectional area along the flow direction due to 

calcite scaling. The simulation is done for a 300-meter wellbore, which included the section 

with mineral scaling. Design Modeler integrated with ANSYS fluent software is used to 

build the wellbore geometry for this study.  

2.6.1 Scaling and Wellbore Configuration  

A geothermal wellbore is generally built-in four or five casing layers that are similar 

to a petroleum well. This casing layer is an essential part of the geothermal exploitation 

process for several reasons: protecting the wellbore from groundwater intrusion, maintaining 

the drill hole's stability, in order for it not to collapse, and closing the zone of abnormal 

pressure. The order of the wellbore casing layer from the outside to inside respectively are 

conductor casing, surface casing, intermediate casing, and production casing. The difference 

in the well configuration between geothermal and petroleum system can be distinguished by 

the type of exploitation casing/pipe used. In a petroleum wellbore, tubing is commonly used 

in extracting the oil and this tubing is installed in the wellhead (without cement). On the 

other hand, the geothermal wellbore uses a liner to extract the geothermal well and is 

mounted hanging the production casing. Moreover, in the petroleum wellbore, the 

production zone is cemented and needs to be perforated in the well completion process. 

However, the geothermal production zone is left open (without slurry cementation in the 

formation wall). Generally, in the geothermal industry, it uses the 9 5/8-inch size well for 

the production casing and the 7-inch radius size well for the slotted liner (shown in Figure 

13). This configuration is usually called a standard hole. However, in some places, the 

geothermal company uses the significant hole configuration. It uses the 13 3/8-inch size well 

for the production casing and uses the 9 5/8-inch size well for the slotted liner. This is usually 

done in order to increase the flow rate of the well [79]. Various configurations of a 
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geothermal wellbore and its parts are also shown in Figure 13. As shown in Figure 14, The 

Svartsengi well-04 is a standard hole in which production casing and liner outside diameter 

is set to 9 5/8-inch and 7-inch, respectively. According to the drilling data handbook [80], 9 

5/8-inch casing has a variable inside diameter, depending on the weight of the casing itself. 

This handbook is used for petroleum casing configuration. However, geothermal share a 

similar casing configuration and size. The handbook shows an information about the outside 

diameter and thickness of the pipe regarding the grades. So, the casing inside diameter can 

simply be calculated by finding the difference in numbers between outside diameter to 

casing wall thickness. 

 

 

Figure 13 Wellbore Configuration [79] 

 

The study will focus on the fluid part in the wellbore, which is assumed to have no 

heat transfer with the casing wall, cement, and geological formation. Thus, in the design 

modeler, the casing layer domain will not be modelled. It is essential to know the inside 

diameter of the wellbore since it will define the geometry of the fluid itself. However, it is 

important to keep in mind that the casing has its type and different inside diameter even if it 

is the same type of casing.  

Calcite scaling geometry is the primary focus of this study which must be defined 

correctly in CFD. According to the well caliper log data (Figure 14) for this case (wellbore 

in Svartsengi), mineral calcite starts to deposit at 420 meters. The calcite is precipitated 

around the intersection between the slotted liner and production casing. The calcite scaling 

of the current study well has different thickness value along with the well depth. It shows a 

prominent behavior that the scaling thickness increases at the first stage, but it decreases at 

370 meters towards the wellhead. The scaling of the well has a range thickness of 0.5 to 2 

inch over a stretch of around 100 meters.   
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Figure 14 Scaling Inside the Wellbore Casing  [67] 

 

2.6.2 Wellbore Fluid Mesh 

Computers do not solve the numerical equations in differential form but rather 

discretized form. The discretization process, which is also correlated to a meshing or grid 

generation, involves dividing the continuous fluid domain into volumes (cells or elements). 

The meshing process is crucial for CFD work because mesh quality will define how accurate, 

and a stable solution is.  Having a smaller grid size of the CFD domain will lead to the high 

accuracy of the solution. However, keeping in mind that resolving the large quantity of the 

mesh element means it needs a high computational time cost. On the other hand, if the mesh 

size for each element is large, it means that it will lose its solution accuracy. ANSYS Fluent 

uses the finite volume method to discretize (both in time and space) and solve fluid dynamic 

partial differential equations.  The finite volume method has its own benefit compared to the 

classic model, such as finite different or finite elements. The finite volume method can 

resolve a mesh with an unstructured pattern [81].   

In order to avoid a divergence problem when the solver is running, it is essential to 

generate a high-quality mesh. In ANSYS fluent software, mesh quality is correlated to its 

skewness and its grid orthogonality. Every cell has its orthogonality value. Orthogonality 

quality and skewness are usually shown in fraction form. The more mesh skewed and the 

large nonorthogonality angle will lead to the calculation instability. The orthogonality 

measure ranges from 0 to 1 which 0 can be classified as bad mesh, and 1 can be classified 

as good mesh. On the other hand, skewness can be categorized as good if it values closer to 

0 [82].  Mesh improvement near the wall is also needed to be performed in order to capture 

the turbulence flow behavior. This improvement can be made by increasing the grid 
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resolution using inflation meshing. Turbulence near the wall is an essential part to be 

considered and resolved because of the viscous sublayer (In the viscous layer, the fluid is 

dominated by the viscous effect) has different behavior to the log law layer (In the 

logarithmic layer, the fluid is dominated by turbulence stress). Thus, the mesh thickness on 

the wall interface is established to have five layers near the wall, and it will increase radially 

inward with the factor of 1.2 from the first mesh cell (shown in Figure 15). All in all, in the 

case of the current study, wellbore mesh consists of 3,773,639 cells.  

 

 

 

Figure 15 Wellbore Mesh [83] 

 

2.7 Solver Setup 

2.7.1 Phase Specification and Its Properties 

Several things need to be set up before running the simulation. The initial step is to 

create the material properties to define the fluid type in the system. It is an essential step 

because the fluid type contains its own fluid properties that differ from one to another. 

Naturally, in the ANSYS, the default fluid phase would be water-liquid. However, because 

flash boiling conduct or generate a vapor phase during the process, additional material needs 

to be included, shown in Table 2. Each phase also needs to be specified, whether it is primary 

or secondary phases. Primary fluid is usually filled for the continuous phase, and secondary 

fluid is the dispersed phase in the system. In a flash boiling geothermal case, the primary 

fluid is water. On the other hand, the vapor phase will be signed as secondary fluid. 

 

Table 2 Study Phase Specification 

Fluid Phase Specification Material 

Primary fluid 

Water-

Liquid 

Secondary fluid (dispersed 

phase) 

Water-

Vapor 
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The fluid properties setting requires defining properties as a function of temperature. 

These properties will be a sensitive parameter in calculating the total enthalpy of vapor and 

liquid. Thus, density and specific heat are set as dependent variable. This is done by 

establishing simple co-relation of different properties as a function of temperature, which is 

later used in the Fluent property model setup. The density and specific heat data are based 

on [84]. Implementation of the heat capacity and density change in Fluent can be done by 

two type methods. These methods are piecewise linear and polynomial line. The piecewise 

linear function method is not the same as the polynomial method because the piecewise 

linear function is a collection of intervals on each of which the function is an affine function. 

The heat capacity profile change will be implemented in Fluent by using the third-order 

polynomial function method. Having a higher-order line means the line will coincide closer 

to the actual data. Density profile correlation will be derived by utilizing the piecewise linear 

line method.  The piecewise linear method is a suitable method for the data set in which the 

changes are nearly constant from one point to another.  

For the present case study, the heat capacity and density change are limited to 

temperature from 470 to 515 Kelvin (which are 197 to 242 °C). Because heat capacity profile 

change uses the polynomial method, it is essential to derive the heat capacity line equation 

using the trendline tool in Excel. The density profile change uses the piecewise linear method 

for the implementation in Fluent. Fluent can provide a maximum of 30 points of data in the 

piecewise linear method to be plotted. In this study case, around 8 point data will be used to 

define the density change. Figure 16 and Figure 17 show the heat capacity trendline of the 

water-liquid and water-vapor, respectively. Moreover, Figure 18 and Figure 19 are the 

density data set of the water-liquid and water-vapor, respectively.  

 

 

 

Figure 16 Water-Liquid Heat Capacity Trend Line at Saturation Pressure of the 

Temperature 
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Figure 17 Water-Vapor Heat Capacity Trend Line at Saturation Pressure of the 

Temperature 

 

 

Figure 18 Water-Liquid Density Data Set at Saturation Pressure of the Temperature 
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Figure 19 Water-Vapor Density Data Set at Saturation Pressure of the Temperature 

 

Table 3 and Table 4 shows the correlations used for the fluid properties, which will 

be implemented in the Fluent solver. 

 

Table 3 Summary of the Water-Liquid Properties at Saturation Pressure of the 

Temperature 

Water-Liquid 

Parameter Method Equation Residual 

Heat 

Capacity 
Polynomial 

𝑐𝑝 = 0.000300844263677 

T3 - 0.397215035427507 T2 

+ 179.066556149373000 T 

- 23,171.607492765100000 

0.99999981 

Density 
Piecewise 

Linear -  -  

Table 4 Summary of the Water-Vapor Properties at Saturation Pressure of the 

Temperature 

Water-Vapor 

Parameter Method Equation Residual 

Heat 

Capacity 
Polynomial 

𝑐𝑝 = 0.000746977681949 

T3 - 0.999480241565152 T2 

+ 459.629492625943000 T 

- 69,853.877894547500000 

0.999999924 

Density 
Piecewise 

Linear -  -  
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2.7.2 Saturation Temperature 

Saturation temperature needs to be arranged correctly, and if not, it will give the wrong 

solution result. As default, temperature saturation is 100 °C or 373 Kelvin and stay constant 

in Fluent. This default setting is intended for the pressure condition at 1 atm or 1.01 bar. 

However, in this geothermal well study, the pressure is higher than the atmospheric pressure, 

and it changes depending on its depth. For the present case study, the wellhead pressure is 

at 21.0 bar, and the pressure rises with the increase of depth.  It is assumed that wellbore 

pressure has a pressure range of 21 bar to 35 bar. This assumption is made because there is 

no inlet pressure data available which this pressure range is crucial in making a temperature 

saturation line. Moreover, the inlet pressure value will be solved by the mass, momentum 

and energy equation after simulation, and it is impossible to retrieve and used this data 

beforehand. The piecewise linear is sufficient enough for deriving the temperature saturation 

line data, as the data set almost makes a linear curve. Figure 20 shows the saturation 

temperature data set of the geothermal wellbore case (21 bar to 35 bar), where the data is 

retrieved from NIST.  

 

 

 

Figure 20 Temperature Saturation Data Set 

 

2.7.3 Simulation Initial and Boundary Conditions  

For the inlets, the velocity-inlet boundary condition is assigned as velocity magnitude 

and direction. Meanwhile, a pressure-based value is selected for the outlet boundary 

condition since the flow region's velocity is unknown, but the wellhead pressure data is 

available. The body of the geometry is assigned the physical state of the fluid. As mentioned 

in the literature review in section 1.3.3.2, there is no heat transfer for the flash boiling 

485

490

495

500

505

510

515

520

20 22 24 26 28 30 32 34 36

Te
m

p
ra

tu
re

 (
K

el
vi

n
)

Pressure (Bar)



2.8 IMPLEMENTATION OF USER DEFINED FUNCTION TO CALCULATE EXERGY 

TERM  35  

  

condition in a geothermal well (isenthalpic process). Therefore, the wall heat flow value is 

assigned as zero. Table 5 shows the boundary condition and its parameter value.  

 

Table 5 Summary of Simulations Boundary Condition and Values [83] 

Parameter Boundary Case  

mass flow rate inlet 24.6 kgs-1 

temperature inlet 514.0 K 

wellhead pressure outlet 21.0 bar 

(absolute) 

heat flow wall 0 W/m2 

(adiabatic) 

roughness height  

roughness constant 

wall 

wall 

0.8  mm 

0.6 

2.7.4 Convergence Setup 

Convergence is defined as the degree of a simulation error, and it is derived from the 

criterion of the root mean square residual. The residuals converging toward a low error value 

indicates the validity of the simulation's solution, and an error value of 10-3 is practically 

considered converged. In this thesis study, the simulation convergence was controlled using 

error residual in the domain of less than 10-4, which is the same treatment as followed by 

Liao [57]. Convergence is related to simulation stability, in which stability is affected by 

several factors, and mesh quality is one of them. Mesh quality and quantity will affect the 

convergence in the solution. That is the reason why some of the studies usually conduct the 

grid convergence test. 

2.8 Implementation of User Defined Function to Calculate 

Exergy Term 

ANSYS Fluent work package does not solve entropy and exergy term in their standard 

solver code. Thus user-defined function becomes a handy tool to define these parameters. A 

user-defined function is a tool provided by ANSYS fluent, modifying, and enhancing the 

ANSYS's fluent standard features. By using a user-defined function, new boundary 

conditions, material properties, source terms, etc., can be defined. A user-defined function 

is based on C language and needs to be compiled or interpreted in order to integrate it into 

the CFD solver.  The idea is to use the empirical correlation from NIST thermodynamic 

properties to derive exergy term and integrating them with the CFD solver using a UDF 

code. It is important to call the right scalar properties for each phase because, in the Eulerian 

model, the mass, momentum, and energy equation will be solved for each phase (liquid and 

vapor). However, the same pressure field value will be shared with both phases.  

2.8.1 User-Defined Function  

Because the exergy term solution is not provided in the fluent, applying UDF code is 

very important in integrating the exergy term to the solver. Before UDF code is built and 
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executed in the ANSYS solver, it is essential to understand the basic mesh terminology in 

ANSYS fluent in understanding the storage procedure of the data and its type into the mesh. 

Depending on its application, each type of UDF is passed with different values and data 

structures. The majority of UDFs will require solver data. This includes pressure, 

temperature, density, velocity, etc. In ANSYS, when you call properties of the cell, the cell 

center point's properties values are generally considered. The solver data is stored in a 

hierarchy [85] as follows:  

 

• Domains are collections of threads that make the whole mesh and is used to store the 

data of a collection of nodes, face threads and control volume threads in a mesh. The 

domain pointer has its own id correlated to its phase specification domain (shown in 

Figure 21). 

• Threads (or zones) are collections of cells or faces and are used to access information 

about the boundary or control volume zones. 

• Cells and faces are made of Nodes. 

 

 

Figure 21 3D Mesh and Domain Thread Structure Hierarchy [85] 

 

 

Solver data can be called by using cell field variable macros. Each macro has its own 

specific code to call different type of fluid properties. Usually, the macros are only specified 

for the cell within the thread. There are many macros that is provided by ANSYS fluent [85]. 

However, in this study, only few macros were used. Table 6 shows different types of used 

macros and the function they are called which is implanted in UDF for this thesis study case.  
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Table 6 Cell Field Variable Macros [85] 

Macro Value 

C_R(c, t) Density 

C_P(c, t) Pressure 

C_U(c, t) U-Velocity 

C_V(c, t) V-Velocity 

C_W(c, t) W-Velocity 

C_T(c, t) Temperature 

C_VOF(c, t) Phases Volume 

Fraction 

 

2.8.2 Empirical Thermodynamic Correlation for Implementation in UDF 

to Derive Exergy Term 

The domain for defining properties was divided into two sections depending on the 

wellbore phases (compressed water section and water-vapor section). The thermodynamic 

property values are implemented by deriving a curve fit between thermodynamic property 

(enthalpy and entropy) and the pressure or temperature, using a numerical data. The data is 

based on [84].  

As explained in the literature review section, a two-phase geothermal well with 

flashing in between the wellhead and the bottom has two zones with different states of the 

fluid phase. The zones are categorized by their phase condition (shown in Figure 22). The 

fluid that occupies the compressed liquid zone undergoes an isothermal process such that 

the temperature is considered constant. In this zone, the only compressed liquid will be 

flowing until it reaches its boiling point. On the other hand, in the saturated zone, the 

isenthalpic process will occur such that the total enthalpy remains constant.  
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Figure 22 Conceptual Model of Fluid Flow in Reservoir and Wellbore [86] 

 

2.8.2.1 Compressed Liquid Zone 

The liquid phase exists in the compress liquid zone in the geothermal wellbore, below 

the point of flashing. The temperature remains constant in the compressed liquid zone with 

depth until the pressure reaches the saturation pressure for the temperature. In the present 

case study, the inlet temperature was set at 514 Kelvin, as obtained from the well log data.  

 

Liquid Properties 

 

 

Using the curve fit tool in Excel, the equation for enthalpy and entropy as a function 

of pressure was obtained.  It is important to use a higher power order of the polynomial line 

to obtain a small residual value and credible interpolation line. A minimum accuracy up to 

fourth decimal place is required for the entropy, in order to estimate the change in exergy 

accurately.   Table 7 shows the curve fit equations for the liquid state entropy and enthalpy 

as a function of pressure. 

 

Table 7 Liquid Thermodynamic Properties Curve Fit Equations for the 

Undersaturated Zone at Temperature of 514 Kelvin 

Parameter Equation Residual 

Entropy 

sl = -0.000021938688434 P3 + 

0.002306217650128 P2 - 

0.081030646897719 P + 

3.661113215232100 kJ/kg K 

0.96005 

Enthalpy hl = 1041.6 (Constant) kJ/kg 1 
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2.8.2.2 Saturated Zone 

After the fluid reaches its saturation pressure value along the upflow, the flash boiling 

phenomenon occurs and causing vapor generation in the fluid. The vapor fraction will 

increase along the wellbore upflow. Furthermore, the temperature which constant within the 

compressed liquid zone will start to decrease as the pressure decreases. Because there are 

two phases in this volume space, the entropy and enthalpy for each phase need to be 

accounted separately to calculate the total fluid volume. During the process of flashing along 

the convergent-divergent section of the scaling contraction, the liquid phase becomes 

subcooled with respect to the actual saturation pressure due to heat transfer required for the 

phase change due to a sudden drop in pressure. A small temperature difference, therefore, 

occurs during the phase change. Therefore, it is important to express the phase properties of 

the liquid state as a function of temperature and pressure. The present study assumes fluid 

property as a function of the temperature, assuming a saturated state. This minimizes the 

error in the value of the fluid property, since the change in the thermodynamic property 

values is negligible for a given change in pressure. Plot for the enthalpy and entropy data for 

the temperature range 487 Kelvin to 514 Kelvin are shown in Appendix B.  

 

Vapor Properties  

 

Plots for the enthalpy and entropy of the vapor state as a function of saturated 

temperature were made using the data from NIST.  As shown in Figure 34 (in Appendix B), 

the vapor entropy increases with a decrease in the saturated temperature. The curve fit shows 

an almost linear variation of the vapor state entropy with temperature Figure 35 (in Appendix 

B) show the vapor enthalpy profile with respect to the saturation temperature. The curve 

shows a non-linear variation of fluid enthalpy with temperature. The vapor enthalpy 

increases as the temperature increase up to 505 K, after which it decreases. Thus, to derive 

a high accuracy equation, a third-order polynomial curve fit equation is implemented. Table 

7 shows the curve fit equations for the properties. The equations are implemented as UDF 

code in Fluent. 

 

Table 8 Vapor Thermodynamic Properties Curve Fit Equations for the Saturated 

Zone at Pressure Saturation of the Temperature 

Parameter Equation Residual 

Entropy 

sg = -0.000000074939170 T3 + 

0.000116548384979 T2 - 

0.067445887778948 T + 

20.188387410067800 kJ/kg K 

0.999572966 

Enthalpy 

hg = -0.000039207901423 T3 + 

0.049708106363440 T2 - 

20.138429768487000 T + 

5,345.655436183120000 kJ/kg K kJ/kg  

0.9999997 

 

 

Liquid Properties  

 

Plots for the enthalpy and entropy of the liquid phase as a function of saturated 
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temperature were done using the property data from NIST. The liquid state enthalpy and 

entropy increases with an increase in saturation temperature (Figure 36 and Figure 37 in 

Appendix B). Curve fit equations from the data for determining the fluid properties are of 

the third order to obtain good accuracy.  Table 9 shows the curve fit equation obtained from 

the data which are implemented as a UDF code in Fluent. 

 

Table 9 Liquid Thermodynamic Properties Curve Fit Equations for the Saturated 

Zone at Pressure Saturation of the Temperature 

Parameter Equation Residual 

Entropy 

sl = 0.000000036403536 T3 - 

0.000057470394791 T2 + 

0.039396338721046 T - 7.299972837702270 

kJ/kg K 

0.99999988  

Enthalpy 

hl = 0.000009930930027 T3 - 

0.011318017226877 T2 + 

8.543909075651520 T - 

1,708.386073975400000 kJ/kg 

0.9999998  

 

2.8.3 Exergy Calculation 

The total enthalpy of the system, total entropy of the system and dead state 

thermodynamic properties (environment state) are three main components needed to derive 

flow specific exergy term. Enthalpy and entropy for each phase derived by empirical 

correlation (section 2.8.2) are the basis for calculating the total enthalpy and entropy of the 

system. 

 

The thermodynamic properties of the two-phase mixture in a given cell volume are 

calculated using the following relations: 

 

 

ℎ = ℎ𝑔 𝑥 + ℎ𝑙 (1 − 𝑥) (2.26) 

 

 

and  

 

 

𝑠 = 𝑠𝑔 𝑥 + 𝑠𝑙  (1 − 𝑥) (2.27) 

 

 

where ℎ𝑔, ℎ𝑙, 𝑠𝑔 , 𝑠𝑙   are enthalpy of vapor, enthalpy of liquid, entropy of vapor, entropy of 

liquid respectively and 𝑥 is vapor mass fraction (steam quality). To obtain thermodynamic 

properties of each phase, pressure and temperature values in the given volume cell are 

required. The pressure data is retrieved from ANSYS solver by using C_P (cell, Thread 

command). Meanwhile, temperature data is retrieved from ANSYS solver by using C_T 

(cell, Thread command). These commands were employed in the current user-defined 



2.8 IMPLEMENTATION OF USER DEFINED FUNCTION TO CALCULATE EXERGY 

TERM  41  

  

function code. 𝑚𝑓𝑔 and 𝑚𝑓𝑙 are defined as the mass fraction of vapor and liquid, defined as: 

 

 

𝑚𝑓𝑔 = 𝑥 =
𝜌𝑔 𝛼𝑔

𝜌𝑔 𝛼𝑔 +  𝜌𝑙 𝛼𝑙
 

(2.28) 

 

 

and 

 

 

𝑚𝑓𝑙 = 1 − 𝑥 =
𝜌𝑙  𝛼𝑙

𝜌𝑔 𝛼𝑔 +  𝜌𝑙 𝛼𝑙
 (2.29) 

 

 

where 𝜌𝑙 and 𝜌𝑔 is liquid and vapor density, 𝛼𝑙 and 𝛼𝑔 is a liquid and vapor volume fraction. 

The liquid and vapor density can be retrieved from the ANSYS solver using C_R (Cell, 

Thread) command. Otherwise, writing C_VOF (Cell, Thread) command can call the liquid 

and vapor fraction.  

 

Flow exergy consists of four-term components: physical exergy, kinetic exergy, 

potential exergy, and chemical exergy. For a steady-state, flow exergy, denoted by 𝜓 is 

defined as [69]:  

 

 

𝜓 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) +
𝑣𝑚𝑎𝑔

2

2
 

 

(2.30) 

 

 

where ℎ is the enthalpy, 𝑠 is the entropy, 𝑇 is temperature, and 𝑉𝑚𝑎𝑔 is velocity magnitude. 

The subscript zeros correspond as a reference to the "dead state" that is the value at 

atmospheric environment's conditions (1,01 bar pressure and 25 °C temperature). The total 

enthalpy and entropy t will be derived from equation 2.26 and 2.27; and stored in UDMI. 

Storing the parameter in UDMI can be done by writing “C_UDMI (Cell, Thread, Index)”.  

 

The kinetic energy is included in the exergy, as described in the Ding et al. study [87]. 

Fluent does not provide the velocity magnitude solver data. Thus, velocity magnitude will 

be calculated from the velocity component for each direction. For 3D vector, velocity 

magnitude is formulated as follows: 

 

 

𝑣𝑚𝑎𝑔 = √�⃑⃑⃑�2 + �⃑⃑�2 + �⃑⃑⃑⃑�2
2

 
(2.31) 

 

 

Where �⃑⃑⃑�, �⃑⃑�, �⃑⃑⃑⃑� are the velocities in respective directions and retrieved using the macros 

available in the solver.  

 

The exergy changes in a fluid flow undergoing a process from state 1 to state 2 is given 

as [70]: 
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∆𝜓 =  𝜓2 − 𝜓1 = (ℎ2 − ℎ1) − 𝑇0(𝑠2 − 𝑠1) +
𝑣𝑚𝑎𝑔

2
2

− 𝑣𝑚𝑎𝑔
2

1

2
 

 

(2.32) 
 

2.9 Summary 

This chapter explain a procedure and step used to get a result for the following chapter 

especially in obtaining exergy term. Moreover, the prior study about two phase modelling 

in the same domain case has been conducted by Chauhan et al. [83] which some of his study 

result is also presented in this thesis. The exergy term is derived by using build UDF code 

(show in Appendix A). The code is built with a command that if the boiling occurs (vapor 

fraction is more than 0.00001) then the thermodynamic correlation for saturated zone will 

be used. On the other hand, if the boiling has not started yet (vapor fraction is equal to 

0.00001) then the thermodynamic correlation for compressed liquid zone will be used. 
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Chapter 3 

3Results and Discussion 

3.1 CFD Simulation Result 

The emphasis of the result analysis in this work will be to see the variation in 

thermodynamic properties and the exergy changes within the wellbore along the flow. 

Pressure and temperature in the volume are obtained by the pressure-based algorithm used 

by the solver; The other thermodynamic properties are then obtained using the user-defined 

codes built for obtaining the property values as a function of temperature and pressure. 

3.1.1 Simulation validation 

The effect of calcite scaling on the fluid flow characteristics is directly reflected by 

the degree of pressure drop in the wellbore section with scaling.  Furthermore, the validation 

of the simulation results can also be made by comparing the simulation results for the 

pressure variation with results from the measurements. In the case of geothermal wellbores, 

the pressure measurement data is derived from the pressure log, which is usually integrated 

with another measurement tool, such as the temperature and spinner log tool. Simulation 

pressure result is based on Chauhan et al. [83].  Figure 23, reproduced from [83], shows the 

simulation results for the variation of total pressure along the depth of the wellbore and its 

comparison with the well data log. The 0 m point in the x-axis corresponds to the point at 

the bottom of the borehole (inlet). Meanwhile, the 300 m point in the x-axis corresponds to 

surface or wellhead (Outlet). The pressure simulation result shows good agreement with that 

of the log data. At a depth of 80 meters, the simulation shows a small deviation compared 

to the actual data, with a maximum difference of 1 bar. As shown in Figure 23, the total 

pressure at the inlet is around 36 bar, and it drops around 1 bar per 10 meters. However, the 

pressure starts falling drastically when the fluid encounters the calcite scaling zone, which 

accounts for 32 bar to 25 bar (at 50 meters to 120 meters). The convergent part in the 

wellbore contributes to the increase of fluid velocity since the smaller diameter will conduct 

the higher velocity at the constant volumetric flow rate. This condition thus results in 

significant pressure losses due to friction.   
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Figure 23 Pressure Simulation Result and Log Data [83] 

 

3.1.2 Temperature and Vapor Fraction  

As explained in the literature review, volume fraction in the flash boiling is not 

generated because of the external heat from the wall but due to superheated liquid cooled 

down by giving up surplus energy for vapor generation. This means that the temperature 

will stay constant before the flashing phenomenon occurs. The temperature and vapor 

fraction result are obtained from Chauhan et al. CFD modelling study and are shown in this 

thesis for reference [74]. Figure 24, reproduced from [83], shows the variation of liquid 

temperature along the depth of the wellbore. As shown in Figure 24, the temperature at the 

inlet is around 514 K and stay constant until it reaches 50 meters depth. Figure 25, 

reproduced from [83], shows the appearance of the vapor phase at this depth. The 

temperature then starts to drop after this flashpoint, along the fluid upflow.  The temperature 

at the wellhead is 488 K. The temperature drop rate is more at the depth where calcite scaling 

is formed. This condition occurs because the pressure at the scaling zone drops excessively 

compared to other point depth. Figure 25 shows an increase in vapor fraction after the point 

of flashing.  The vapor fraction at the wellhead is 0.81. The vapor fraction is slightly higher 

near the wall boundaries compared to the center of the wellbore which is shown in Figure 

25. The lift force effect from the interfacial force between bubble (vapor phase) and liquid 

affect the bubble movement behavior. When the bubble still categorized as a small bubble 

(have not reached critical bubble diameter), the lift force tends to push the bubble toward 

the wellbore wall. This explains why the vapor fraction at the wall region higher than the 

vapor fraction at the middle region. 
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Figure 24 Variation of Liquid Temperature Along the Wellbore Length [83] 

 

 

 

 

 

Figure 25 Variation of Vapor Volume Fraction Along the Wellbore Length [83] 

 

3.1.3 Entropy  

The entropy of the fluid during the upflow increases with a decrease in saturation 

pressure and increase in irreversibility. The increase in entropy represents a decrease in the 

exergy of the fluid. Figure 26 shows the profile for the fluid entropy along the wellbore 

length. The fluid entropy increases along the wellbore axis. The increase in entropy is higher 

in the two-phase region of the wellbore. Like the enthalpy profile, the entropy value near the 

wellbore wall is higher than the entropy at the middle area of the wellbore, showing the 

contribution of a higher vapor fraction near the wall. If we took a look at central line data 

(shown in Figure 27), the simulation result shows that the entropy increases from 

approximately 2.7100 kJ/kg K at the inlet to 2.7178 kJ/kg K at the outlet. It also displays 

that the entropy rises significantly in the calcite scaling zone (at 50 meters to 120 meters), 

accounting for around 0.004 kJ/kg K increment. The significant entropy increases is a result 

of the high-pressure drop and temperature changes (the choked location inside the pipe will 

mostly lead to pressure loss in that area). However, above the scaling area depth, the entropy 

gradient is slight, and only amounts to around 0.001 kJ/kg K increment every 50 meters. 
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Entropy value gives a significant change in exergy term even if it is small increments or 

decrements (two decimal number) since the exergy value changes with the change in entropy 

by a factor of the dead state temperature shown by equation 2.30.  

 

 

 

 

Figure 26 Variation of Fluid Entropy Along the Wellbore Length  
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Figure 27 Entropy Simulation at Wellbore Center 

 

3.1.4 Specific Exergy Simulation Result 

Exergy is an essential parameter in assessing the maximum work that can be extracted 

from a given energy source. The exergy of the fluid is a function of the fluid enthalpy, 

entropy and the dead state for the system. Assuming no external source of energy, the exergy 

can be destroyed, but cannot be generated. This means that the exergy will be decreasing or 

remain constant in the process. Figure 28 shows the profile for the specific exergy along the 

wellbore length. The simulation shows that the specific exergy in the geothermal wellbore 

decreases along the wellbore length. The profile for the specific exergy shows a higher value 

near the wall region due to higher vapor fraction in the region. Figure 29 shows the axial 

variation of the specific exergy along the wellbore axis.  From the figure, it can be concluded 

that the specific exergy in the inlet is started at 250.5 kJ/kg, and it will decrease to 247.5 

kJ/kg at the outlet. The highest rate of exergy reduction the domain is found to be where the 

fluid flow passes through the calcite zone (at 50 meters to 120 meters), accounting for about 

1 kJ/kg change. The specific exergy decrease is caused by the contribution of entropy 

changes in that area. It is to be noted that the kinetic energy is part of the exergy calculation 

and the velocity profile in the scaling zone is high. However, a high-velocity increase 

causing an increase in the kinetic energy does not contribute much to the exergy value which 
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only account for 0.098 kJ/kg (at high peak velocity of the domain which is around 14 m/s). 

In The exergy only drops slightly when the calcite scaling diameter reduces at the lower 

wellbore depth (near the wellhead).   

 

 

 

 

 

Figure 28 Variation of Specific Exergy Along the Wellbore Length 
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Figure 29 Specific Exergy Simulation at Wellbore Center 

 

3.1.5 Specific Exergy Change Simulation Result 

Specific Exergy change for the present case is defined as the difference between the 

specific exergy at the inlet (initial exergy) and that at the concerned point depth. Specific 

Exergy change might be an important parameter in finding the exergy destruction from one 

process point to another in a process. Figure 30 shows the variation of specific exergy 

changes along the wellbore axis. Generally, specific exergy changes increase along the up 

flow. This means that exergy destruction occurred in the wellbore system. As shown in the 

figure, the total exergy change within the domain (from inlet to outlet) is accounted for 

approximately 3 kJ/kg, which previously initial exergy in the is 251 kJ/kg. The exergy 

change is low if it is compared to the geothermal power plant systems such as turbine or 

condenser. Figure 31 also shows that the scaling contributes greatly to exergy change, as 

shown by the percentage of contribution up to 30%. This is also correlated with the high 

increases of entropy change in this zone. 
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Figure 30 Specific Exergy Change Simulation at Wellbore Center 

 

3.2 Wellbore Two-Phase Flow in T-s Diagram 

Figure 31 show the T-s diagram (purple line representing the process) for the two-

phase flow process in the wellbore. As has been presented in the simulation result that the 

enthalpy is constant with a value of 1041 kJ/kg. The pressure will be decreasing during the 

process from 35 bar to 20 bar. The purple line defining the process, in Figure 31, shows that 

the wellbore entropy increases by a small amount until it reaches the wellhead. If we look 

closely in Figure 31 that the entropy at the beginning of the flashing process increases only 

by a small amount (the curve is almost taking a steep form which shows with purple line S1 

to S2 process). The change in entropy with change in pressure becomes higher as the pressure 

drop increases further with an increase in vapor fraction. The change in entropy also reflects 

the change in exergy content of the fluid with a change in pressure. This concludes that the 

contribution to the exergy destruction due to pressure drop along the flow increases with an 

increase in vapor fraction.  
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Figure 31 T-S Diagram for The Two-Phase Flow Process in the Wellbore (Shown by 

Purple Line), Where S1 and S2 are The Entropy at Inlet and The Outlet of 

The Wellbore.  
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Chapter 4 

4Conclusion 

Calcite scaling is one of the problems that can be encountered in geothermal wells, 

especially in production wells. This problem can affect the well productivity. Therefore, it 

is important to understand the change in flow and thermodynamic characteristics of the fluid 

inside the wellbore due to scaling. A computational fluid dynamic study was conducted in 

order to learn the fluid behavior of Well-4 at Svartsengi geothermal powerplant. Exergy 

calculation/analysis was also performed using ANSYS fluent using built UDF code in which 

thermodynamic properties based on NIST data was implemented.  

This work is based on a two phase CFD wellbore, modelled by Vijay Chauhan, who 

has shown that the Eulerian boiling model can simulate the flashing phenomenon in a 

geothermal wellbore do a good degree of accuracy. This can be seen by the slight difference 

or similarity in the value between the pressure simulation data and the pressure log data. 

Moreover, the enthalpy, entropy, and exergy simulation results match expectations with the 

actual wellbore thermodynamic condition. The enthalpy changes are relatively small and 

can be considered constant. Meanwhile, the entropy increases along the wellbore, indicating 

that entropy is generated at the wellbore. The exergy value descends as the wellbore's 

geothermal brine flow ascends, due to entropy increases. The calcite scaling within the well 

affects pressure, temperature, enthalpy, entropy and exergy. The pressure profile drops 

significantly when the fluid enters the calcite scaling zone. The thicker calcite scaling 

thickness means that the velocity profile is high. Thus, this means that the pressure loss will 

be higher. For the flash boiling phenomenon, in a two-phase region, the temperature is 

controlled by the pressure in which the temperature is always at saturation condition. Thus, 

when the fluid reaches the scaling zone, the temperature drops drastically according to the 

pressure loss. The higher-pressure loss means more pronounced temperature decrease in the 

two-phase region. The changes in pressure and temperature will also affect the entropy and 

exergy. Meanwhile, the enthalpy is considered constant.  In the calcite zone, the entropy 

increases, and exergy decrease significantly. Different factors in a two-phase flow contribute 

to the entropy generation in the system. These are viscous, heat conduction, phase change 

and aerodynamic losses. The entropy generation adds to the exergy destroyed in the system. 

Hypothetically, the high-pressure drops in the scaling zone, in which the fluid (initially in 

water phase) already reaches its two phases condition, will have a high vaporization rate. 

The exergy decreases, which is clearly shown by the results of the study, is, therefore, the 

result of the entropy generation due to phase change.  

This work is a part of thermodynamic properties assessment for a geothermal wellbore 

which will be used as a base to develop a CFD model to perform a detailed exergy analysis 

of a two-phase flow in a geothermal system with respect to various factors contributing to 

the exergy destruction. 
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Appendix A User Defined Code 

1. #include "udf.h"  
2. #include "mem.h"  
3.   
4. #define href 83.378 
5. #define sref 0.294  
6. #define Tref 293 
7.   
8. DEFINE_EXECUTE_AT_END(execute_at_end) 
9. { 
10.     real press; 

11.     real pressIn, exergyIn, sIn, hIn; 

12.     real templ; 

13.     real lh; 

14.     real vf; 

15.     real VelU, VelV, VelW, VelMag; 

16.     real sl, sg, s, stot; 

17.     real hl, hg, h, htot; 

18.     real Rhol, Rhov, massl, massg, masstot, mfl, mfg; 

19.     real exergy1, exergy2; 

20.     real exergychange1, exergychange2; 

21.   

22.     Thread* t; 

23.     Domain* dm; 

24.     cell_t c; 

25.   

26.     dm = Get_Domain(1); 

27.   

28.     thread_loop_c(t, dm) 

29.     { 

30.         begin_c_loop(c, t) 

31.         {. 

32.             Thread** pt = THREAD_SUB_THREADS(t); 

33.             Thread* tl = pt[0]; 

34.             Thread* tg = pt[1]; 

35.   

36.             press = C_P(c, t) * 0.00001; 

37.             templ = C_T(c, tl); 

38.             lh = C_VOF(c, tl); 

39.             vf = C_VOF(c, tg); 

40.             Rhol = C_R(c, tl); 

41.             Rhog = C_R(c, tg); 

42.             VelU = C_U(c, tl); 

43.             VelV = C_V(c, tl); 

44.             VelW = C_W(c, tl); 

45.   

46.             if (vf > 0.00001) 

47.             { 

48.                 sl = 0.000000036403536 * templ * templ * templ - 

0.000057470394791 * templ * templ + 0.039396338721046 * templ - 

7.29997283770227; 

49.                 hl = 0.000009930930027 * templ * templ * templ - 

0.011318017226877 * templ * templ + 8.54390907565152 * templ - 

1708.3860739754; 
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50.                 sg = -0.00000007493917 * templ * templ * templ + 

0.000116548384979 * templ * templ - 0.067445887778948 * templ + 

20.1883874100678; 

51.                 hg = -0.000039207901423 * templ * templ * templ + 

0.04970810636344 * templ * templ - 20.138429768487 * templ + 

5345.65543618312; 

52.                 massl = Rhol * lh; 

53.                 massg = Rhog * vf; 

54.                 masstot = massl + massg; 

55.                 mfl = massl / masstot; 

56.                 mfg = massg / masstot; 

57.                 s = sl * mfl + sg * mfg; 

58.                 h = hl * mfl + hg * mfg; 

59.             } 

60.   

61.             else 

62.             { 

63.                 sl = -0.000021938688434 * press * press * press + 

0.002306217650128 * press * press - 0.081030646897719 * press + 

3.6611132152321; 

64.                 hl = 1041.6; 

65.                 sg = 0.0; 

66.                 hg = 0.0; 

67.                 s = sl; 

68.                 h = hl; 

69.   

70.                 pressIn = 35.7; 

71.                 sIn = -0.000021938688434 * pressIn * pressIn * 

pressIn + 0.002306217650128 * pressIn * pressIn - 0.081030646897719 

* pressIn + 3.6611132152321; 

72.                 hIn = 1041.6; 

73.             } 

74.   

75.             VelMag = sqrt(VelU * VelU + VelV * VelV + VelW * VelW); 

76.   

77.             htot = h - href; 

78.             stot = s - sref; 

79.             exergy1 = htot - Tref * stot; 

80.             exergy2 = htot - Tref * stot + (0.001 * VelMag * VelMag 

/ 2); 

81.   

82.             exergyIn = (hIn - href) + Tref * (sIn - sref) + (0.001 

* VelMag * VelMag / 2); 

83.   

84.             exergychange1 = exergyIn - exergy1; 

85.             exergychange2 = exergyIn - exergy2; 

86.   

87.             C_UDMI(c, t, 0) = sl; 

88.             C_UDMI(c, t, 1) = sg; 

89.             C_UDMI(c, t, 2) = hl; 

90.             C_UDMI(c, t, 3) = hg; 

91.             C_UDMI(c, t, 4) = s; 

92.             C_UDMI(c, t, 5) = h; 

93.             C_UDMI(c, t, 6) = exergy1; 

94.             C_UDMI(c, t, 7) = exergy2; 

95.             C_UDMI(c, t, 8) = exergychange1; 

96.             C_UDMI(c, t, 9) = exergychange2; 

97.             C_UDMI(c, t, 10) = lh; 

98.             C_UDMI(c, t, 11) = vf; 

99.             C_UDMI(c, t, 12) = Rhol; 

100.             C_UDMI(c, t, 13) = Rhog; 
101.             C_UDMI(c, t, 14) = massl; 
102.             C_UDMI(c, t, 15) = massg; 
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103.             C_UDMI(c, t, 16) = masstot; 
104.             C_UDMI(c, t, 17) = mfl; 
105.             C_UDMI(c, t, 18) = mfg; 
106.             C_UDMI(c, t, 19) = VelU; 
107.             C_UDMI(c, t, 20) = VelV; 
108.             C_UDMI(c, t, 21) = VelW; 
109.             C_UDMI(c, t, 22) = VelMag; 
110.             C_UDMI(c, t, 23) = templ; 
111.         } 
112.         end_c_loop(c, t) 
113.     } 
114. } 

 



 

  

Appendix B Thermodynamic Properties 

for Defining Enthalpy and Entropy 

Undersaturated Zone 

 

 

 

Figure 32 Liquid Entropy NIST Data and Liquid Entropy Trendline Model at 

Temperature of 514 Kelvin 
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Figure 33 Liquid Enthalpy NIST Data Set at Temperature of 514 Kelvin 
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Figure 34 Vapor Enthalpy NIST Data and Vapor Enthalpy Trendline Model at 

Pressure Saturation of The Temperature 
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Figure 35 Vapor Enthalpy NIST Data and Vapor Enthalpy Trendline Model at 

Pressure Saturation of The Temperature 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36 Liquid Enthalpy NIST Data and Liquid Enthalpy Trendline Model at 

Pressure Saturation of The Temperature 
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Figure 37 Liquid Enthalpy NIST Data and Liquid Enthalpy Trendline Model at 

Pressure Saturation of The Temperature 
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