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Abstract 

This thesis aims to improve the wellhead temperature of the heat flow for the 
production process of open system deep geothermal wells. It discusses the heat 
transfer in: the tubing, the annulus, the casing, the cement, and the formation. 

As a thermophysical parameter, Initial Formation Temperature (IFT) plays an 
essential role in deep well engineering. However, it is not easy to predict the IFT 
accurately before drilling. This thesis uses an inverse technique to analyze factors 
affecting the underground temperature field, and assumes an artificial surface to 
eliminate the disturbance of the human errors and equipment errors on the surface 
temperature and thermal conductivity. Considering different distributions of the 
formation thermal conductivity and the rock radiogenic heat production, an optimized 
model was established.  

In order to describe the heat transfer in an aquifer, a notion of overall thermal 
conductivity was proposed, which includes the thermal conduction of the soil/rock 
and the advection of groundwater. This thesis adopts the Fractal theory to establish a 
geometric model of the aquifer, which helps with the analysis of the heat transfer 
mechanism in an irregular configuration, and derives a correlation of the overall 
thermal conductivity from the thermal resistance structure. The overall thermal 
conductivity of typical aquifers indicates that the advection in the aquifer cannot be 
ignored even if the Reynolds number (Re) of the groundwater is less than 1. 
However, when the velocity and temperature of groundwater are determinate, the 
advection does not depend on the porosity of aquifer, and therefore can be regarded 
as a constant.  

This thesis discusses the possible means of heat transfer in the annulus, and 
develops a piecewise equation for estimating the convective heat transfer coefficient 
with a wider valid condition of 0 < Ra < 7.17 × 108. By converting the radiation and 
natural convection into equivalent thermal conduction, their sum was defined as a 
total thermal conductivity to describe the heat transfer in the annulus. The results 
indicate that the annulus filled with gas functions as a good thermal barrier for the 
heat flow in the wellbore. Additionally, the radiation can be negligible when the tubing 
and casing are made of low emissivity materials. However, the contribution of 
radiation will increase in the total thermal conductivity when the annular size 
increases and the materials have high emissivity. 

Improvements in predicting the IFT and the heat transfer in an aquifer and in an 
annulus between the tubing and the casing, permit a mathematical model of the 
whole heat transfer system to be established in two parts: the heat transfer in the 
surroundings and the heat transfer in the wellbore. Different analytical solutions of 
the heat flow temperature are derived for each homogeneous layer. The types of 
heat flow include single-phase water flow, single-phase steam flow and two-phase 
flow.  

 

Keywords: heat transfer, geothermal wellbore, Initial Formation Temperature, 
thermal conductivity, annulus in tubing and casing, modeling and simulation 



 

 

Zusammenfassung 

Diese Arbeit zielt auf die Erhöhung der Bohrlochkopftemperatur beim 
Produktionsprozess tiefer offener Geothermiesysteme.  

Die initiale Formationstemperatur (IFT) spielt als thermophysikalische Größe eine 
essentielle Rolle in der Tiefbohrtechnik, insbesondere im Zusammenhang mit der 
Geothermie. Die genaue Vorhersage der IFT im Vorfeld einer Bohrung ist mitunter 
schwierig. Die vorliegende Arbeit stellt eine inverse Methode zur Analyse der 
Faktoren vor, welche das Temperaturfeld im Untergrund beeinflussen. Dabei werden 
die Bedingungen an der Oberfläche zunächst modellhaft definiert, um die störenden 
Einflüsse menschlicher Aktivitäten bzw. die Einflüsse der eingesetzten Gerätetechnik 
zu eliminieren. Ausgehend von verschiedenen Verteilungen der Wärmeleitfähigkeit in 
der Formation und unter Einbeziehung unterschiedlicher Annahmen für die 
radiogene Wärmeproduktion wurde im Rahmen dieser Arbeit ein optimiertes 
Rechenmodell entwickelt.  

Unter Berücksichtigung der Wärmetransportprozesse innerhalb eines Aquifers wurde 
ein Gesamtwärmeübertragungskoeffizient (GWK) unterstellt, der sowohl die 
Wärmeleitung innerhalb des festen Materials als auch die Wärmeübertragung durch 
und während der Strömung des Grundwassers berücksichtigt. Diese Arbeit nutzt das 
Werkzeug der Fraktalanalyse des Wärmetransportmechanismus‘ in unregelmäßiger 
Konfiguration und leitet eine Korrelation des GWK aus der Struktur der thermischen 
Widerstände ab. Das Verhalten der Wärmeleitfähigkeit typischer Aquifere zeigt, dass 
die Strömungsprozesse innerhalb der Formation selbst bei Reynoldszahlen (Re) 
kleiner 1 nicht vernachlässigt werden dürfen. Unter Berücksichtigung von Temperatur 
und Strömungsgeschwindigkeit des Grundwassers hängt der advektorische Anteil 
des Wärmetransports nicht von der Porosität des Aquifers ab und kann daher für den 
jeweiligen Fall als konstant angenommen werden.  

Diese Arbeit diskutiert die möglichen Wärmeübertragungsprozesse in den 
Ringräumen und entwickelt eine abschnittsweise Gleichung zur Ermittlung des 
konvektiven Wärmetransportkoeffizienten innerhalb des relativ großen 
Gültigkeitsbereiches 0 < Ra < 7.17 × 108. Die Übertragung der Anteile der 
Wärmestrahlung und der natürlichen Konvektion in einen äquivalenten 
Wärmeübergang durch Wärmeleitung ermöglicht die Angabe der Summe der Anteile 
dieser Prozesse als Gesamt-Wärmeleitung und damit die mathematische 
Beschreibung und Quantifizierung des Wärmeübergangs im Ringraum. Die 
Ergebnisse zeigen, dass ein gasgefüllter Ringraum als gute Barriere gegen den 
Verlust aus dem Untergrund produzierter Wärme fungiert. Zudem kann der Einfluss 
der Wärmestrahlung vernachlässigt werden, wenn für die Rohrtouren Material mit 
geringer Emissivität verwendet wird. Andererseits vergrößert der Einfluss der 
Wärmestrahlung die Gesamt-Wärmeleitung für den Fall, dass der Ringraum 
vergrößert wird und das Material relativ hohe Emissivität aufweist. 

Die Verbesserungen in der Vorhersage der IFT und des Wärmetransports im Aquifer 
sowie in den Ringräumen der Bohrung erlauben die Entwicklung eines zweigeteilten 
mathematischen Modells für den gesamten Wärmetransport. Dieses verbindet die 
Bestimmung des Wärmeübergangs im Gebirge sowie dessen Berechnung innerhalb 
der Förderbohrung. Verschiedene analytische Lösungen für den Wärmefluss und die 
Temperatur werden für die jeweils homogenen Schichten abgeleitet. Die 
berücksichtigten Transportmechanismen sind: Einphasenströmung des Wassers, 
Einphasenströmung von Dampf und Zwei-Phasen-Strömung (Wasser und Dampf).  

Stichworte: Wärmetransport, Geothermiebohrung, Initiale Formationstemperatur, 
Wärmeleitfähigkeit, Ringraum, Modellierung und Simulation 
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1 

 

1 Introduction 

Since the 1970s, because of the global oil crisis and the degradation of the natural 

environment, conventional energy reserves have dramatically decreased. However, 

energy resources are an important part of the material basis for society’s 

development. The development of society is extremely dependent upon the provision 

and effective utilization of energy resources and therefore, this is a focus of 

construction strategy for every country.  

1.1 Background 

Data from the BP Statistical Review of World Energy (June 2012), show the world 

energy consumption of primary energy from 1986 to 2011 (Fig.1.1). 

 

Fig.1.1 The world energy consumption of primary energy (million tones oil equivalent); from BP 
Company, (2012) 

World primary energy consumption grew by 2.5 % in 2011, roughly in line with the 

10-year average (BP Company, 2012). In light of the increase in global demand for 

energy and the continuous depletion of conventional fuel reservoirs, renewable 

energy is the first choice for making up the difference. In contrast with other forms of 

renewable energy, geothermal energy is available 24 hours a day from the ground 

beneath our feet. 

Geothermal energy is a renewable source of energy because it can be replenished 

by rainfall. The heat is continuously produced within the earth by the slow decay of 
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radioactive particles that occurs naturally in all rocks. Geothermal energy has been 

used for centuries, for example: in aquaculture, greenhouses, for industrial process 

heat, and space heating. The first geothermal plant was built in 1904 in Lardarello, in 

Tuscany, Italy and the first commercial geothermal power plant (250 kWe) was 

developed there in 1913.  

A geothermal resource can be classified as: low temperature (less than 90 °C), 

moderate temperature (90 ~ 150 °C), and high temperature (greater than 150 °C) 

(Lindal, 1973). Low and moderate temperature geothermal energy resources are 

distributed broadly throughout the world, but high temperature geothermal energy 

resources are limited and are mainly distributed within four zones.  

(1) Around the Pacific Ocean geothermal energy zone  

This zone is the boundary where the largest Pacific plate hits the American, Eurasian, 

and Indian plates; stretching from Alaska to California and Mexico, Chile, New 

Zealand, Indonesia, the Philippines and to the Chinese coast and Japan. This zone 

contains some of the most famous, including Geysers Field in the USA, and the 

Taiwan and Japanese geothermal resources.  

(2) Mediterranean-Himalayas geothermal energy zone  

This zone was formed by the Eurasian and African plate hitting the Indian plate, and 

stretches from Italy to Chinese Yunnan and Tibet. The geothermal power installations 

are located in this zone at Larderello in Italian and in the Yangbajing fields in China.  

(3) The Atlantic geothermal energy zone  

The zone was formed by the Atlantic plate crazed-position and Iceland, the most 

famous geothermal resource, is located within it.  

(4) The Red Sea- Aden bay- East African rift valley geothermal energy zone  

Formed by high-temperature flow at the boundary and interior of the plate, this zone 

includes the fields of Kenya, Uganda, Zaire, Ethiopia and Djibouti. 

In terms of utilization, geothermal resources are applicable for direct heat use and 

generation of electricity. The former includes space and district heating 

(Gudmundsson, 1988; Sanner et al., 2003), heat pump (Lund et al., 2005), 

agricultural and aquacultural (Barbier and Fanelli, 1977), and industrial applications 

(Lund and Freeston, 2001). Compared with direct heat uses, geothermal electricity 

generation is not applied widely due to the constraints of location and temperature 
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requirement.  Electricity generation mainly takes place in conventional steam turbines 

(≥ 150 °C) and binary plants (85 ~ 170 °C), depending on the characteristics of the 

geothermal resource (Dickson and Fanelli, 2005). 

In terms of depth, geothermal resources can be classified generally as shallow 

geothermal energy (≤ 100 m) and deep geothermal energy (> 100 m). Shallow 

geothermal energy is extracted by drilling for direct heat uses, such as heat pump. 

Deep geothermal energy is extracted by drilling for both direct heat uses and 

electrical generation depending on the geothermal fluid temperature, but the 

geothermal underground system is more complicated. The current underground 

systems of deep geothermal energy can be classified as open system, and closed 

system. The common open system is defined by the fact that it extracts/puts not only 

the energy from underground but also the energy carrying material in the form of hot 

fluid or steam, such systems include the Hydrothermal System (HS), and the 

Enhanced Geothermal System (EGS), namely, the Hot Dry Rock (HDR). Closed 

systems, such as the Deep Borehole Heat Exchanger (DBHE), and the Closed Loop 

Geothermal System (CLGS) (Wolff et al., 2004; Wolff, 2006), only exchange energy 

in the form of heat with the underground resource. The research subject of this thesis 

is the open system of deep geothermal energy, including HS and EGS. 
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1.2 Motivation 

The World Energy Council (WEC) forecast has predicted that the peak of fossil fuels 

has passed and therefore, the status of renewable energies will become more and 

more significant. Although conventional sources of energy like petroleum, natural gas, 

and coal will continue to maintain the leading position, it is expected that renewable 

energies will become a substantial part of the global energy consumption, accounting 

for 20 % ~ 40 % in 2050 and even 30 % ~ 80 % by 2100 (Nakicenovic et al., 1998). 

In February 2011, the Energy Research Centre of the Netherlands (ECN) published 

an analysis of the renewables development in the National Action Plans, which 

shows that the European Union (EU) target will probably be 20.7 % in 2020. Fig.1.2 

is the structure of total renewable energy supplied in the EU in 2005 and 2020. 

 

Fig.1.2 Structure of total renewable energy supplies in the EU in 2005 and 2020; from Energy 
Research Centre of the Netherlands (ECN) (2011) 

Geothermal energy is transported from the underground reservoir to the surface, and 

the reserves of geothermal energy are huge. According to estimates the geothermal 

energy transferred annually from the deep earth to the surface is 100 PW·h (Lu, 

2005), which is 1.7 × 108 times that which can be obtained from coal reserves. 

Open systems are currently more broadly used in the world, including production 

well(s) and injection/re-injection well(s). Furthermore, HS dominates the history of 

deep geothermal utilization, and will still exist for a long time in those areas rich in 

geothermal resources. The most important way of using deep geothermal energy is 

electricity generation, which mainly takes place in conventional steam turbines and 

binary plants, depending on the characteristics of the geothermal resource.  
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(a)                                                                                 (b) 

Fig.1.3 sketch of a steam turbine (a) and a binary plant (b); from Dickson and Fanelli (2005) 

Conventional steam turbines require geothermal fluid at temperature of at least 

150 °C and are available with either atmospheric or condensing exhausts. However, 

atmospheric exhaust turbines are cheaper and more general. The steam, direct from 

dry steam wells or, after separation, from wet wells, is passed through a turbine and 

exhausted to the atmosphere (see Fig.1.3a). Binary plant technology is used in 

generating electricity from medium-to-low temperature geothermal fluid. The binary 

plants employ a secondary working fluid, normally an organic fluid (typically n-

pentane), that has a low boiling point and high vapor pressure at low temperatures 

when compared to steam. The secondary working fluid is operated by the Organic 

Rankine Cycle (ORC): the heat is transferred from the geothermal fluid to the 

secondary working fluid through heat exchangers; the vapor produced drives a 

normal turbine, is then cooled and condensed, and the cycle begins again (see 

Fig.1.3b) (Dickson and Fanelli, 2005).  

The Chinese continent is part of the Eurasian plate. The evolution of different periods 

of magmatic activity has led to the formation of different lithologies and structures, 

which has given the distribution of heat flux an obvious regularity (China Geology 

Survey, 2006). Fig.1.4 displays the heat flux map of continental China. It indicates 

that the regions of high heat flux are distributed mainly in the west and south of China; 

most of these regions are sources of middle or low temperature geothermal 

resources. Therefore, geothermal resources in China are primarily exploited for direct 

heat use. However, from the 1970s, China began to use geothermal energy for 

electrical generation from middle and low temperature resources using the flash or 

binary method; the lowest temperature used was just 67 °C. Unfortunately, almost all 

of these middle or low temperature geothermal plants stopped running due to the 

small capacity, low efficiency, or ineffective administration (Zheng and Pan, 2009). 

The first high temperature geothermal plant in China was built in 1977 with a 25 MW 



 

6 

 

capacity, and construction began on the most recent high temperature geothermal 

plant with a 40 MW capacity in September 2011.  

 

Fig.1.4 Heat flux map of the continental area of China; from Hu et al. (2000) 

EGS is another open geothermal system, which does not rely on the hydrological 

conditions in the reservoir and the abnormal geothermal area. Technically, it can 

operate anywhere by creating an artificial reservoir at a depth of 4000 to 5000 m. 

However, the development of this technology is blocked by several problems, such 

as the artificial reservoir technology, drilling technology, reservoir modeling and 

simulation. Close attention has been paid to EGS as a potential technology by many 

countries, including: the USA, Germany, France, Iceland, Japan, Australia, etc.  

1.3 Production wells of open systems 

Although there is a great difference between the reservoirs of HS and EGS, currently 

their integral structures are similar and include a reservoir, two kinds of wells - 

production well(s) and injection well(s), surface pipeline, and energy transformation 

equipment. Therefore, the circulatory pathways of heat flow in the systems are the 
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same. According to the research objective of this thesis, a detailed description is 

given below. 

With increases in depth, technological issues are encountered in geothermal 

exploration, drilling, production and injection owing to the high-temperature, high-

pressure, and deep geological and hydrogeological conditions. During production, 

the heat flow continues to lose heat to the increasingly cold surroundings, as it 

ascends the borehole over such a long distance (Hasan and Kabir, 2002). For 

example, Kanev et al. (1997) described a deep geothermal well with a depth of 3382 

m in which the heat flow temperature decreased from 301 °C at the bottom to 255 °C 

at the wellhead after 100 days production when the mass flow was 150 t/h; Tóth 

(2006) measured a well with a depth of 2930 m where the wellhead temperature was 

136 °C, which was 5 °C lower than the bottom temperature when the heat flow was 

extracted after 100 days with a flow rate of 50 kg/s. The temperature losses can have 

a significant negative influence on both geothermal power generation and direct 

utilization. The loss may increase the cost of the project and the structure of the 

wellbore or even change the use of the geothermal energy.  

This thesis concentrates on the heat transfer mechanism in deep production wells of 

open systems to reduce the heat losses. For judging the production process in a 

stable state, a “recovery time” is defined to measure the increment of the wellhead 

temperature of the heat flow after producing a certain period. Fig.1.5 is a sketch of 

the production wellbore structure according to current conditions and the research 

object of the thesis. The whole system is made up of three parts: the surrounding 

formation, the wellbore, and the surface equipment.  

(1) The “surrounding formation” means the formation around the wellbore from the 

wellhead to the bottom (above the reservoir) in the axial direction and from the 

outside of the cement to the infinite location of keeping the initial temperature in the 

radial direction. This includes the soil on the surface, aquifer, and rock.  

(2) The wellbore is composed of the tubing, surface casing, technical casing, 

production casing, packer, one-way valve, and cement. In the case of a geothermal 

production well in which the wellhead pressure is not high enough, tubing is installed 

for piping production heat flow by induced methods, such as N2 injection, air 

compression and foaming agent.  

(3) The surface equipment has four control valves and the Blow Out Preventer (BOP) 

at the wellhead.  
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In order to simplify the model, this thesis ignores different casings and the cement 

between them due to the great differences between their thermal conductivities. 

Therefore, “casing” means production casing in the whole text. Because tubing is 

present in this system, there is an annulus between the tubing and the casing. 

Moreover, there are two kinds of fluids: the heat flow in the tubing and the filling 

material in the annulus. The heat flow in the tubing is the production heat flow in this 

thesis, which may be single-phase steam flow, single-phase water flow, or two-phase 

steam-water flow. In this thesis, the production heat flow is induced by a method 

similar to gas lift. This method includes the valve 2, packer, and a one-way valve. 

The packer is a retrievable compression packer, which is usually used in the case of 

a gas-lift well. When the tubing lands at the designed depth with the packer, the 

tubing is pulled up or rotated to release slips. Then, the slips are stretched and 

placed tightly against the inner wall of the casing. In the meantime, the tubing weight 

compresses the seal element and makes it swell in radius to seal the annular space.   

The filling material in the annulus affects the heat transfer in the whole system 

significantly. The details will be discussed in Section 3.2. Generally, the annulus is 

filled with water and/or air. To reduce the heat transfer in the annulus, the filling 

material will be gas rather than liquid. In order to use gas instead of water to fill the 

annulus, a one-way valve is set on the bottom of the tubing. The structure and 

operational principle are similar to those of the gas lift valve. 

If the gas is pumped into the annulus from valve 2, the pressure in the annulus 

increases continuously. The bellows are compressed when the pressure reaches the 

working pressure of the one-way valve, and the ball-seat moves upwards. Therefore, 

the water in the annulus flows into the tubing. After all of the water has been pressed 

out of the annulus, the pressure becomes constant. Then, valve 2 is stopped 

pumping gas to release to the designing pressure in the annulus, such as 1 bar. 

Finally, the ball-seat falls back the port to block the passage.  

According to the description of the production well structure, heat flow in the tubing, 

and filling material in the annulus, the heat transfer modes in each part are: 

(1) thermal conduction of the heat flow in the tubing; 

(2) force convection between the heat flow and the inner tubing; 

(3) thermal conduction of the tubing wall, casing wall, and cement; 

(4) thermal conduction, natural convection, and radiation in the annulus; 
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(5) thermal conduction and advection in the surrounding formation.  

The thesis will focus on the last two items to analyze the methods of reducing the 

heat losses, which have the following economic and social benefits:  

(1) Increasing the energy utilization, reducing the drilling cost, compensating the 

energy resource shortage, and optimizing the energy resource framework 

(2) Extending the potential regions of geothermal generation and improving the 

feasibility of geothermal generation in middle and low temperature ranges 

(3) Supplying the reference for heat transfer issues in oil wells, gas wells, underwater 

wells, and hot dry rock wells. 
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Fig.1.5 Sketch of the production wellbore structure (The underground part is symmetrical along z-axis); 
changed from DiPippo (2012) 
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1.4 Literature review 

The assessment of the production performance of a geothermal well is a basic 

engineering task required for its exploitation and utilization (Khasani et al., 2002; 

Moya et al., 1998). The optimum design of the wellbore geometry, the identification of 

permeable zones inside the wellbore, the design of surface equipment, and wellbore 

deliverability studies are commonly evaluated from wellbore production data (Tian 

and Finger, 2000). The production performance is usually deduced from the 

measurements carried out in situ. Studies of the heat transfer process inside the 

wellbore and its surroundings play a significant role for the direct utilization of 

geothermal energy as well as power generation. Mathematical models have been 

widely accepted as an effective and cheap method to study the heat transfer process 

inside a geothermal well (Gunn et al., 1992). This method is usually exploited to 

replace experiments in geothermal wells, which could be difficult, costly or unfeasible 

to perform. 

Early in 1937, Schlumberger et al. (1937) proposed the measurement of wellbore 

temperature for oil wells.  

In 1953, Nowak (1953) attempted to explain the injection degree of water-injected 

wells and gas-injected wells by temperature logs. Later, Kirkpatrick (1959) plotted the 

temperature curves for applied use, but the configuration was simple and limited by 

the non-universality and great differences.  

In 1957, Lesem et al. (1957) proposed an empirical method for predicting the heat 

flow temperature in wellbores.  

The model for heat flow in wellbores has developed rapidly since the 1960s.  

In the prophase, Edwardson and Gimer (1961) proposed in 1961, an approximate 

model for estimating formation temperature distribution after drilling fluid circulation.  

In 1962, Ramey (1962) proposed a model of the heat exchange in hot-water-injection 

wells. He considered that the heat exchange in wellbores was a kind of steady state, 

and that the heat exchange in the formation was a kind of transient radial heat 

conduction.  

In 1965, Satter (1965) considered the influence of changing steam states when using 

Ramey’s model for the process of steam injection, and consequently, partly modified 

the model.  
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In 1967, based on the study of Edwardson and Gimer (1961), Tragesser et al. (1967) 

proposed a simple model for calculating the wellhead temperature during the process 

of drilling fluid circling and cementing. Willhite (1967) and Willhite et al. (1967) 

resolved the calculation issues between the formation and wellbore, and gave a 

common solution of the wellbore heat transfer coefficient. Griston and Willhite (1987) 

considered the influence of thermal radiation when calculating the heat diffusion for 

steam-injected wells.  

In 1969, Raymond (1969) adopted steady and pseudo-steady numerical methods to 

research the drilling fluid circling temperature, neglecting the influence of the heat 

source inside the wellbore.  

In 1970, Holmes and Swift (1970) established a 1D steady model and gave an 

analytic solution ignoring the heat generated from the bit and the thermal conduction 

of axial as well as radial direction of the heat flow, and simultaneously assumed a 

linear distribution of the formation temperature profiles.  

In 1972, Witterholt and Tixier (1972) adopted Ramey's model to research the 

influence of the relationship of heat flow velocity inside wellbores on temperature 

distribution, and with it, analyzed qualitatively the heat flow volume of every layer. 

Thereafter, model research turned to complex models based on various factors. 

 In 1973, Keller et al. (1973) established a mathematical model of circling 

temperature in the wellbores with 1D inside, and 2D in the formation, ignoring the 

radial heat transfer of the drilling fluid, and resolved it using the Finite Difference 

Method (FDM).  

In 1980, Shiu and Beggs (1980) proposed the estimated method of the relaxation 

parameter of Ramey's model.  

In 1982, Marshall and Bentsen (1982) established a model similar to Keller et al. 

(1973), which focused on the resolved stability and velocity for FDM.  

In 1985, according to dimensional analysis, Thompson and Burgess (1985) ignored 

the impact of each inner heat source to establish a 1D steady heat transfer model of 

the drilling fluid in the wellbores and obtained the numerical solution.  

In 1989, Sagar et al. (1991) considered the effect of kinetic energy and the Joule-

Thompson effect (J-T Effect), and extended Ramey's model to the field of multiphase 

flow.  
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In 1990, Arnold (1990) analyzed the heat transfer mechanism of drilling fluid in the 

flowing process, considering thermal convection, and established a 1D steady model 

for the distribution of the drilling fluid circling temperature in wellbores.  

In 1992, Kabir et al. (1996) researched the drilling fluid temperature distribution of 

circulation and reverse circulation, obtained the wellbore temperature distribution for 

positive and negative cycles of drilling fluid, introduced a transient formation 

temperature distribution function in the model (TD model), and obtained the analytical 

model and the analytical solution after a simple mathematical transformation.  

In 1994, Hasan and Kabir (1994b, 1994c) developed Kabir’s model, considering the 

fluid inlet temperature change and borehole heat flux change to establish a one-

dimensional pseudo-steady-state mathematical model and obtained an analytical 

solution.  

In 1997, Karstad and Aadnoy (1997)  analyzed the heat transfer mechanism in 

wellbores during the drilling process, considered the change of drilling fluid input 

temperature, established a 1D unsteady model, and obtained the drilling fluid 

temperature distribution while drilling and declutching the drill.  

In 1998, Romero and Toboul (1998) studied the temperature distribution in the 

wellbore of marine deep-water drilling to obtain a 1D in the wellbore and 3D in the 

formation unsteady heat transfer model, as well as the numerical solution by using 

FDM. Tang et al. (1998) researched the transient temperature distribution in the 

wellbore, obtained the analytic solution of drilling fluid temperature distribution while 

drilling and declutching the bit, and obtained the nearby formation temperature 

distribution by using FDM. 

In 1999, Zhong et al. (1999) established a model for predicting the temperature in the 

wellbore, and solved it by the Finite Volume Method (FVM). The model considered 

the pressure of the drilling fluid, the heat generated from nozzle pressure loss, the 

heat generated from the drill strings and bit, the temperature and pressure influences 

on the status and density of drilling fluid, and the thermophysical properties of various 

mediums.  

In 2000, Zhong et al. (2000) proposed 3D numerical model for heat flow and heat 

transfer in the wellbore, making the systematic multi-factor sensitivity analysis, and 

educed the obvious impact of the physical properties of the drilling fluid and formation 

on the wellbore temperature.  
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In 2001, Zhong et al. (2001a, 2001b) did the coupling calculation of heat flow and 

heat transfer in the drilling process, and obtained a numerical model by a SIMPLE 

method.  

In 2002, He et al. (2000, 2002) established a 2D transient circling temperature model 

for the heat exchange between the heat flow and the wellbore, and did the sensitivity 

analysis of impact parameters on circling temperature. Lu et al. (2002) studied the 

heat transfer between the wellbore and formation, adopting an assumption of divided 

formation close to the inhomogeneity of practical vertical formation, and established 

the thermal conduction model in the porous medium.  

In 2003, Zeng et al. ( 2003) established a synthetic mathematical model to predict the 

temperature and pressure distribution of heat flow in the wellbore, and solved it 

iteratively using the 4th order Runge-Kutta method. Chugunov et al. (2003) proposed 

an explicit approximate equation for radial heat impact, and used its closed 

approximate solution, based on the approximate solution from the integral balance 

method, to solve the thermal conduction issues of medium outside the wellbore.  

In 2004, Kiryukhin and Yampolsky (2004) proposed a single layer interwell model 

with a given exchanged heat condition to express the reservoir production based on 

the Pauzhetsky geothermal field, and optimized it with TOUGH2.  

In 2005, Harris and Osisanya (2005) studied the effects of the distribution of drilling 

fluid temperature and the well pressure change on the drilling fluid equivalent density, 

and established a mathematical model to simulate the temperature distribution of 

drilling fluid. Valladares et al. (2006) proposed a 1D steady and transient 

mathematical model to express the transport of energy in the wellbore and heat flow 

dynamics, adopting a value-separated format to solve the mass, momentum and 

energy control equations, and adopting a fully implicit step-by-step method to solve 

the coupled fluid dispersal control equation. Zhang and Song (2005) established 

temperature mathematical models for different wells, and confirmed the equations for 

calculating wellbore and annulus temperatures for arbitrary time and depth.  

In 2006, Wu et al. (2006) obtained a wellbore temperature distribution with arbitrary 

time and depth using FDM. Shi et al. (2006) established a 2D temperature 

distribution model in the wellbore according to the heat transfer mechanism of a 

series medium and a porous medium, and simulated the temperature distribution at 

different radial locations in multi-reservoir oil wells by using FDM. Lu et al. (2006) 

assumed the intermittence of heat flow in vertical geothermal wells was led by CO2 
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discharge, and established a 1D periodic transient model for heat flow in geothermal 

wells, which predicted the heat flow pressure at different depths and for periodic 

changes of porosity, and simplified the resulting explanation for pressure, 

temperature, and porosity. Ascencio et al. (1994) established a bottom sphere radial 

heat transfer model, which predicted the undisturbed formation temperature, and 

obtained a linear relationship between the transient temperature and the reciprocal of 

the square root of time. Spichak (2006) proposed a method for predicting the 

distribution of temperatures in geothermal areas using the neuronet approach, and 

tested it against the results of an analytical model.  

In 2008, Qiao and Ye (2008) deduced the temperature distribution model of the 

injection process for vertical wells with reasonable assumptions. Yu et al. (2008) 

established the mathematical model for vertical wellbores and the surrounded 

formation temperature field, compiled the computer program, and calculated for 

single-phase and two-phase. Yang et al. (2008) considered the impact of fluid 

convection in the annulus, and dispersed the overall heat transfer coefficient of the 

wellbore to each node calculated unit by the coefficient compensation method, to 

guarantee the continuity of temperature between the tubing and casing.  

In 2009, Zhao (2009) deduced the ordinary differential equation of temperature 

distribution for gas wells, and inferred the wellbore temperature distribution change 

with index function from the analytic solutions. Tang and Liu (2009) established 

separate equations for the vertical heat transfer of heat flow in the wellbore and the 

unsteady heat transfer from wellbore to formation, and resolved the wellbore 

temperature distribution at an arbitrary time. Pourafshary et al. (2009) proposed a 

synthetic model of wellbore and reservoir simulation to calculate the pressure and 

temperature distribution for multi-phase flow geothermal wells.  

In 2010, Hasan and Kabir (2010), and Hasan et al. (2010) established a two-phase 

flow drift model for geothermal wells. It treated the wellbore as a finite scale heat sink 

in an infinite scale medium (formation) to build the heat transfer model from heat flow 

in the wellbore to the formation considering the resistances of every part of the well, 

and related the heat loss in the wellbore to pressure loss. Liu et al. (2010) 

established a wellbore temperature model, separated the wellbore in the vertical 

direction, and obtained the temperature distributions of single gas phase flow, single 

liquid phase flow and gas-liquid two-phase flow by iteration. Tang et al. (2010) 

established a heat transfer model for marine oil wells, separately modeling the heat 
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transfer in seawater and the formation, and considered the natural convection in the 

annulus and relationship of wellbore overall heat transfer coefficient with depth, and 

proposed an estimated method for the temperature difference of convection in the 

annulus. 

These studies are representative of the development in this field. It evolved from 

simple to complex, from single factor to multi-factors, from heat flow in the wellbore to 

the surrounding formation, from analytical solutions to numerical solutions, and so on. 

These studies drove and promoted the research on heat transfer in wellbores and 

their surroundings. However, there are still several limitations that should be 

improved: 

(1) The study on heat transfer inside the well has been mostly based on oil or gas 

wells. 

(2) The formation temperature before drilling was usually estimated by an average 

geothermal gradient with a linear relationship.  

(3) The heat transfer in the surrounding formation is weak and thus, it is hard to 

consider the thermal conduction and advection in an aquifer by analytical solutions.  

(4) The study of heat transfer in the annulus between tubing and casing has not been 

comprehensive.  

The design and application of many heat transfer models are relevant, but which only 

get satisfactory results under some special conditions.  
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1.5 Study contents and methods 

According to the literature review and Fig.1.5, the thesis will describe the study 

contents, objectives, and research methods below. 

1.5.1 Study contents 

This thesis studies the production process in deep open system geothermal wells, 

including HS and EGS, and the main structure is illustrated clearly in Fig.1.5. It 

examines the heat transfer process from the heat flow inside the tubing to the 

surrounding formation and analyzes the heat transfer mechanism of each part of the 

system. It tries to find out the reasons for heat losses from the heat flow using a new 

model and its simulation of sensibility analysis with various parameters. According to 

research development and the status of this field, the first part of the thesis aims to 

solve several critical technical issues as follows: 

(1) Initial Formation Temperature 

With the progress of science and technology, human beings are exploring the energy 

thousands of meters underground. As a thermophysical parameter, the Initial 

Formation Temperature (IFT) plays an essential role in deep well engineering. IFT, 

the formation temperature without any disturbance, is one of the boundary conditions, 

which is the basis of the calculation for the whole model. However, it is not easy to 

predict the IFT accurately before drilling. An accurate IFT would raise the reliability of 

the model system. In many cases, the IFT is measured during the drilling processes 

or after drilling or even estimated from the average temperature gradient of the area. 

This thesis uses an inverse technique to analyze the factors affecting the 

underground temperature field and assumes an artificial surface to eliminate the 

effect of disturbance by human errors and equipment errors on the surface 

temperature and thermal conductivity. Considering different distributions of the 

formation thermal conductivity and the rock radiogenic heat production, an optimized 

model will be established. Furthermore, the thesis will employ the data from the 

Chinese Continental Scientific Drilling (CCSD) project to analyze and verify this 

inverse method.  

(2) Heat transfer in an aquifer 

According to the configuration described in Fig.1.5, the surrounding formation 

includes soil, aquifer, and rock, which determines the multi-mode heat transfer 
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occurring during the production processes. The primary mode of heat transfer in the 

formation is thermal conduction, which is a basic property in well logging. However, it 

becomes more difficult to measure when the formation is porous or fractured and 

filled with water, because the advection due to the movement of groundwater can 

significantly affect the energy transferred from the heat flow in the tubing. In this 

thesis, the aquifer is defined as the water-bearing formation excluding the reservoir. 

The heat transfer mechanism in an aquifer varies depending on the nature of the 

aquifer, which may be either rock or soil. For simplification, many researchers have 

treated the heat transfer in the formation as a single thermal conduction mode. 

Obviously, it is more reasonable and accurate to consider the true geological 

conditions of the formation when considering the advection in the aquifer. In order to 

describe the heat transfer in the aquifer, a notion of overall thermal conductivity is 

proposed, which includes the thermal conduction of the soil or rock and the advection 

of groundwater. This thesis uses Fractal theory to establish a geometric model for the 

aquifer, which is helpful for the analysis of the heat transfer mechanism in a porous 

formation, and derives a correlation of the overall thermal conductivity according to 

the thermal resistance structure. The thesis will discuss the effect of the velocity and 

temperature of groundwater on the overall thermal conductivity of typical aquifers.  

(3) Heat transfer in the annulus 

For deep open geothermal systems, the temperature distribution of the heat flow in 

the wellbore is dependent on the wellbore structure and the geological conditions of 

the surrounding formation. As illustrated in Fig.1.5, in order to reduce the heat losses, 

tubing is installed inside the production casing, which is different from the general 

geothermal wellbore structure. Consequently, an annulus is present between the 

tubing and the casing. The heat transfer mechanism in the annulus is dependent 

upon the configuration and physical and thermophysical properties of the filling 

materials in the annulus. An understanding of heat transfer in the tubing-casing 

annulus can help reduce the heat losses of heat flow during the production process. 

Generally, the filling material in the annulus is gas (e.g., air, N2, CO2) or liquid (e.g., 

water), but sometimes it is a vacuum in special conditions, which incurs high cost and 

requires complex additional technology. In the case of gas or liquid, the heat transfer 

mechanism is thermal radiation and convection as well as conduction. This thesis 

discusses possible modes of heat transfer in the annulus and develops a piecewise 

equation for estimating the convective heat transfer coefficient with a wider valid 
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condition. By converting the radiation and natural convection into equivalent thermal 

conduction, their sum is defined as a total thermal conductivity to describe the heat 

transfer in the annulus. The effect of the properties of the filling material in the 

annulus and tubing and casing materials on the heat transfer in the annulus will be 

discussed in Section 3.2. Moreover, the total thermal conductivity transforms the heat 

transfer in the annulus into a pure thermal conduction, which will be able to simplify 

the heat transfer mechanism and the calculation of either an analytical solution or a 

numerical solution for modeling the heat transfer in the whole wellbore system.  

After solving the above technological issues, the second part of the thesis aims to 

establish a mathematical model for studying the heat transfer in a geothermal 

wellbore and its surroundings. The thesis will express and analyze the heat transfer 

mechanism in the wellbore and the surrounding formation based on the geometric 

model of heat transfer in geothermal wells, and reasonable assumptions will be made 

to simplify the boundary conditions. This model is divided into two modes: 

Inside the wellbore. The heat transfer process of heat flow in the tubing (production 

heat flow), annulus, casing, and cement is studied, and the focus is on the heat 

transfer mechanism of annular fill materials. The heat flow in the tubing will be 

considered in three phases: single gas phase, single liquid phase, and steam-water 

two-phase flow. The convection correlation equations for various states of the heat 

flow will be discussed. It is simple to analyze the heat transfer in the casing, tubing, 

and cement, because only single thermal conduction is occurring, but it is necessary 

to discuss the performance requirements of the cement in geothermal wells. In this 

thesis, water fills in the annulus, and air fills in it after using the method of gas lift. To 

establish the properties of heat transfer in the annulus, this thesis discusses the trend 

of total thermal conductivity of the annular fill material with changes in the structure, 

temperature and material of the tubing and casing.  

Surrounding formation. In this study, the “surroundings” means the lateral formation 

around the wellbore but excludes the reservoir. Investigation of the surroundings in 

previous studies using analytical methods is weak due to the complicated geological 

and hydrogeological conditions. Firstly, the current work discusses factors affecting 

the formation temperature field. Then, it adopts a delamination method for the 

formation by considering geological, hydrogeological, and lithological conditions. The 

formation will be divided into small layers with homogeneous physical and 

thermophysical properties. The IFT is an important boundary condition in the model, 
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and it will be deduced by means of a mathematical model in place of the existing 

method. Another task is to analyze the heat transfer in an aquifer. Because of the 

special structure of the aquifer, the work will adopt Fractal theory to establish an 

aquifer model and deduce the equivalent heat transfer coefficient. 

The third part of the thesis is model simulation and application. With the boundary 

conditions and initial conditions, the model will be solved by an analytic method, 

which is basic and accurate compared with numerical methods. The analytic 

solutions can be used for different heat flows, such as single-phase water flow, 

single-phase steam flow, and two-phase steam-water flow. 

Based on the analysis and establishment, this thesis realizes the model with 

assumed parameters. To understand the factors affecting the temperature 

distribution of the heat flow in the tubing, a simulation of the sensitivity analysis is 

conducted by changing important parameters in the mathematical model. Graphs of 

the trends will be plotted. The reasons for heat losses will be discussed and ways of 

reducing it will be proposed. The simulated scenarios are designed as follows: 

(1) Production time and heat flow rate in tubing 

(2) Wellbore geometry 

(3) Annular fill materials and cement 

(4) Geological conditions. 

When the model realization and simulation are complete, the model will be applied to 

a real project to test the model’s feasibility and accuracy.   

1.5.2 Objectives 

(1) To establish the heat transfer model in geothermal wellbores and surroundings 

(2) To propose methods for reducing the heat losses of heat flow in tubing 

1.5.3 Research methods 

The topic of this thesis is guided by global energy demand and the underlying 

knowledge in the disciplines of geology, geothermics, drilling engineering, and heat 

transfer, and considers heat transfer in deep geothermal wells in order to discuss the 

issues involved in geothermal exploration and utilization. Directed by the approaches 

of drilling engineering and hydrogeology and using methods of geophysics, 
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mathematics, and geothermics, it focuses on the heat transfer features of the 

wellbore and surrounding formation when the heat flow in the tubing is transported 

from production wells thousands of meters underground.  

Based on the sketch of a production well shown in Fig.1.5, the thesis establishes an 

optimized mathematical model, simulates a sensitivity analysis to discuss the 

reasons for heat losses from the heat flow in the wellbore, and applies the model in a 

real project. The academic route is shown in Fig.1.6.  

With the objective of reducing heat losses in production wells, this thesis employs 

multi-methods, such as project investigation, data collection, theoretical study, model 

establishment, simulation, and so on, which involve various disciplines including 

geology, geothermics, hydrogeology, heat transfer, and hydrocarbon production. 

Using these methods, a sketch of a production well has been drawn and is shown in 

Fig.1.5. Three basic heat transfer modes - conduction, convection, and radiation - 

occur in the components of tubing, annulus, casing, cement, and surrounding 

formation, and are divided into two regions - heat transfer in the wellbore and heat 

transfer in the formation. In order to establish a new mathematical model for 

analyzing heat transfer behavior in production wells, three scientific questions have 

to be solved first. In this process, the thesis will discuss the factors affecting the 

formation temperature field to predict the IFT distribution, investigate the space 

configuration and heat transfer features of an aquifer in the framework of Fractal 

theory, and analyze the physical and thermophysical properties of filling material in 

order to discuss the heat transfer modes in the annulus. Finally, the thesis will 

establish a mathematical model for production wells and simulate the sensitivity to 

reduce the heat losses of the heat flow in the tubing.  
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Fig.1.6 Sketch of academic route 
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2 Heat transfer in the surroundings 

Generally, the study of the heat transfer process from geothermal wellbores to the 

surroundings is not considered adequately, because the process is regarded as a 

single thermal conduction in the surrounding formation. However, the heat transfer is 

more complex due to various geological, hydrogeological, and lithological conditions, 

etc. There are several important boundary conditions on heat transfer in the 

surroundings, such as the IFT. Obviously, it is essential to study the features that 

have an effect on the formation temperature field. 

2.1 Factors affecting the formation temperature  

The heat transfer processes in geothermal wells occurs in these components: the 

tubing, the annulus, the casing, cement and the surrounding formation. The methods 

of heat transfer include forced convection, natural convection, radiation, and 

conduction. Formation temperature in geothermal regions is dependent upon the 

heat flux coming from deeper areas, which is influenced by: the geological 

configuration, palaeoclimate, the radiogenic heat production of the rock, groundwater 

activity, and magma heat. The distinction of heat flux and formation temperature may 

be measured in different planes or spaces of geothermal regions (Wang et al., 1985). 

Usually, heat transfer in the crust is dominant by thermal conduction. Advection 

occurs when the formation is porous or fractured, and the space is filled with fluid. 

Firstly, it is necessary to discuss the factors that affect the formation temperature field. 

2.1.1 Geological framework and structure 

The faults caused by tectonic movement make the rock in the shallow crust non-

homogeneous both horizontally and vertically. The inhomogeneity of the 

underground medium’s thermophysical properties leads the heat flux to have a 

refraction effect on the different lithology interfaces, and on the occurrence of heat 

flux redistribution.  

Much research has also shown that the heat flux is asymmetrically distributed when 

different shaped intrusions exist in the shallow crust (Wang et al., 1985). Generally, it 

is considered that this is the result of the heat flux refracting on the interface between 

intrusive rock and the surrounding rock, in what is known as the boundary effect. The 

geometrical shape and the burial depth of the intrusion, as well as the ratio of 
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conductivity between the intrusion and surrounding rock determines the extent of the 

boundary effect on ground heat flux. Heat flux refraction is not identical to light 

refraction. The latter is in an infinite medium, but heat flux flows from high 

temperature depth to the low temperature surface under the entire flow field action. 

The impact of heat flux refraction only occurs near the formation boundary, and 

following refraction, the heat flux still flows along the direction of minimal heat 

resistance. Therefore, the main determinant of heat flux distribution in shallow ground 

is the heat flux redistribution. 

The properties of a geological body in the shallow crust determine the total thermal 

resistance of the inhomogeneous rock in different zones. For example, in a bedrock-

uplift zone less than 10 km underground, the total thermal resistance is small due to 

the thin high-resistance sedimentary caprock and the thick low-resistance bedrock. 

Conversely, the total thermal resistance is great in a bedrock-hollow zone. 

The difference of thermal resistance causes the “heat flux redistribution” in the 

adjacent zone between the raised and hollow zone. Therefore, the measured heat 

flux and formation temperature gradient inside the caprock of the raised zone are 

greater than the corresponding values at the same depth of the hollow zone. 

The effect of “redistribution” on the heat flux rate in shallow crust depends on 

bedrock surface shape including uplift height and angle, caprock thickness, and the 

conductivity ratio of the bedrock and caprock. Therefore, it is difficult to account for 

the influence of the bedrock structure with a simple formula, as there may be various 

heat flux rates in different structures, or at different depths within the same structure. 

2.1.2 Groundwater convection 

Groundwater convection is either free convection or forced convection/advection. 

The former refers to the fluid temperature difference (i.e., density difference) due to 

underground non-uniformity, which causes loop convection (i.e., heat flux rises and 

cold flow sinks), by Archimedes buoyancy in the gravitational field. This generally 

exists in the high temperature deep crust or the shallow high temperature geothermal 

field region. The latter gives rise to advection characterized by small buoyancy, and 

mainly caused by inertial force. For example, under pressure differential action, 

groundwater flows from the high head supply area to the low head excretion area. 

Generally, it is primarily as advection in shallow crust of depths less than 10 km.  
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The low temperature groundwater exchanges heat with the wall rock after entering 

the aquifer from the supply area, and reduces the wall rock temperature, whilst 

enhancing the domestic temperature. Therefore, one may find that the formation 

temperature or heat flux value is lower than normal in the supply area of an artesian 

basin, and higher values corresponding to the excretion area. The impact of 

groundwater in the middle of the basin on the IFT field is determined by the flow 

speed and the volume of groundwater as well as the buried depth of the groundwater. 

Generally, it may be seen as a gradual elevated tendency along the direction of the 

groundwater runoff.  

The injection during production in the geothermal region is a special form of 

groundwater advection. Theoretically, the injection is the important factor affecting 

the formation temperature field in geothermal regions. The effect on the IFT field is 

determined by the injection intensity and time. Currently, systematic analysis of the 

geothermal well injection as an influencing factor on the IFT is still a hot topic.  

2.1.3 Radiogenic heat production of rock 

The radiogenic heat production of rock in the shallow crust is an important part of 

terrestrial heat flux as measured from the ground, and it is one of the important heat 

sources of the Earth’s inner heat. However, the heat difference may be great in 

different regions or geological conditions, and part of the heat is affected by factors 

such as the ability of the bedrock structure to carry on redistribution. Therefore, this 

important parameter should be considered in order to faithfully simulate the formation 

temperature field. The radiogenic heat production of rock, A is the released energy in 

unit time from the disintegration of radionuclides contained in unit volume rock, and 

the measurement unit is μW/m3. There are many radionuclides contained in rock, but 

only uranium (U), thorium (Th) and kalium (K) are relevant to terrestrial inner heat 

sources. Generally, the radiogenic heat production of rock is obtained by calculating 

the measured contents of U, Th and K in rock, and it can be calculated by seismic 

wave velocity for regions with no core sample holes. The space-time distribution of 

radionuclides has great influence on the terrestrial inner temperature field, and 

sometimes 30 % ~ 40 % of ground heat flux density is generated by radionuclides. 

Therefore, radiogenic heat production is not an effective parameter for studying the 

physical characteristics of deep Earth, such as the thermal status of the deep basin, 

and the thermal configuration of the lithosphere, but it is an important parameter for 
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detailing the basin’s geothermic history. Generally, the U, Th and K content of the 

rock sample are measured first, and then A is calculated. For example, the formula 

for the calculation of heat production by Rybach (1988) is: 

)48.356.252.9(10 5

KThU CCCA   
 2.1 

where: A is the radiogenic heat production of rock (μW/m3); ρ is rock density (kg/m3); 

CU and CTh are the abundances of uranium and thorium (10-6), respectively; and CK is 

the kalium percentage (10-2). The abundance relationship of uranium with thorium 

and kalium may be approximately expressed as: Th/U = 3.8, K/U = 104 (Taylor and 

McLennan, 1985; Taylor and McLennan, 1995), so that Eq.2.1 can be represented as: 

5

2 310 (9.52 9.98 3.48 )U U UA C C C   
 2.2 

where: CU2 and CU3 express the abundances of thorium and kalium, respectively after 

conversion to uranium. The coefficients before the element abundances are equal 

with weights of uranium, thorium and kalium to the contribution for the radiogenic 

heat production of rock.  

2.1.4 Palaeoclimate 

Long-term climatic change can affect the underground temperature field. Because 

rock thermal diffusivity is very low (1 × 10-6 m2/s), any temperature change of the 

surface is only slowly transmitted downward (He et al., 2006). Long-term surface 

temperature changes, although weak and smooth, can still be recorded as a transient 

disturbance to the steady-state temperature field in the ground, and can be observed. 

Because the transmission of the surface temperature change takes time, the deeper 

the drill hole, the longer the recorded history of the formation temperature obtained. 

In a typical well 600 m deep, the information from the formation temperature record 

not only contains the near date warming event, but also has the ground temperature 

information of the last few hundred years. According to estimations, the ground 

temperature from 1000 ~ 5000 years ago may have transmitted down to a depth of 

1000 m (Kukkonen and Šafanda, 1996). At deeper depths, only the long-term high 

width events can be identified, such as ice ages. The formation temperature data 

from the KTB drilling well in Germany was used to invert the last 1 Ma formation 

temperature change of Europe (Clauser et al., 1997; Seipold and Huenges, 1998). 
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2.1.5 Magma heat 

Magma heat is another source of heat source inside the Earth. Many abnormal 

temperature regions are closely related to deep magma activity, and to varying 

degrees, the geothermal features of some regions are related to this. The influence 

of magma activity on the IFT field may be divided into two stages. In the first stage, 

the invading magma as an upward moving heat source, exchanges heat with the wall 

rock, and causes the temperature of the wall rock to gradually increase. The size, 

geometry shape, initial temperature, and flow rate of the magma, as well as its 

thermophysical properties (thermal conductivity, specific heat, heat capacity, and 

thermal diffusibility) and invasion position, determine the effect on the formation 

temperature field. The influence on the current formation temperature field is related 

obviously. The second stage is the gradual cooling process of the temperature 

balance between the magma and wall rock, namely, the magma cooling process. 

The cooling speed is determined by the thermophysical parameters of the magma 

and wall rock, as well as the size and depth of the magma. In geothermal research, 

the influence of the second stage (namely, the influence of magma residual heat) has 

practical significance. The details of the relationship between the magma heat and 

surface heat flux can be referred to Norden et al. (2008). 
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2.2 Prediction of Initial Formation Temperature 

The heat transfer from the wellbore to the surroundings is important for deep well 

engineering, such as oil well, gas well and geothermal well. The related engineering 

processes include exploration, drilling, production, injection, monitoring, and so on 

(Chugunov et al., 2003). For example, the usage efficiency of geothermal energy is 

depended on the heat losses of heat flow (Morita and Tago, 1995).  

IFT, the formation temperature without disturbance, is an indispensable 

thermophysical parameter to study the heat transfer in deep well. Obviously, it cannot 

be measured before drilling. Therefore, it is always replaced by static formation 

temperature, which can be measured during the drilling stoppages, after circulation 

stops, or the well returns to thermal equilibrium (Espinosa-Paredes and Garcia-

Gutierrez, 2003). However, it takes a long time to recover the initial temperature 

completely. For example, the scientific drilling of KGB has not reached to the 

temperature balance after 6 years (Clauser et al., 1997). In this work, the author 

would like to use IFT instead of static formation temperature, because the former can 

reflect the original and undisturbed feature more.  

2.2.1 Introduction 

IFT is usually used for: (1) determination of geothermal gradients for exploration 

mapping; (2) determination of heat flows of promising geothermal zones; (3) 

interpretation of borehole logging; (4) optimal design of borehole drilling and 

completion programs; (5) location of permeable or lost circulation zones; (6) 

evaluation of in-situ thermophysical formation properties; (7) for the estimation of the 

heat reserves in geothermal systems (Bassam et al., 2010). The current analytical 

methods include: (1) the cylindrical source with a conductive heat flow (Manetti, 

1973); (2) the line source (Dowdle and Cobb, 1975); (3) the cylindrical source with a 

conductive heat flow (Leblanc et al., 1981); (4) the radial source with a conductive 

heat flow (Brennand, 1984); (5) the spherical and radial heat flow (Ascencio et al., 

1994); (6) the cylindrical heat source with a conductive-convective heat flow (Hasan 

and Kabir, 2010); (7) the generalized Horner method (Kutasov and Eppelbaum, 

2005). Additionally, Lu and Ge (1996) and Ge (1998) used the method of parameter 

substitution to discuss the influence of underground fluid on vertical temperature 

distribution theoretically by a one-dimensional steady-state heat transfer equation.  

Additionally, numerical methods have been used, such as Blöcher et al. (2010).  
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Although there is a considerable progress in this area, there are large differences in 

the IFT results provided by different methods (Andaverde et al., 2005). Additionally, 

whatever the line source, cylindrical source, or spherical radial flow, one has to 

collect and calculate a large number of in-situ data. Therefore, the author tries to look 

for a reliable and simple prediction method. For predicting IFT precisely, this thesis 

uses an inverse technique to analyze the factors affecting the formation temperature. 

2.2.2 Governing equation 

With a one-dimensional steady state, the temperature distribution in the crust 

satisfies the thermal conduction equation (Carslaw and Jaeger, 1959). 
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In above equations, z is the depth, m; A denotes the radiogenic heat production of 

the rock, μW/m3; λ represents the thermal conductivity, W/(m·K); T is the temperature, 

ºC; q0, T0 and λ0 are the heat flux, mean annual temperature and thermal conductivity 

of surface, respectively, mW/m2, ºC, and W/(m·K). Generally, the magnitude orders 

of A and q0 are 10-6 and 10-3, respectively. 

The solution of Eq.2.3 is depended on the thermal conductivity of the formation, and 

the radiogenic heat production of the rock. There are two cases for each factor: the 

thermal conductivity of the formation is a constant, or temperature-dependent, λ (T) = 

λ 0/ (1+ aT (z)), where a = 0.001(1/ºC) while T < 300 ºC (Čermák and Bodri, 1986); 

the radiogenic heat production of the rock is a constant, or depth-dependent, A (z) = 

A0·exp (-z/D), where A0 is the surface heat production, μW/m3, and D is the 

attenuation factor of the heat production with depth, m (Ketcham, 1996). Therefore, 

Eq.2.3 has different analytical solutions as the 4 combinations. 

(1) λ and A are both constants. 
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(2) λ is a constant, and A is depth-dependent. 
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(3) A is a constant, and λ is temperature-dependent (Somerton, 1992). 
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(4) A is depth-dependent, and λ is temperature-dependent. 
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2.2.3 Field example 

The Chinese Continental Scientific Drilling (CCSD) is located the north of Jiangsu, 

China, which belongs to the ultra-high pressure metamorphic zone of the eastern 

Sulu between the Sino-Korea craton and the Yangtze craton (Cong et al., 1995; Liou 

et al., 1995). Before drilling the main borehole, two pilot boreholes, PP1 and PP2 

were completed. The main borehole location was closer to PP2, and the predesign 

depth was 5000 m (Wang et al., 2001). This thesis will predict the bottom 

temperature of the main borehole with the data of PP1 and PP2.  

The true vertical depth of PP1 and PP2 are 426.4 m and 1024.8 m, and the bottom 

temperatures, Tb, are 24.2 ºC and 39.8 ºC, respectively. PP1 and PP2 are both 

divided into three sections in depth to measure the properties. The measured 

temperature curves indicate that the geothermal gradient, G, ºC/km, of PP1 is 

undulant due to the groundwater in faults probably, while the temperature of PP2 has 

good linear relationship, which proves the formation dominates thermal conduction. 

In general, the geothermal gradient of the targeted area is 19 ~ 26 ºC/km, the annual 

mean surface temperature is 15 ºC, and the surface heat flux is 76 ~ 80 mW/m2. 

There are 30 core samples from PP1 and 12 from PP2, including gneiss, eclogite, 

and so on (Wang et al., 2001). The samples represent the main rock categories of 

this area. The samples are mostly gneiss, and the thermal conductivity is 2.6 ~ 8.8 

W/(m·K) and 3.98 ± 1.2 W/(m·K) on the average. The average is higher than the 

mean thermal conductivity of upper crust, 3.0 W/(m·K) (Furlong and Chapman, 1987).  

The heat production of the samples is 0.08 ~ 2.17 μW/m3 and 0.71 ± 0.57 μW/m3 on 

the average. It decreases with the depth, but it is hard to determine the specific 
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distribution owing to the shallow depth of sampling. In the sampling depth, the heat 

production is high as 0.76 ± 0.5 μW/m3 on the average above 450 m, while it is low 

as 0.48 ± 0.2 μW/m3 on the average below this depth. With the regression analysis 

according to an index function, the heat production is A (z) = 1.28·exp (-z/1215), 

where D  = 1215 m (Wang et al., 2001). The details of those parameters above in 

PP1 and PP2 are shown in Table 2.1. 

Table 2.1 The measured thermophysical properties of PP1 and PP2; changed from Wang et al. (2001) 

No. 
z, 
m 

G, 
ºC/km 

λ, 
W/(m·K) 

q0, 
mW/m

2
 

Tb, 
ºC 

PP1 
30~139 20.40 3.70 

76.0 24.2 140~255 18.97 4.06 
255~426 19.53 3.86 

PP2 
30~200 20.60 3.21 

79.6 39.8 200~600 26.10 3.38 
600~1024 24.90 3.40 

 

For one-dimensional steady state, the IFT can be calculated by Eq.2.6, 2.7, 2.8, and 

2.9 depending on the distribution styles of the formation thermal conductivity and the 

heat production. This thesis selects the lower limit and upper limit of surface heat flux 

as 76 mW/m2 and 80 mW/m2, respectively. While the heat production is a piecewise 

constant, the depth lower than 450m is 0.76 μW/m3, and the depth deeper than 450m 

is 0.48 μW/ m3; while the heat production distributes as an index function, the 

relationship is A (z) = 1.28·exp (-z / 1215). When the thermal conductivity of the 

formation is a constant, the upper limit is the arithmetic mean value of the samples, 

3.76 W/(m·K); the lower limit is the weighted mean value of the formation thickness, 

3.38 W/(m·K). If the formation thermal conductivity is temperature-dependent, then, λ 

(T) = λ0/(1 + aT (z)), where a = 0.001 ºC-1 while T < 300 ºC and λ0 = 3.46 W/(m·K) is 

the mean value of the first section in PP1 and PP2. 
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Fig.2.1 The predicted temperature distribution of the main borehole 

The predicted temperature distribution of the main borehole with Eq.2.6, 2.7, 2.8, and 

2.9 are shown in Fig.2.1. There are 12 curves and the temperature range at 5000 m 

depth is 114 ~ 136 ºC, which accords with the results of Wang et al. (2001). The 

specific results of these curves at 426 m, 1024 m and 4725 m are listed in Table 2.2.  

Table 2.2 The results of T (z) predicted by Eq.2.6, 2.7, 2.8, and 2.9 

No. 
A, 

μW/m
3
 

λ, 
W/(m·K) 

q0, 
mW/m

2
 

T(z)|z=426m, 
ºC 

T(z)|z=1024m, 
ºC 

T(z)|z=4725m, 
ºC 

Eq.2.6 
A is a piecewise 

constant 

3.38 
76 24.56 37.93 119.56 
80 25.06 39.14 125.15 

3.76 
76 23.59 35.61 108.99 
80 24.06 36.70 114.02 

Eq.2.7 
A is an index 

function 

3.38 
76 24.55 37.87 119.62 
80 25.05 39.08 125.21 

3.76 
76 23.58 35.56 109.04 
80 24.04 36.65 114.07 

Eq.2.8 
A is a piecewise 

constant 
λ is 

temperature- 
dependent 

76 24.38 37.65 122.43 
80 24.88 38.86 128.49 

Eq.2.9 
A is an index 

function 
76 24.37 37.59 122.49 
80 24.87 38.80 128.55 

 

Table 2.2 indicates that: T(z) at 426 m is 23.58 ~ 25.06 ºC, which accords with the 

bottom temperature of PP1; T(z) at 1024 m is 35.56 ~ 39.14 ºC, which is a little lower 

than the bottom temperature of PP2; in the same conditions, T(z) at 4725 m by λ with 

constant is 3 ~ 14 ºC lower than by λ with temperature-dependent. 

2.2.4 Discussion 

Indicated in Fig.2.1 and Table 2.2, the temperature ranges of the same depths 

calculated by different equations are larger with the increasing depth. For example, 
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the ranges are 1.48 ºC at 426 m, 3.58 ºC at 1024 m, and 19.56 ºC at 4725 m. The 

temperature range increases 0.3 ~ 0.4 ºC every 100 m, which becomes unreliable 

when predicts the deep formation temperature. In order to reduce the error of 

calculation, it is necessary to understand the factors affecting the IFT. According to 

the components of Eq.2.6, 2.7, 2.8, and 2.9, the main parameters involve the annual 

mean surface temperature, the formation thermal conductivity, the rock heat 

production, and the surface heat flux. 

2.2.4.1 Factors  

(1) Annual mean surface temperature, T0. The annual mean surface temperature 

has a great effect on the calculation of the formation temperature, especially for 

Eq.2.6 and 2.7 that are in the case of ignoring temperature-dependent of the thermal 

conductivity. The annual mean surface temperature is a statistical value, which is 

depended on a long-time record and not accordance with the relationship of the 

formation temperature below the isothermal zone.  

(2) Formation thermal conductivity, λ. There is also a great effect of λ on the 

formation temperature implied from the results of T(z) at 5000 m. When λ is a 

constant, it would be better to select the weighted mean value of the core samples. 

When k is temperature-dependent, the surface thermal conductivity becomes 

important and the mean value would be better. 

(3) Rock heat production, A, and surface heat flux, q0. Comparing with T0 and k, 

the effect of these two factors on results is not obvious. However, the exact values 

have a fine-tuning function to the results.  

2.2.4.2 Artificial surface 

From the above discussions, the primary factors on the formation temperature are 

the annual mean surface temperature, T0 and the formation thermal conductivity, λ, or 

the surface thermal conductivity, λ0 while it is temperature-dependent. On the 

research related to the IFT, people always evaluate it by geothermal gradient, 

because they believe that the IFT increases linearly with depth. There are three 

current opinions on the surface temperature: 

The surface temperature is zero; 

The surface temperature is the annual mean surface temperature; 
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The surface temperature is the temperature of the isothermal zone. 

The first is unrealistic to ignore the surface temperature totally. The third ignores the 

depth of the isothermal zone that is normally 20 ~ 30 m underground. The second 

seems more reasonable and is adopted in the CCSD project. However, the record of 

the annual mean surface temperature is not available everywhere, and it has some 

uncertainties, such as human error, equipment error, climate factor, etc. These 

uncertainties could result in great influence on predicting IFT. Therefore, it is still not 

the best selection. 

In deep well projects, there are several testing wells or pilot wells in pre-exploration 

phase generally before drilling the targeted well/wells like PP1 and PP2 in CCSD. It 

is a feasible way to understand the geological information of the targeted area as 

much as possible from the existed wells. When the bottom temperature is available, 

the surface temperature can be calculated inversely by Eq.2.6 or 2.7. It is important 

to note that this surface temperature is the result extended to the surface from the 

bottom with the relationship of Eq.2.6 or 2.7. Comparing to the annual mean surface 

temperature, this surface temperature has no disturbance from the human error or 

the equipment error. This thesis names this surface as artificial surface. The artificial 

surface temperature is Ts. With the theory of the artificial surface, there is no 

isothermal zone in the formation, and the formation temperature distributes as the 

relationship of Eq.2.6 or 2.7. Similar to Ts, it is easy to acquire the artificial surface 

thermal conductivity, λs by Eq.2.8 or 2.9. With the data of PP1 and PP2, Ts and λs are 

shown in Table 2.3. Ts and λs are the mean values of Eq.2.6 and 2.7, as well as 

Eq.2.8 and 2.9, respectively. Table 2.3 proves that Ts of PP1 and PP2 are similar 

because they are in the same area, but the values of λs are different owing to the 

difference of the geological conditions in PP1 and PP2. 

Table 2.3 The values of Ts and λs in PP1 and PP2 

No. 
Tb, 
ºC 

z, 
m 

q0, 
mW/m

2
 

A, 
μW/m

3
 

λ, 
W/(m·K) 

a, 
ºC

-1
 

Ts, 
ºC 

λs, 
W/(m·K) 

PP1 24.2 426 76.0 0.76 3.66 0.001 15.4 3.68 
PP2 39.8 1024 79.6 0.60 3.29 0.001 15.2 3.33 

Notes: 1. λ is the weighted mean value, and the thermal conductivity of upper soil is assumed as 1.0 
W/(m·K); 2. The A of PP2 is the weighted mean value. 

2.2.5 Optimized temperature distribution 

For eliminating the disturbance of the human error and the equipment error in the 

surface parameters, this thesis proposed an artificial surface. Fig.2.2 is the optimized 



 

35 

 

temperature distribution of the main borehole calculated by the parameters of the 

artificial surface. There are 8 curves and also no visible effect of the rock heat 

production on the results. However, comparing with Fig.2.1, the difference is obvious 

for predicting temperature by PP1 and PP2, and the temperature ranges are 

narrower.   

 

Fig.2.2 The optimized temperature distribution of the main borehole 

The measured bottom temperature of the main borehole of CCSD is 133.5 ºC at 

4725 m (He et al., 2006). Table 2.4 shows the predicted bottom temperature of the 

main borehole used the parameter of PP1 and PP2 by Eq.2.6, 2.7, 2.8, and 2.9, and 

the errors compared with the measured value. 

Table 2.4 The predicted bottom temperature of the main borehole 

Equations 
PP1 PP2 

T(z)|z=426m, ºC T(z)|z=4725m, ºC errors T(z)|z=1024m, ºC T(z)|z=4725m, ºC errors 
Eq.2.6 24.23 111.97 16.1% 39.88 127.80 4.3% 
Eq.2.7 24.22 112.01 16.1% 39.81 127.85 4.2% 
Eq.2.8 24.22 116.11 13.0% 39.88 132.74 0.6% 
Eq.2.9 24.21 116.16 13.0% 39.81 132.80 0.5% 

It can be implied from Table 2.4 that: 

Using the values of Ts and λs, the predicted bottom temperatures of PP1 and PP2 are 

24.21 ~ 24.23 ºC and 39.81 ~ 39.88 ºC, respectively. The results are accordance 

with the measured values, and the fluctuations from the 4 equations are 0.03 ºC and 
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0.08 ºC. It proves that the artificial surface can correct the governing equation very 

well. However, the fluctuations become wider when the predicted depth reaches to 

5000m. The bottom temperatures are 111.97 ~ 116.16 ºC predicted by PP1 and 

127.80 ~ 132.80 ºC predicted by PP2. The distribution style of the formation thermal 

conductivity results in the wider fluctuations. The values will be 4 ~ 5 ºC higher while 

the formation thermal conductivity is temperature-dependent, which agrees with 

Wang et al. (2001).  

(1) The bottom temperatures predicted by PP2 are tighter to the measured value 

because the location is nearer to the main borehole than PP1. It means that 

the geological conditions of PP2 can represent the main borehole more. The 

predicted values indicate that the formation thermal conductivity of the main 

borehole is temperature-dependent. With the relationship of λ (T) = λs / (1 + 

aT(z)), the range is 2.94 ~ 3.33 W/(m·K), and 3.14 W/(m·K) on the average, 

which agree with He et al. (2006).   

(2) Although the radiogenic heat production has limited influence on the IFT in this 

field example, it still can improve the results. The difference of values 

predicted by PP2 may be owing to the aquifer in the section of 900 ~ 1600 m 

(He et al., 2006). However, the thickness of the aquifer is only 15 % of the 

whole borehole, so the influence on the results is 0.5 ~ 4.3%. 

From the above analysis, the relationships of formation thermal conductivity and 

radiogenic heat production in Eq.2.9 accord with the main borehole more. For the 

main borehole, the temperature distributions calculated by Eq.2.9 and measured 

after drilling are shown in Fig.2.3. Obviously, these two curves are not tight in the 

sections of 0 ~ 500 m and 2700 ~ 3600 m. Regarding to the shallow section, the 

measured values are affected by the surface temperature; by contrast, the calculated 

values are used an artificial surface, which the surface temperature is constant. 

Additionally, groundwater in shallow formation is very common in this area. The 

advection due to groundwater movement is not considered in those four equations.  

Concerning the deep section, groundwater may exist, too. Therefore, this method of 

predicting model would occur more errors when predicts shallow formation 

temperature or the formation depositing abundant groundwater. The next section will 

discuss the heat transfer in an aquifer.  
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Fig.2.3 The calculated and measured IFT distribution of the main borehole 
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2.3 Heat transfer in an aquifer 

Heat transfer between the wellbore and the surrounding formation plays an important 

role in geothermal engineering. For instance, it is involved in exploring the geothermal 

field position, estimating reservoir temperature and size, selecting a suitable geothermal 

system, designing wellbore configuration and drilling technology, and predicting the 

thermophysical parameters for production and injection. However, the analysis of the 

heat transfer in the surrounding formation is more complicated when the formation 

includes aquifers. 

2.3.1 Introduction 

Modeling is an effective and reliable method for when the heat transfer cannot be 

measured directly. Since the 1960s, many models have been proposed to investigate 

the heat transfer in the wellbore and surrounding formation. Ramey (1962) established 

a basic model for the heat transfer in hot-water-injection wells, showing that heat 

transfer in the wellbore was a steady state and in the formation was a transient radial 

thermal conduction. Holmes and Swift (1970) established a 1D steady model and gave 

an analytic solution by assuming the temperature distribution of the formation was linear 

according to the average geothermal gradient. Meanwhile, researchers began to use 

numerical methods for these issues. Keller et al. (1973) established a mathematical 

model that assumed circling temperature in wellbores was 1D and that temperature in 

formation was 2D, and the model was resolved by the Finite Difference Method (FDM). 

Although these models have studied the heat transfer in the formation with various 

methods, thermal conduction was considered dominant in the formation, and the 

advection in the aquifer was always neglected. However, advection originates from the 

groundwater movement that depends on the porosity and velocity (Rubin, 1981). 

Actually, heat transfer in a porous medium has been reported by numerous works in the 

literature, such as: the basic theory of Bear and Bachmat (1990) as well as Philip and 

De Vries (1957), the phenomenological theory of Luikov, and the mean volume theory 

of Whitaker (Bear and Bachmat, 1990). Therefore, Diao et al. (2004) established an 

equation of conduction-advection for heat transfer in porous media to estimate the 

impact of groundwater in GSHP systems. Hidalgo et al. (2009) established a steady 

state 3D model for researching the heat transfer in the aquifer. Hecht-Méndez et al. 

(2010) simulated the heat transport in a GSHP system with a variety of numerical 
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methods. Molina-Giraldo et al. (2011a, 2011b) solved the heat transfer in the aquifer 

with analytical solutions.  

These works contribute to the study of the heat transfer in the formation and gradually 

actualized the models. However, it is necessary to increase the complexity of the 

modeling by simultaneously taking the thermal conductivity and advection in the 

formation into consideration. Consequently, the calculation and computation became 

more sophisticated, which were required to be solved utilizing more efficient methods 

(Bayer et al., 2008; Awotunde and Horne, 2011).  

2.3.2 Fractal model 

This thesis treats the aquifer as a porous medium, and describes the heat transfer 

process in the aquifer, including thermal conduction of the solid phase and advection of 

the liquid phase with an overall thermal conductivity, λe, W/(m·K). This parameter has 

significance in the following ways: (1) it reflects the advection behavior of groundwater; 

(2) it expresses the heat transfer features of the aquifer; (3) it adjusts the geothermal 

gradient; (4) it simplifies the analysis of the heat transfer mechanism in the formation; 

and (5) it reduces the difficulty of the modeling calculation or computation. The 

challenge of analyzing the heat transfer mechanism in the irregular geometry structure 

of an aquifer will be solved herein by employing Fractal theory. 

2.3.2.1 Groundwater categories 

Groundwater is buried in the space of soil or rock underground. According to the style of 

space, groundwater is classified as: pore water, fractured water and Karst water. Pore 

water is gravity water buried in the pores of loose soil and rock, which is generally 

distributed in Quaternary sediments. Owing to the good connectivity of the loose 

formation, the hydraulic connection inside the aquifer is closed, and the groundwater 

has a connected surface. Fractured water exists in the fractures of rocks, such as 

fractured igneous and metamorphic (I&M). It is distributed in the mountain area and is 

only buried in bedrock, which rarely appears on the surface. Karst water is reserved in 

the caves of soluble rocks, such as limestone and dolomite.  

According to Darcy’s Law, the groundwater velocity, v, m/s, is dependent on the 

dimensionless hydraulic gradient, I, and the hydraulic conductivity, K, m/s. However, I is 

primarily dependent on the topography. It has been reported by the United States 
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Environmental Protection Agency that the hydraulic gradient in every part of America is 

0.0001 ~ 0.05 (Newell et al., 1996). Properties of typical aquifers are shown in Table 2.5. 

This thesis treats the aquifer as a porous medium utilizing soil and rock as the solid 

phase, and employs groundwater in the space as the liquid phase.  

Table 2.5 Properties of typical aquifers; changed from Chiasson (1996) 

Aquifers 

K, 
m/s 

ω,
 

-- 
v, 

m/s 
λ, 

W/(m·K) 

Range 
Geometric 

mean 
Range 

Arithmetic 
mean 

  

Soils 

3.0E-04~3.0E-02 3.0E-03 0.24~0.38 0.31 3.0E-05 0.98 gravel 
coarse Sand 9.0E-07~6.0E-03 7.3E-05 0.31~0.46 0.385 7.3E-07 1.02 
fine Sand  2.0E-07~2.0E-04 6.3E-06 0.26~0.53 0.40 6.3E-08 1.03 
silt 1.0E-09~2.0E-05 1.4E-07 0.34~0.61 0.475 1.4E-09 2.07 
clay 1.0E-11~4.7E-09 2.2E-10 0.34~0.60 0.47 2.2E-12 1.25 
Rocks 

1.0E-09~6.0E-06 7.7E-08 0~0.20 0.10 7.7E-10 2.46 dolomite 
Karst limestone 1.0E-06~1.0E-02 1.0E-04 0.05~0.50 0.275 1.0E-06 3.56 
sandstone 3.0E-10~6.0E-06 4.2E-08 0.05~0.30 0.18 4.2E-10 4.50 
shale 1.0E-13~2.0E-09 1.4E-11 0~0.10 0.0525 1.4E-13 2.53 
fractured I&M 8.0E-09~3.0E-04 1.5E-06 0~0.10 0.05 1.5E-08 4.61 
unfractured I&M 3.0E-13~2.0E-10 2.4E-12 0~0.05 0.025 2.4E-14 4.59 

Notes: 1. v is the mean linear velocity of groundwater based on an assumed hydraulic gradient of 0.01; 2. 
λ is the superficial thermal conductivity of the aquifer, W/(m·K); ω is the porosity of the aquifer, 
dimensionless.  

2.3.2.2 Diffusivity equation 

Energy transfers from the wellbore to the formation unevenly. The complex geometric 

structure of the aquifer determines the complicated heat transfer mechanism owing to 

the thermal conduction of the solid phase and the liquid phase, as well as the advection 

of groundwater. 

In cylindrical coordinates, the diffusivity equation is: 
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2.10 

where Te is the formation temperature, °C, at an arbitrary depth at time, t, s, and 

distance, r, m, are measured from the center of the wellbore; heat capacity, and density 

of formation are given by ce, J/(kg·K), and ρe, kg/m3; λe is the thermal conductivity of soil 

and rock in non-porous formation. In this equation, the left two items are the energy 

increment (diffused item) in the direction of r, and the internal energy increment 

(unstable item); the right one is the source item. 

When the aquifer is treated as a porous medium, the superficial properties of aquifer 

can be defined as (Bear, 1972): 
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2.11 

where the subscript letters of w and s represent the liquid phase and solid phase, 

respectively. Therefore, the thermal diffusivity of an aquifer is a = λ/ρc, m2/h. It is 

assumed that the velocity is stable and the direction is radial. 

2.3.2.3 Fractal theory 

The determination of heat transfer in an aquifer is limited by the complex 

thermophysical properties due to irregularity of the geometry structures. Therefore, a 

suitable geometry description is needed to solve the inhomogeneity. Mandelbrot (1967) 

defines that a Fractal is a mathematical set with a Fractal dimension, which usually 

exceeds its topological dimension and may fall between the integers. Fractals are 

typically self-similar patterns, where self-similar means they are "the same from near as 

from far". There are many Fractal objects in nature, such as snowflakes, water system, 

and clouds. Fractal theory is often used to model porous media in which the scaling of 

mass, pore space, pore surface and size-distribution of the fragments are all 

characterized by a single Fractal dimension (Gimenez et al., 1997). Katz and Thompson 

(1985) studied the structure expression of a porous medium, and the ESS (Electronic 

Speculum Scanning) experiment proved that the space in sandstone showed self-

similarity on a specific scale. Additionally, they also predicted the porosity by Fractal 

statistics. Anderson et al. (1996) measured the Fractal dimensions for various soils and 

rocks, and determined a Fractal character on the surface of the pores, and tried to 

relate the Fractal dimension to the diffusion process. Babadagli (2001) measured the 

Fractal dimensions of different fracture network properties, such as spatial distribution, 

density, connectivity, orientation, and length. Yu et al. (2005) simulated the permeability 

of Fractal porous media by the Monte Carlo technique. Li and Horne (2006) built a 

Fractal model of capillary pressure curves for the Geysers rocks. Therefore, this thesis 

will model the space structure of an aquifer as statistical self-similarity (Falconer, 2003) 

geometry to analyze the heat transfer process. 

2.3.2.4 Heat transfer in the aquifer 

In order to simplify the calculation, it is assumed that the grains of the solid phase are 

cubical and distributed periodically with uniform porosity. Heat transfer only exists 

between a grain and those adjacent to it. Fig.2.4 shows the microcosmic structure 
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section of an aquifer in which the black is the solid phase, and the white space is filled 

with liquid phase.  

√X

√S

 

Fig.2.4 Microcosmic structure section of aquifer; changed from Chen and Shi (1999) 

The structure will be considered as statistical self-similarity if the measured mean area 

of the grains, S, m2, is satisfied as:  

dcXS   2.12 

where: X represents the dimensionless area measurement scale of the grid; d denotes 

the dimensionless Fractal dimension of the grain area; c is the dimensionless proportion 

constant. With logarithmic transformation for both sides, Eq.2.12 is expressed as:  

ln(S) =lnc+dln(X) 2.13 

After the grid and the section area of the grain are both shrunk to 1/X of the previous 

size, the volumetric unit of Fig.2.4 is shown in Fig.2.5, but the heat transfer 

characteristics are the same as for the entirety of the aquifer. 

 

Fig.2.5 The elementary volume of the aquifer 
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Based on the Fractal structure, the porosity of the volumetric unit, ω is  

 
3/23/2 ( 1)1 / 1 dS X cX         

2.14 

Heat transfer in the volumetric unit includes: (1) thermal conduction of solid phase and 

groundwater, and (2) advection owing to the groundwater moving. Therefore, heat 

transfer energy through the volumetric unit, q, W, is: 

e e s s w w a

T T T
q S S S hS T

x x x
  

  
    

  
 2.15 

where: h is the advective heat transfer coefficient of the aquifer, W/(m2·K); Se, Ss, and 

Sw are the heat transfer area of the unit, solid phase, and liquid phase, respectively, m2; 

the subscript letters of a represent advection. In Fig.2.5, the regions that are filled with 

groundwater are divided into 3 parts: (1) the space except the quadrangular prism that 

includes the solid phase core, (2) the left part of the prism except the solid phase, and 

(3) the right part of the prism except the solid phase. Thermal resistance structure of the 

grid is shown in Fig.2.6. R1, R2, and R3 represent the thermal conductive resistances of 

liquid phase in regions 1, 2, and 3, respectively, where R2 = R3. Rs is the thermal 

conductive resistance of the solid phase. Ra denotes the advective resistance. Thus, the 

overall thermal resistance is: 

1/R=1/R1+1/( R2 +Rs+ R3)+ 1/Ra=1/R1+1/(2R2 +Rs) + 1/Ra 2.16 

 

Fig.2.6 Sketch of thermal resistances structure 

According to the definition of R = L/(Se), where L is the heat transfer characteristic 

length, m, these thermal resistances can be expressed as: R1 =  L1/(S1w) = 

  wXS /1

1


, R2 =  L2/(S2w) = 

XS

XS

w /2

/1




, Rs  =  Ls/(Sss) = 

XSS /

1


, Ra = La/(Saa) = 

XSad /

1


. Substituting R1, R2, Rs, Ra in Eq.2.16, the overall thermal conductivity is: 
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According to Eq.2.15, the heat transfer energy of advection can be expressed as: 

/a a ad a aq h S T S T L       2.18 

Therefore, 

/ad ah L  2.19 

If the advective heat transfer coefficient is expressed with the Nusselt number, Nu, 

dimensionless, as h = Nuλw/La, the equivalent thermal conductivity of advection, λad can 

be expressed as 

λad =Nuw 2.20 

The Nusselt number is the ratio of advective and conductive heat transfer across the 

boundary. In terms of advection, the Nusselt number is generally a function of the 

dimensionless Reynolds number, Re, and the Prandtl number, or Nu = f(Re, Pr). For the 

groundwater in the aquifer, Re is expressed as Re = ρvL/η, where η is the dynamic 

viscosity of groundwater, kg/(m·s). Empirical correlations for a wide variety of 

geometries are available that express the Nusselt number in the aforementioned forms. 

Generally, the empirical expressions for specific or narrow scales are simple, but 

piecewise expressions are still needed for wide scales. For RePr > 0.2, Thirumaleshwar 

(2006) suggested the correlation of Churchill and Bernstein (Churchill and Bernstein, 

1977): 
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For RePr ≤ 0.2, Thirumaleshwar (2006) suggested the correlation of Nakai and Okazaki 

(1968): 

  15.0Pr)ln(Re8237.0Nu


  2.22 

Combining Eq.2.14, Eq.2.17 and Eq.2.20, the overall thermal conductivity of the aquifer 

is derived as: 
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2.23 

According to Fig.2.6, the first 2 items on the right-hand in Eq.2.23 belong to the 

conductive portion of λe, and the third item is the advective portion of λe. If the porosity, 

ω is available, the overall thermal conductivity can be expressed simply as: 
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2.3.3 Advection effect in aquifers 

According to the parameters in Table 2.5, hydraulic conductivity ranges widely from 1.0 

× 10-13 to 3.0 × 10-2 m/s. Therefore, the advection in the aquifer is dependent on the 

velocity more than on the porosity. Table 2.6 shows the conductive and advective 

portions of λe of various aquifers with velocity.  

Table 2.6 implies that:  

(1) Advective portions of gravel, coarse sand and Karst limestone demonstrate the 

significant effect of velocity on the advection of groundwater. Therefore, compared with 

thermal conduction, advection in the aquifers of clay, shale, and unfractured I&M is less 

than 10 %.  

(2) Groundwater still influences the heat transfer in the aquifer even when the velocity is 

extremely low. For example, the advective portions of coarse sand, fine sand and silt 

are 0.39, 0.39 and 0.37 W/(m·K), respectively when the velocity is 2.0 × 10-7 m/s. The 

proportions in the overall thermal conductivity are 28.9 %, 28.9 % and 21.3 %, which 

cannot be ignored as a result. Additionally, their Re values range among 0.16 ~ 0.17, 

which is in disagreement with Thirumaleshwar (2006) in which the heat transfer was 

purely by conduction at Re < 1. However, few studies in the literature discuss the 

empirical correlation of advection while Re < 1.       

(3) With the same velocity, advective portions of coarse sand, fine sand and silt are 

similar, but lower than those of Karst limestone and fractured I&M, which may be 

attributed to the establishment of a geometry model based on a porous formation. 

In addition, aquifer porosity affects the advection of groundwater. Based on the 

properties of water at 20 °C, conductive and advective portions of those aquifers are 

shown in Fig.2.7, in which the velocity of each aquifer is the geometric mean value. 

Owing to the limitations, clay, shale, and unfractured I&M are not included. 
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Table 2.6 Conductive and advective portions of λe of various aquifers with different velocities 

darcy 
velocity, 

m/s 

gravel 
coarse 
sand 

fine 
sand 

silt clay dolomite 
Karst 

limestone 
sandstone shale 

fractured 
I&M 

unfractured 
I&M 

conductive portion of λe, W/(m·K) 

0.94 0.96 0.96 1.37 1.07 2.26 2.35 3.19 2.42 4.18 4.37 

advective portion of λe, W/(m·K) 

1.0×10
-15

         0.06   
3.0×10

-15
         0.06  0.06 

1.0×10
-13

     0.06    0.07  0.08 
2.0×10

-12
     0.07    0.09  0.09 

3.0×10
-12

     0.08   0.09 0.09   
1.0×10

-11
    0.08 0.08 0.10  0.10 0.10   

2.0×10
-11

    0.09 0.09 0.11  0.11 0.11   
5.0×10

-11
    0.10 0.10 0.12  0.12    

8.0×10
-11

    0.10  0.13  0.12  0.13  
2.0×10

-9
   0.17 0.16  0.19  0.19  0.20  

9.0×10
-9

  0.22 0.22 0.21  0.27  0.26  0.27  
1.0×10

-8
  0.23 0.23 0.21  0.27 0.24 0.26  0.27  

6.0×10
-8

  0.28 0.28 0.27  0.33 0.30 0.32  0.34  
2.0×10

-7
  0.39 0.39 0.37   0.42   0.48  

1.8×10
-6

  0.88 0.87    0.95   1.08  
2.8×10

-6
  1.06     1.14   1.30  

3.0×10
-6

 1.15 1.09     1.17     
6.0×10

-5
 4.59 4.34     4.71     

1.0×10
-4

 5.90      6.04     
3.0×10

-4
 10.14           

Notes: 1. Porosities of aquifers are the arithmetic mean values; 2. properties of water are at 20°C.     

 

Fig.2.7 Conductive and advective portions of λe of various aquifers with different porosity 

Fig.2.7 clearly exhibits that the advective portion is smaller than the conductive portion 

except for gravel. Aquifer porosity affects the conductive portion but limits the advective 
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portion. With reducing velocity of groundwater, the curve of the advective portion 

gradually becomes parallel with the x-axis. In other words, when the velocity is 

sufficiently low and determinate, the advective portion can be treated as a constant that 

depends on the water properties at different temperatures rather than the porosity of the 

aquifer. According to Fig.2.7, and the results of clay, shale, and unfractured I&M, a 

logarithmic relationship between velocity and the advective portion at 20 °C can be 

expressed, as in Fig.2.8. The fitting curve matches an exponential function well. The 

error of each point represents the porosity range of the aquifer, and the porosity of 

groundwater at different temperatures would only influence the coefficients of the 

exponential function. However, deviations of the points away from the exponential 

function curve indicate that the existing empirical correlation of Nu still does not 

perfectly describe the groundwater behavior in the aquifer. 

 

Fig.2.8 The logarithmic relationship between velocity and advective portion 

2.3.4 Field example 

Because aquifers are common in Quaternary period, a field example is selected from 

Zhou (2007) that is based on the project of “Exploration and evaluation of geothermal 

energy for a GSHP system in Beijing Olympic Forest Park”. 
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2.3.4.1 Background 

This project is located to the northeast of Beijing, China, and the park area is 6800000 

m2. Complying with the “Green Olympic” concept of the 2008 Beijing Olympic Game, all 

of the buildings in the park had to install GSHP systems for heating and cooling. 

Therefore, one of the tasks was to measure the mean thermal conductivity of the 

formation in the park. Two methods were used to measure this parameter: (1) Empirical 

method. The project designed several exploratory holes to determine the specific local 

geological conditions, such as: lithology, thickness, depth of bedrock. Afterwards, 

engineers obtained soil and rock properties including thermal conductivity referring to 

the existing data of this area. The mean thermal conductivity was calculated by the 

weighted average method with the thickness of each soil or rock. (2) Thermal Response 

Tests (TRT) in-situ. The project also used a special apparatus to test the mean thermal 

conductivity in each exploratory hole. The testing principle can be referred to Chiasson 

(2012). The overall thermal conductivity of the aquifer was calculated by a Fractal model, 

and the mean thermal conductivity of the formation was derived with a weighted 

average method. 

2.3.4.2 Geology conditions 

The project site belongs to central alluvial-fan of the Yongding River, where the 

thickness of Quaternary sedimentation changes significantly from 40 ~ 125 m, and the 

dominant lithology includes cohesive soil, silt and gravel. The underlying bedrock is 

composed of Jurassic volcanic rock, Jurassic conglomerate, and Neogene. 

In order to investigate the lithological characteristics of the site, the project referred to 

the Geotechnical Engineering Reports of 15 other projects during 2005 ~ 2006, which 

included 23 exploratory holes with depths ranging between 40 ~ 88 m and 467 drilling 

samples. Additionally, 15 water wells or exploratory holes around the site with depths of 

44 ~ 170 m were also referred to. Accordingly, the formation in the site was divided into 

10 layers and several sublayers. The lithology and properties of each layer are listed in 

Table 2.7.  
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Table 2.7 Physical and thermophysical parameters of each layer; from Zhou (2007) 

Layer’s 
number 

Lithology 
ω 
% 

ρ 
g/cm

3
 

λ 
W/(m·K) 

cp 
J/(g·K) 

a=λ/(ρ·cp) 
m

2
/h 

① artificial layer 18.7 1.94 0.800 0.837 0.001773 
② silty clay 22.3 1.90 1.158 0.837 0.002621 
②1 silt 47.5 1.95 1.340 1.046 0.002365 
③ fine sand 40.0 2.02 1.633 1.046 0.002782 
④ silty clay 22.8 1.99 1.158 1.046 0.002003 
④1 fine sand 40.0 2.02 1.650 1.046 0.002811 
④1 gravel 38.5 2.05 2.400 1.465 0.002919 
⑤ fine sand 40.0 2.11 1.650 1.046 0.002691 
⑤1 silty clay 25.1 1.96 1.298 1.046 0.002279 
⑥ silty clay 25.1 1.96 1.298 1.046 0.002279 
⑥1 fine sand 40.0 2.05 1.650 1.046 0.002691 
⑦ gravel 31.0 2.13 2.500 1.465 0.002884 
⑧ silty clay 25.3 1.95 1.200 1.046 0.002118 
⑧1 gravel 31.0 2.05 2.500 1.465 0.002997 
⑨ gravel 31.0 2.18 2.500 1.465 0.002818 
⑨1 silty clay 23.9 1.94 1.298 1.046 0.002303 
⑩ sandstone —— 2.40 2.900 0.837 —— 

Note: ρ, λ, cp, and a were superficial values. 

2.3.4.3 Hydrogeological conditions 

Beijing is located in the warm temperate zone with a seasonal temperate semi-humid 

monsoon climate. The mean annual temperature is 11 ~ 12 °C, and mean annual 

rainfall is 567.40 mm based on data from 1959 ~ 2005. The project site is not only 

located in the central alluvial-fan of the Yongding River, but also in the ancient channel 

of the Qing River, as well as the platform between the ancient channels of the Qing 

River and the Jingou River. Therefore, many Quaternary sedimentary cycles exist in the 

site. Aquifers are distributed sophisticatedly in many levels especially the shallow 

groundwater.  

In order to investigate the hydrogeological conditions, engineers measured the 

groundwater levels of 11 water wells in the site. According to the aquifer depth and 

groundwater characteristics of the site, they divided the Quaternary pore water in into 

two layers: shallow groundwater at a depth of less than 30 m with the mean hydraulic 

gradient of 1.20 ‰, and deep groundwater at a depth of more than 30 m with the mean 

hydraulic gradient of 1.50 ‰. Due to the effects of different geologic elements, the 

shallow groundwater was distributed differently in the ancient channel region and the 

platform region. Consequently, two hydraulic conductivities could be obtained for the 

shallow groundwater. The first was 1.00 m/d in the platform region, where the 

groundwater was buried in silt or fine sand with the orientation from west to east. The 

second was 20.00 m/d in the ancient channel region, where the groundwater was buried 
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in fine sand or gravel, and the orientation was from northwest to southeast in the west of 

the site, and from southwest to northeast in the east of the site. The hydraulic 

conductivity of the deep groundwater was 60.00 m/d, and the groundwater oriented 

from west to east, was buried in fine sand or gravel. Therefore, velocities in the platform 

region, ancient channel region, and deep groundwater were 1.39 × 10-8 m/s, 2.78 × 10-7 

m/s and 1.04 × 10-6 m/s, respectively. 

The natural regime of shallow groundwater at the site consisted of infiltration-runoff type 

and evaporation type. Groundwater was recharged by the infiltration of atmospheric 

precipitation or surface water combined with the runoff of irrigation water or sideways 

groundwater, and was discharged by sideways runoff or evaporation. The natural 

regime of deep groundwater was infiltration-runoff, which was recharged by sideways 

runoff or crossflow, and was discharged by sideways runoff or mining.  

Water levels of shallow groundwater remained stable during 1986 ~ 2000, only 

fluctuating at the mean annual water level. Generally, the annual variation of water level 

ranged about 1 ~ 3 m, which is consistent with the seasonal variations of local 

atmospheric precipitation. The water level of the deep groundwater apparently changed 

during 1960 ~ 2005, declining slowly from 1960 to 1970, and then rapidly from 1971 to 

1979. Owing to the effective management of water resources and water storage 

construction in the west of Beijing, water levels began to rise slowly after 1985, but have 

dropped again since 1999 due to large-scale exploitation. The annual variation of the 

water level ranged 4 ~ 5 m, which was influenced by groundwater extracting. 

2.3.4.4 Drilling and testing of exploratory holes 

In order to investigate the specific geological conditions and carry out the in-situ testing, 

engineers designed 3 exploratory holes at the site. The depths ranged between 50~90 

m, the diameter of each hole was 152 mm, and the total drilling depth was 225 m. After 

long-term temperature stabilization, the project measured the temperature distribution of 

each hole. The results indicate that the mean formation temperature differed greatly at 

the site, ranging between 12.2 ~ 15.7 °C. The lithology of the holes is shown in Fig.2.9. 
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Fig.2.9 Lithology of the exploratory holes; from Zhou (2007) 

The test simulated the GSHP system running in real conditions, in which heat transfer 

fluid was circulated by a pump in a single U pipe or double U pipe set down the hole. 
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The hard-core of the testing apparatus comprised: an input temperature sensor, heater, 

pump, flow-rate senor, and output temperature sensor (Austin, 1998). The apparatus 

was connected with the U pipe and operated for about 72 hours to record the input and 

output temperatures, flow-rate, and heating power. A line-source model established the 

heat transfer correlation between the circulating fluid and the surrounding formation. 

Fig.2.10 exhibits the values of mean circulating fluid temperature measured by the 

apparatus (Tm), and those calculated by the model (Tcal). 

 

Fig.2.10 Tm and Tcal with time of hole No.1 (left), No.2 (middle) and No.3 (right); from Zhou (2007) 

Consequently, a simple correlation of the mean thermal conductivity could be derived in 

the hole (Eklöf and Gehlin, 1996). 

Hs

Q
e




4


 
2.25 

where: Q is the work of heater during runtime, W; H represents the depth of hole, m; s 

denotes the slope of the mean hole temperature and the time logarithm. Fig.2.11 shows 

the curves of s in each hole.  
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Fig.2.11 Mean temperatures of the holes and their slope curves; from Zhou (2007) 

2.3.4.5 Results and discussions 

Based on the parameters in Fig.2.9 and Table 2.7, method 1 derived the mean thermal 

conductivity with the weighted average method with thickness. By means of in-situ 

testing, method 2 calculated the mean thermal conductivity over the total depth of the 

hole by the line-source model. The thesis employed the Fractal model to calculate the 

overall thermal conductivity of each aquifer, and the mean thermal conductivity of the 

formation could be derived by the weighted average method with thickness. Results of 

these 3 methods are summarized in Table 2.8. 

Table 2.8 Results of the 3 methods 

No. 
Wellbore depth 

(m) 
Mean temperature 

(°C) 

mean thermal conductivity 
W/(m·K) 

method 1 method 2 Method 3 

1 85.0 12.2 1.575 1.828 1.619 
2 50.0 14.5 1.467 1.592 1.479 
3 90.0 15.7 1.702 1.841 1.725 

Method 1 only takes account of the thermal conductivity of the formation, and it ignores 

the advection of groundwater in aquifer. Therefore, the results will be smaller than 

reality. Method 2 simulates the operation of a GSHP system under real conditions. The 
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heater does not contribute to the circulating fluid totally, and a part of the work transfers 

into the generated heat of the equipment. Additionally, considering that the U pipe is 

commonly made of PVC or PE, it may be bent or lapped in the hole, suggesting that the 

U pipe is longer than the depth of the hole. Therefore, the results are higher than in 

reality. Relatively speaking, the values obtained from the Fractal model are more 

reasonable and reliable. 
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3 Heat transfer in the wellbore 

The underground system of the geothermal production well is made up of the 

production heat flow, the tubing wall, the annulus between the tubing and casing, the 

casing wall, cement, and surrounding formation. In order to simplify the calculation of 

the heat transfer in the annulus, this thesis investigates the section of the wellbore 

only including production casing. In this section, there are not different casings, and 

the outside cement has homogeneous property. Therefore, “casing” means 

production casing in the whole text. Because of the difference in structure and 

materials, the heat transfer in this system is multiple. Besides the thermal conduction 

and advection in the surrounding formation that the thesis discussed in Chapter 2, 

the heat transfer in the wellbore includes the forced convection between the 

production heat flow and inner tubing, the thermal conduction in the tubing wall, the 

free (natural) convection and radiation in the annulus, and the thermal conduction in 

the casing wall and cement (Fig.3.1). Because the thermal conduction in the tubing 

wall, the casing wall, and cement is very easy, this chapter will focus on the heat 

transfer in the wellbore in two parts: heat transfer in the tubing and in the annulus. 

 

Fig.3.1 The heat transfer in the underground system of the geothermal production well; changed from 
Willhite (1967) 
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3.1 Heat flow in tubing 

The section will focus on convection between the producing fluid and the inner wall of 

the tubing, especially the heat transfer inside the tubing of the steam-liquid two-

phase flow (two-phase flow means steam-liquid two-phase flow in the following text). 

3.1.1 Two-phase flow 

In the production process of geothermal wells, there may exist two states of flow 

inside the tubing: one is single-phase flow, water or steam; the other is two-phase 

flow, water and steam. The former is relatively simple, and for which, many scholars 

have proposed theoretical and computational models. This thesis does not repeat 

them; the latter is more complicated and recent achievements in this field will be 

summarized. 

3.1.1.1 Heat flow phase transition process 

In production of geothermal wells, there is a process of liquid phase transforming a 

two-phase flow due to decompression. There are two kinds of geothermal wells; blow 

wells where the wellhead gauge pressure is positive, and induced blow wells where 

the wellhead gauge pressure is negative. When the blow well valve is opened or 

water is pumped from induced blow wells, the hot water with undercool state is 

supplied by the geothermal reservoir, and flows up along the tubing; it is a 

decompression process. When the decompression point reaches a value where the 

pressure is just equal to the relevant saturation pressure of the reservoir with the 

maximum temperature, the undercool water becomes saturated water and starts to 

boil and form a vaporization surface at that depth. This is called the starting 

vaporization depth (see Fig.3.2). Fluid continues to rise and the pressure continues 

to drop. The decompression process continues to fuel the vaporization process 

inside the tubing, and the evaporation surface moves down to a relatively stable 

equilibrium position.  
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Fig.3.2 Pressure distribution in the wellbores; changed from Hu (1985) 

1. section footers; 2. pressure - depth distribution of Natural state; 3. pressure - depth distribution of 
working state (approximate); 4. pressure - depth distribution of working state (true); 5. pressure drop of 
pipe above vaporization surface; 6. pressure drop of reservoir below vaporization surface 

In the figure: d is the inner diameter of tubing, m; D is the saturated water mass flow, 

T/h; g is acceleration of gravity, m/s2; G is saturated steam mass flow, T/h; Hs is the 

depth of static water level, m; Hv is the depth of vaporization surface, m; Hv′ is the 

depth of vaporization surface under homeostasis, m; i is enthalpy, kK/kg; P is 

pressure, kg/cm2; Pa is local atmospheric pressure, kg/cm2; Pb is pressure relevant to 

T0, kg/cm2; Pm is the wellhead stable pressure, kg/cm2; Pm′ is the stable pressure of 

wellhead, kg/cm2; ΔPW the reservoir pressure drop, kg/cm2; W is the mass flow of 

steam-liquid mixture, T/h; Z is depth (from head to bottom), m; γ is the proportion of 

steam-liquid mixture, kg/cm3; and λ is the mix resistance coefficient. 

It is clear that below the vaporization surface of the reservoir is a single-phase water 

movement and above the surface is a two-phase flow; steam expands, flows out, and 

is mixed with water to form a blowout. After making the assumption that the 

expansion is adiabatic, the basic equation of dynamic equilibrium is as follows: 

Flux continuity equation: 

221 GDW   3.1 

Enthalpy continuity equation: 

222211 "'' iGiDiW   3.2 

Two-phase flow motion equation and boundary conditions inside tubing: 
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Generally, the flow characteristics of heat flux in the tubing are related to the physical 

parameters of each phase flow, and the physical and thermophysical properties of 

heat flux change are related to the temperature and pressure (Aziz et al., 1972). 

3.1.1.2 Categories of two-phase flow 

For two-phase flow, due to the transformation of the gas phase and liquid phase, the 

interface of these two phases will change continuously and thus the distribution of the 

two-phase medium also changes continuously, which makes the movement much 

more complicated. However, the flow pattern is also an important factor affecting the 

convection of flow in the tubing. The research on the two-phase flow pattern and 

transition characteristics is fundamental and one of the important issues for the study 

of two-phase flow. Any two-phase flow model which truly reflects the characteristics 

of the phenomenon, or can accurately predict the characteristics of the two-phase 

flow movement, should be based on: the flow pattern, the meticulous observation of 

the transition, the mastery of each flow pattern’s property and rule, the mechanism 

and condition of conversion into each other, and the relevant mathematical 

description of the special flow pattern. 

Furthermore, the flow pattern has a close relationship with: pipe size, pipe cross-

section shape, pipe angle, gravitational field, the medium's surface tension, shear 

stress on the pipe wall and the phase-boundary, etc. the vertical pipeline flow pattern 

is mainly determined by the differing velocities of the gas and liquid.  

The flowing structure of the water-gas mixture refers to the distribution state of water 

and gas during the flowing process. It is related to the ratio of the water-gas volume, 

the flow rate, and the characteristics of the water-gas interface. The mixtures of 

different flow structures have their own flowing rules. In a vertical wellbore, there are 

many categories of flow patterns for two-phase flow. This thesis mainly studies three 

types: bubble flow, slug flow, and annular flow (Fig.3.3).  
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Bubble                                           Slug                                     Annular 

Fig.3.3 Flow patterns in vertical upward flow; changed from Taitel et al. (1980) 

Bubble flow. In bubble flow, the gas or vapor phase is distributed as discrete 

bubbles in a continuous liquid medium. At one extreme, the bubbles may be small 

and spherical, and at the other, they may be large with a spherical cap and a flat tail. 

In the latter state, although the size of the bubble does not approach the diameter of 

the pipe, there exists the potential for confusion with slug flow. In vertical bubble flow, 

bubbles are uniformly distributed throughout the liquid at low gas velocities. Boiling 

water in a beaker or a kettle provides an example of an everyday occurrence of 

bubble flow. 

Slug flow. In slug flow, the gas or vapor bubbles have approximately the same 

diameter as that of the channel and are known as Taylor bubbles. The nose of the 

Taylor bubble has a characteristic spherical cap, and the gas in the bubble is 

separated from the pipe wall by a slowly descending thin film of liquid. The liquid flow 

is contained in liquid slugs that separate successive gas bubbles. These slugs often 

contain smaller entrained gas bubbles, carried in the wake of the larger Taylor bubble. 

The length of the main gas (Taylor) bubble, as well as the liquid slug, can vary 

considerably. Some designate this pattern as plug or piston flow (low flow rates with 

well-defined steam-water boundaries), or as slug flow (higher flow rates with less 
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clear boundaries). Slug flow can sometimes be observed when pouring liquid from a 

large bottle. 

Annular flow. In annular flow, the gas phase flows through the core of channel and 

forms a continuous phase. The liquid phase is dragged along the pipe wall and 

appears to flow through the annulus, formed by the channel wall and the vapor core. 

The gas core generally carries entrained liquid droplets with it. Large, amplitude-

coherent waves are usually present on the surface of the liquid film, and the 

continuous breakup of the waves forms a source for droplet entrainment. Droplet 

entrainment occurs in varying amounts in the central gas core. The droplets can be 

separated or agglomerated and appear as irregular filaments or wisps. Because 

strong drag forces are needed to maintain liquid droplets in suspension, annular flow 

occurs only at high gas rates (Hasan and Kabir, 2002). 

In a vertical pipe, laminar flow disappears; the axial flow patterns are more balanced 

and less affected by gravity. For bubble flow in a vertical pipe, the character is gas as 

the dispersed phase and liquid as the continuous phase; gas mainly affects the 

mixture density and has little effect on the frictional resistance, although the slip 

phenomenon is quite serious. For slug flow, the flow is balanced along the axial 

direction, and the large Taylor bubbles are almost equal to the diameter of pipe; 

where, the gas is dispersed phase, and the liquid is continuous phase, gas and liquid 

appear alternately. For annular flow, the gas phase and liquid phase are continuous, 

and the water-lift function of gas is mainly by friction schlepping. From the above 

description, it can be seen that the hydrodynamics mechanism and representation of 

the above flow patterns are different; some have fewer gas phases, like bubble flow 

and slug flow, and some have larger gas phases, such as annular flow. in addition to 

these three main flow patterns, there are some other patterns, such as: mist flow, 

intermission flow, churn flow, foam flow, etc. 

As we know, the flow composition determines the heat transfer performance. 

Therefore, the heat transfer of two-phase flow depends on the composition of the gas 

and liquid and their flow rate. This also illustrates the complexity of the heat transfer 

model. The large variation in pressure and temperature along a wellbore suggests 

that different flow patterns would exist at various depths. As the fluid moves upward, 

the pressure on it gradually decreases. At a point where the pressure becomes less 

than the bubble point pressure, the gas starts to come out of solution, resulting in 

bubble flow. As pressure decreases further with the continued upward movement of 
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the fluids, more gas comes out of solution and the whole range of flow patterns may 

be visible (Fig.3.4).  

In this thesis, the two-phase flow is composed by steam and water. The flow pattern 

may be bubble flow, slug flow, annular flow or their mixture under different conditions, 

such as pipe size, pipe properties, gravitational field, temperature and pressure drop, 

flow rate, and steam-water rate. The research on different flow patterns is primary for 

investigating the heat transfer between the production heat flow and the inner tubing, 

because it greatly influences an important parameter: Nusselt number, Nu. 
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Fig.3.4 Flow regimes, heat transfer regimes, and wall and fluid temperatures in forced convective 
boiling; changed from Aziz et al. (1972) 
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3.1.1.3 Factors affecting two-phase flow patterns 

There are many factors affecting the flow pattern, chiefly: the fluid’s physical 

properties, flow rate, the geometry shape of flow channel, and so on (Yu, 2007). 

(1) Fluid flow rate 

The fluid flow rate and proportion of each phase are the main factors affecting the 

flow pattern. For a specific diameter pipeline, the flow rate can be expressed by the 

superficial velocity of each phase. Differing gas and liquid superficial velocities may 

lead to different pipeline flow patterns. At present, most industrial flow pattern charts 

are divided based on the superficial velocity of each phase. 

(2) Fluid physical properties  

The fluid flow pattern conversion is closely related to its physical properties. In two-

phase flow, the liquid viscosity greatly affects the flow pattern. At a constant liquid 

flow rate, the greater the fluid viscosity, the smaller the gas flow rate, which requires 

change from bubble flow to impact flow. In addition, the density rate of the gas and 

liquid phases affects the flow pattern change to some degree. 

(3) Pipe diameter 

Pipe diameter greatly affects the zone of flow pattern transition. In two-phase flow, 

when the pipe diameter increases, the superficial velocity of liquid phase needs to 

increase to obtain slug flow. At this point, it will obtain annular flow if the velocity of 

gas phase is small. When the superficial velocity of the gas is large, the effect of the 

pipe diameter on flow pattern becomes very weak. The effect of pipe diameter on 

flow pattern is also reflected in the acting forces of every phase, and the forces are 

closely related to the wetting angle of fluid, whilst the pipe diameter is an important 

factor in determining the size of the wetting angle. 

(4) Tubing inclination 

The tubing inclination has a great effect on flow pattern convection. It has been 

illustrated by experiment that in the transformation process from laminar flow to non-

laminar flow, it would have a significant influence on the flow pattern, even if a small 

change occurred in the tubing inclination.  
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3.1.2 Convection of two-phase flow 

The two-phase convective heat transfer coefficient hTP, has a relationship with gas 

superficial velocity vSG under the determinate liquid superficial velocity vSL. Generally, 

when vSG is determinate, the larger vSL is, the greater hTP is. In bubble flow region, 

when vSL is determinate, hTP increases slowly with vSG. In intermission flow region, 

vSG increases, but hTP remains unchanged until it reaches the intermittent-annular 

flow transition region. In the intermission-annular flow transition region, hTP increases 

at the low vSL, and reduces at high vSL. In annular flow region, when vSL is 

determinate, hTP increases slowly with vSG. 

3.1.2.1 Effect of fluid superficial velocity on convection 

The reinforcement of the two-phase convective heat transfer coefficient is due to the 

increase of gas phase, which is defined as hTP/hL. The value increases rapidly in 

bubble flow and intermission flow, and slowly in annular flow.  

3.1.2.2 Relational expressions of convection 

Recently, there has been a lot of work in the literature about two-phase flow forced 

convective heat transfer equations and experimental data in a vertical and horizontal 

pipeline. Table 3.1 presents a summary of some of this work. 

Table 3.1 The summary of different formulae for calculating heat coefficient; changed from (Yu, 2007) 
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where, hL in the Knott model, Martin and Sims model, Ravipudi and Godbold model, 

and  Serizawa model is from the Sieder and Tate equation, namely: 
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3.5 

where: ω is porosity, dimensionless; NuL is the Nusselt number of liquid phase, 

dimensionless; NuTP is the Nusselt number of two-phase flow, dimensionless; hL is 

the liquid convective heat transfer coefficient, W/m2·K; hTP is the two-phase flow heat 

transfer coefficient, W/m2·K; ReSL is the superficial Reynolds number of the liquid 

phase, dimensionless; ReTP is the superficial Reynolds number of the two-phase flow, 

dimensionless; PrL is the Prandtl number of the liquid phase, dimensionless; μB is the 

fluid dynamic viscosity, kg/m·s; μw is the fluid dynamic viscosity on the pipe wall, 

kg/m·s; μL is the liquid dynamic viscosity, kg/m·s; μG is the gas phase dynamic 

viscosity, kg/m·s; Pa is the atmospheric pressure, Pa; P is the mean system pressure, 

Pa; ρL is the liquid density, kg/m3; ρG is the gas density, kg/m3; Gi is the mass velocity 

of fluid, kg/m2·s; x is the mass gas rate, dimensionless; vSG is the gas phase 

superficial velocity, m/s; vSL is the liquid phase superficial velocity, m/s; RL is the 

liquid holdup, dimensionless; XTT is the Martinelli parameter, dimensionless; mL is the 

fluid phase mass flow rate, kg/s; ΔP/ΔL is the pressure drop per unit pipe length, 
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Pa/m; ΔPM is the momentum pressure drop, Pa; d is well diameter, m; and L is the 

length, m. 

From all of the equations above, we can see that these models emphasize the 

calculation of the Nusselt number, thereby calculating the heat transfer coefficient. All 

of the recommended models are empirical correlations, rather than the mathematical 

models based on theoretical research. This is because empirical models are more 

applicable than theoretical models, and the accuracy of theoretical models cannot 

meet industrial requirements. 

3.1.2.3 Application for different flow patterns 

In order to meet industrial computing requirements, it is necessary to select the 

correct convective heat transfer coefficient equations for different flow patterns. The 

Chemical Engineering Institute of Oklahoma State University has proven that 

different flow patterns correspond to the applied convective heat transfer coefficient 

equations, i.e., in a vertical flowing process it is recommended to use: the Aggour 

model for bubble flow, the Rezkallah and Sims model for slug flow, the Ravipudi and 

Godbold model for annular flow, and the Knott et al. model for dispersed bubble flow. 

In a horizontal flowing process it is recommended to use: the Stratified model for 

laminar flow, the Kudirka et al. model for slug flow, the Shah model for annular flow, 

and the Knott et al. model for bubble flow (Gao, 2003). 

3.1.2.4 Application for different mediums 

For a vertical pipe of air-water flow, it is recommended to use the following models: 

the Knott et al. model for dispersed and bubble-dispersed flows; the Chu and Jones 

model for annular, bubble-dispersed, slug-annular, and dispersed-annular flows; the 

Ravipudi and Godbold model for annular, slug-annular, dispersed-annular, and 

annular-mist flows; the Aggour model for bubble and slug flows; and the Rezkallah 

and Sims model for bubble, bubble-dispersed, and dispersed-annular flows. 

For a vertical pipe of air-glycerol flow, it is recommended to use the Aggour model for 

bubble, slug, dispersed, annular, bubble-slug, and slug-annular flows. 

For a vertical pipe of air-silicone resin flow, it is recommended to use the following 

models: the Rezkallah and Sims model for bubble, slug, disturbed, bubble-slug, 

bubble-dispersed, slug-disturbed, and disturbed-annular flows; the Ravipudi and 
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Godbold model for disturbed, annular, bubble-slug, slug-disturbed, disturbed-annular, 

and dispersed-annular flows; the Shah model for bubble, dispersed, bubble-

dispersed, and dispersed-annular flows. 

For a vertical pipe of water-helium flow, it is recommended to use the following 

models:  the Knott et al. model for bubble, slug, and dispersed flows; the Chu and 

Jones model for bubble, dispersed, and bubble-slug flows; the Shah model for 

bubble, dispersed, and annular-mist flows. 

For a vertical pipe of water-Freon12 flow, it is recommended to use the Rezkallah 

and Sims model for bubble, slug, dispersed, annular, and slug-annular flows. 

For a horizontal pipe of water-air flow, it is recommended to use the following models:  

the Shah model for annular flow; and the Chu and Jones, Kudirka et al., or Ravipudi 

and Godbold model for slug flow (Yu, 2007).  

3.1.3 Convective equations for geothermal wells 

According to the features of heat flow in tubing for geothermal wells, Yu (2007) 
recommended the following convective equations for calculating single-phase and 
two-phase flow. 

(1) Single phase flow 

0.8 0.4Nu 0.023Re Pr
 

3.6 

where Nu, Re and Pr are the heat flow’s Nusselt number, Reynolds number and 

Prandtl number, respectively. Thus: 

Nu /f f tih d
 3.7 

where λf is the thermal conductivity of heat flow, W/(m·K), and dti is the inner diameter 

of the tubing, m. 

(2) Two-phase flow 

When the heat flow in the tubing is two-phase flow, the equation is chosen depending 

on the flow regime, i.e., the Aggour equation for bubble flow, the Rezkallah and Sims 

equation for slug flow, the Ravipudi and Godbold equation for annular flow, and the 

Knott et al. equation for dispersed flow. 
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3.2 Heat transfer in an annulus  

In geothermal wellbores, blow wells occur when heat flow spurts out of the ground 

after drilling because the pressure of the shut-in wellhead is higher than that of the 

surface atmosphere. Conversely, induced blow wells form when the former’s 

pressure is lower because of high topography (Hu, 1985) or long-term exploitation. In 

the second case, the level of static water in the borehole is lower than that of the 

surface. Tubing is always set down the borehole and under the dynamic water level 

for piping heat flow. Afterwards, induced methods, such as pumping, N2 injection, air 

compression or foaming agent are used to compel the heat flow blowing out from the 

tubing (Grant and Bixley, 2011). Therefore, an annular space emerges between the 

tubing and casing from the wellhead to the water level. The annulus affects the 

temperature distribution of heat flow during the production process in open 

geothermal systems including the HS and EGS (Gallup, 2009). Occasionally, the 

annulus is sealed with a packer at the end of the tubing to separate the different 

reservoirs. Fig.3.5 shows a universal geothermal wellbore structure. 

 

Fig.3.5 Wellbore structure of open geothermal systems 

In the process of rising up to the surface, heat flow diffuses heat to the cold 

surrounding formation through the annulus between the tubing and casing. Heat 
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losses of the heat flow may influence significantly the design of surface facilities to 

generate electricity, as well as for other direct uses (Kanev et al., 1997). 

3.2.1 Introduction 

Generally, the space is filled with gas, liquid, mud (Durucan and Olcenoglu, 1970), or 

foamy cement (Tóth, 2006). Vacuum is allowed in special circumstances. Means of 

heat transfer may include radiation, natural convection, thermal conduction or 

combinations of them. Natural convection in the annulus is commonly difficult. 

Unfortunately, investigations of the heat transfer in the annulus have seldom been 

done. Fishenden and Saunders (1950) presented a correlation for the annulus 

Nusselt number (Nu) in a graphical form. Ramey (1962) established a mathematical 

model for the heat transfer in the wellbore, and defined an overall heat transfer 

coefficient including the heat resistance of the annulus. Dropkin and Somercales 

(1965) proposed an equation for the heat transfer coefficient with the Grashof 

number (Gr) for the natural convection of fluid between two vertical plates and gave a 

valid scale of Rayleigh number (Ra). Sheriff (1966) expressed the Nu utilizing a lab 

experiment of CO2 flowing in a short vertical annulus. Willhite (1967) and Willhite et al. 

(1967) suggested simplified calculation procedures for determining the overall heat 

transfer coefficient. However, Hasan and Kabir (2002) pointed out that the direct 

application of either the Fishenden and Saunders correlation or the Dropkin and 

Somercales correlation developed from short tubes in the laboratories was doubtful 

for wells thousands of meters in depth. Tóth and Bobok (2008) developed the theory 

of Kays and Leung (1963) and applied it in the annulus of a deep borehole heat 

exchange system. Yang et al. (2008) considered the influence of convection and 

used the compensation factor method to guarantee continuous temperature in the 

annulus. Tang et al. (2010) considered the relationships between natural convection 

and the overall heat transfer coefficient with depth in offshore high-temperature oil 

wells, and proposed a method to evaluate the heat transfer coefficient of the annulus 

at various depths by an iteration method.  

These studies have contributed to the research on the heat transfer in the annulus. 

However, the underlying heat transfer mechanism is still in need of further 

investigation. The purpose of this thesis is to highlight the impact of radiation and 

natural convection on the heat transfer in the annulus, where the heat losses from 

heat flow may be reduced feasibly and effectively. Additionally, this thesis tries to 
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look for another method of describing the heat transfer in the annulus, which may 

simplify the analysis and calculation. 

3.2.2 Heat transfer mechanism 

Heat transfer in the annulus depends on the annular size and the filling materials in 

the space. 

3.2.2.1 Thermal conduction 

Thermal conduction necessarily occurs in the annulus, whatever it is filled with unless 

the temperatures differ between the tubing outside and the casing inside. In a 

cylindrical coordinate, the differential equation of thermal conduction can be 

expressed by Fourier’s Law (Yang and Tao, 1998): 
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The left item is the increment of internal energy (unstable item); ρ, cp, T, and t denote 

the density, kg/m3, heat capacity, kJ/(kg·K), temperature, °C, and time, s, 

respectively. The sum of the first 3 right items is the energy increment (diffused item) 

in the direction of r, φ and z by thermal conduction; λ is the thermal conductivity, 

W/(m·K). The last is the source item.  

For the structure of tubing-casing annulus, Eq.3.8 can be changed to a one-

dimensional steady state: 
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The boundary conditions are 
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rto and rci are the radii of the tubing outside and casing inside, m; Tto and Tci are the 

temperatures of the tubing outside and casing inside, °C. Therefore, the solution of 

Eq.3.9 is  
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According to Fourier’s Law, the heat flow density, q, W/m2, through the annulus is  
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3.13 

where λa is the thermal conductivity of annular filled material, W/(m·K). Eq.3.12 

implies that the heat flow density is inversely proportional to the radius, but the heat 

flow through the annulus is constant.  

3.2.2.2 Radiation 

Radiation occurs when the annulus is filled with gas or vacuum. Even if the utilization 

of vacuum would increase the cost, it ought to be employed under special 

circumstances that are hard to control, such as in exploration wells, testing wells, and 

wells with special functions and requirements. In these conditions, the heat transfer is 

simple, and only radiation exists in the annulus.  

Radiation is the only way that transfers heat without a medium. The influence of 

radiation is dependent on the heat diffusion of the external tubing and the heat 

absorption of the inner casing. The radiation is attributed to the oscillations and 

transitions of the elementary particles that compose the materials.  

In drilling engineering, it is preferable to convert the radiation energy into the radiative 

heat transfer coefficient, hr, W/(m2·K) (Hasan and Kabir, 2002). The expression 

satisfies the Stefan-Boltzmann Law: 
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where the asterisks denote absolute temperatures, K; σ represents the Stefan-

Boltzmann constant with a value of 5.67 × 10-8 W/(m2·K4), ε is the emissivity, 

dimensionless. 

It is difficult to acquire an accurate value of the emissivity, which depends on the 

temperature as well as the finish and view factors of the surface (Incropera and 

DeWitt, 2001). As well as these two factors, the sizes of the tubing and casing, which 

are classified into many series of diameters according to the API (American 

Petroleum Institute) Standard (Gabolde and Nguyen, 1991), also affect the radiative 

heat transfer coefficient. The common sizes are shown in Table 3.2. 
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Table 3.2 Sizes of tubing and casing; changed from Gabolde and Nguyen (1991) 

Type 
OD 

mm (inch, '') 
Wall 

mm (inch, '') 
ID 

mm (inch, '') 
Grade 

Tubing 73.0(2-7/8) 5.51(0.217) ~ 7.82(0.308) 62.00(2.441) ~ 57.40(2.259) J55, N80 
88.9 (3-1/2) 5.49(0.216) ~ 7.34(0.289) 77.9(3.067) ~ 76.0(2.992) J55, N80 
114.3 (4-1/2) 6.88(0.271) 100.5(3.957) J55, N80 

Casing 139.7(5-1/2) 6.20(0.244) ~ 10.54(0.415) 127.3(5.012) ~ 118.6(4.670) J55, N80, P110 
177.8 (7) 5.87(0.231) ~ 13.72(0.540) 166.1(6.538) ~ 150.4(5.430) J55, N80, P110 

219.1 (8-5/8) 6.71(0.264) ~ 11.43(0.450) 205.7(8.093) ~ 196.2(7.724) J55, N80, P110 
244.5 (9-5/8) 7.92(0.312) ~ 13.84(0.545) 228.7(9.001) ~ 216.8(8.535) J55, N80, P110 
273.0 (10-3/4) 7.09(0.279) ~ 12.57(0.495) 258.9(10.192) ~ 247.9(9.760) J55, N80, P110 
339.7 (13-3/8) 8.38(0.330) ~ 12.19(0.480) 322.9(12.715) ~ 315.3(12.415) J55, N80, P110 

3.2.2.3 Natural convection 

Gas and liquid are the materials commonly used to fill the annulus. Gases include air, 

N2, CO2 (Schulz, 2008), and liquids are water or drilling fluid (Tóth, 2006). The 

natural convection in the annulus is caused by fluid motion resulting from the 

variation of density with temperature (Willhite, 1967). Convection is usually used to 

describe the combined effects of heat conduction within the fluid (diffusion) and heat 

transference by bulk fluid flow streaming. Therefore, means of heat transfer include 

natural convection and radiation when the annulus is filled with gas. The proportion of 

the natural convection in the total heat transfer is dependent on the temperature, size 

of the annulus and the properties of the materials filling it. 

Referring to natural convection, several dimensionless parameters need to be 

introduced: the Prandtl number (Pr), the ratio of kinematic viscosity and thermal 

diffusivity, Pr = cpη/λa, where η is the dynamic viscosity, kg/(m·s); the Grashof 

number (Gr), the ratio of buoyancy and viscosity, Gr = (rci-rto)
3gρ2β(Tto-Tci)/η

2, where 

g and β are the acceleration owing to gravity, m/s2, and the thermal expansion 

coefficient, K-1. In the case of an ideal gas, β can be described as the reciprocal of 

the absolute value of the mean annular temperature (Willhite, 1967), Tav
*, K.  

β=1/ Tav
* 3.15 

The change from laminar to turbulent flow in the case of natural convection is 

expressed by the Rayleigh number, Ra that is defined as the product of Gr and Pr 

(Rohsenow et al., 1998) 

  
3

Ra Gr Pr
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where v is the kinematic viscosity, m2/s, and a is the thermal diffusivity, m2/s. The 

change from laminar to turbulent flow takes place at Ra = 109 (Schulz, 2008). The 
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properties of dry air and saturated water with temperature refer to Yang and Tao 

(1998). The physical properties of dry air and saturated water with temperature are 

shown in Table 3.3 and Table 3.4. 

Table 3.3 The physical properties of dry air (p=1.01325×10
5
Pa); changed from Yang and Tao (1998) 

Table 3.4 The physical properties of saturated water; changed from Yang and Tao (1998) 

Three methods are used to estimate the convective heat transfer coefficient, hc, 

W/(m2·K) in a cylindrical coordinate. The first is the Dropkin and Somercales method 

(Dropkin and Somercales, 1965):  
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Eq.3.17 is valid when 5 × 104 < Ra < 7.17 × 108. 

The second is Holman method (Holman, 1981). 
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The third is Hasan and Kabir method (Hasan and Kabir, 2002). According to the 

annular Nu that is defined by the diameter of the tubing outside, dto, m, and the 

convective heat transfer coefficient is  

    3.09.0-0.115.0
Ra/1.0


 tociatotocic rrdrrh 

 
3.19 

3.2.3 Results and discussions 

This work assumes an example of a geothermal wellbore, including a tubing-casing 

annulus with a depth of 2000 m. The tubing’s outside diameter (OD) is 4-1/2 inches 

(rto = 57.15 mm) and the available diameters of the casing OD are 13-3/8 inches (rci = 

157.65 mm), 10-3/4 inches (rci  = 123.95 mm), 9-5/8 inches (rci = 108.4 mm), 8-5/8 

inches (rci = 98.1 mm), and 7 inches (rci = 75.2 mm). The temperature of the tubing 

outside is 140 °C in stable state, and the temperature of the casing inside equals the 

formation temperature with a geothermal gradient of 3.5 °C/100 m.  

Regarding the emissivity of pipes, which is defined as the ratio of its real radiation to 

the radiation emitted by a blackbody as the same temperature. Incropera and DeWitt 

(2001) gave different curves of the emissivities depending on the temperature for 

various materials (see Fig.3.6), including silicon carbide, heavily oxidized stainless 

steel, polished stainless steel, aluminum oxide, and tungsten. In order to calculate 

the radiation in the annulus, this thesis selects heavily oxidized stainless steel with ε2 

= 0.68, and polished stainless steel with ε1 = 0.15, as the values of the emissivity for 

the tubing and casing in Section 3.2. 
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Fig.3.6 Temperature dependence of the total, normal emissivity εn of selected materials; from 
Incropera and DeWitt (2001) 

3.2.3.1 Radiative heat transfer coefficient 

Fig.3.7 exhibits the radiative heat transfer coefficient in the annulus with various 

annular sizes when the tubing and casing are made of polished stainless steel with ε1 

= 0.15 or heavily oxidized stainless steel with ε2 = 0.68, and the material filling the 

annulus is air with 1 bar pressure, which can be realized by the method shown in 

Fig.1.5. The physical properties of air and water involved in this thesis refer to Yang 

and Tao (1998). 
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Fig.3.7 Radiative heat transfer coefficient in the annulus 

Fig.3.7 indicates that hr is dependent on the materials of the tubing and casing, and 

the ranges are 0.9 ~ 1.5 W/(m2·K) and 5.4 ~ 7.8 W/(m2·K) for polished stainless steel 

(ε1) and heavily oxidized stainless steel (ε2), respectively. If an insulation layer is 

coated outside the tubing, the temperature difference across the annulus will be 

small, and therefore hr is usually very small. However, hr changes with the size and 

temperature of the annulus.  

3.2.3.2 Rayleigh number 

Ra is dependent on the size and temperature of the annulus besides the properties 

of the material filling the annulus. Fig.3.8 and Fig.3.9 show the trend of Ra when air 

(solid lines) or water (dotted lines) fills in the annulus with various sizes and 

temperatures. The sizes of the tubing and casing are the same as those shown in 

Fig.3.7, and the pressure of air is set to 1 bar. The annular temperature difference is 

40°C in Fig.3.8, and the outside diameter (OD) of the tubing and casing in Fig.3.9 are 

4-1/2 and 9-5/8 inches. The Ra of air and water are 103 ~ 106 and 106 ~ 1010 referring 

to these two figures. Therefore, it is necessary to fill the annulus with as much gas as 

possible to reduce the heat losses in the annulus. 
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Fig.3.8 Ra of air and water filling in the annulus with various sizes 

 

Fig.3.9 Ra of air and water filling in the annulus with various temperatures 
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3.2.3.3 Convective heat transfer coefficient 

Owing to the significant difference of Ra, this thesis extensively investigates the gas 

filling in the annulus for insulation. According to the above analysis of natural 

convection, three methods can be employed to estimate the convective heat transfer 

coefficient in the annulus. The Dropkin and Somercales method expressed as 

Eq.3.17 is only valid while 5 × 104 < Ra < 7.17 × 108, which does not cover the whole 

range of Ra when the annulus is filled with air. Therefore, the thesis attempts to 

compare these three methods to develop a new one. 

Within the valid range of the Dropkin and Somercales method, Fig.3.10 and Fig.3.11 

display the results of the convective heat transfer coefficient of the three methods 

with low and high Rayleigh numbers, and the corresponding values of Ra are marked 

on the right of the figures. It is assumed that the tubing OD is 4-1/2 inches; the casing 

ODs are 8-5/8 inches for low Ra and 13-3/8 inches for high Ra; the annular length as 

well as the temperatures of the tubing outside and casing inside are the same as 

those exhibited in Fig.3.7. 

 

 

Fig.3.10 hc of the 3 methods with low Rayleigh number 
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Fig.3.11 hc of 3 methods with high Rayleigh number 

These two figures indicate that the results of the three methods are quite similar at 

low Ra. However, with increasing Ra, the results of the Fishenden and Saunders 

method deviate from those of the Dropkin and Somercales method and Holman 

method. The reason may be that Fishenden and Saunders defined the Nu and Gr in 

terms of the tubing diameter, dto. Therefore, it would be better to use the Holman 

method when Ra ≤ 5 × 104, and use the Dropkin and Somercales method when Ra > 

5 × 104. When the annulus is filled with gas, an improved piecewise equation of 

convective heat transfer coefficient for the whole range of Ra can be expressed as  
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3.2.3.4 Total thermal conductivity 

In order to allow comparison with the thermal conductivity, hc can be converted to an 

equivalent thermal conductivity, λec, W/(m·K) (Dropkin and Somercales, 1965). 
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)/ln( tocitocec rrrh 
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Therefore, Eq.3.21 can be transformed as 
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Fig.3.12 shows the equivalent thermal conductivity of natural convection with various 

casing ODs. The tubing OD and the temperature conditions were the same as those 

shown in Fig.3.7. Fig.3.12 suggests the equivalent thermal conductivity of natural 

convection ranges from 0.04 ~ 0.26 W/(m·K), and it increased slowly with the 

difference of size and temperature in the annulus. 

 

Fig.3.12 Equivalent thermal conductivity of natural convection when air fills in the annulus 

Similar to the equivalent thermal conductivity of natural convection, the radiative heat 

transfer coefficient can also be transformed into an equivalent thermal conductivity, 

λer, W/(m·K). 

)/ln( tocitorer rrrh 
 3.23 

Afterwards, the effects of radiation and natural convection can be compared with the 

same dimension in a total thermal conductivity, λtotal, W/(m·K). 

λtotal=λer+λec 3.24 

Fig.3.13 and Fig.3.14 exhibit the total thermal conductivity in the annulus filled with 

air when the materials of tubing and casing are polished stainless steel (ε1) and 
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heavily oxidized stainless steel (ε2) (Incropera and DeWitt, 2001). The tubing and 

casing OD as well as the temperature conditions resemble those shown in Fig.3.7. 

Implied from these two figures, the total thermal conductivities range from 0.06 ~ 0.32 

W/(m·K) and 0.14 ~ 0.60 W/(m·K). Radiation, the second factor when the tubing and 

casing are made of material with low emissivity, can be ignored. However, the 

contribution to the total thermal conductivity will increase and dominate principally 

when the tubing and casing are made of high-emissivity material. Therefore, this 

thesis suggests several methods to reduce the heat losses from tubing to casing: (1) 

filling the annulus with gas instead of liquid to decrease the Rayleigh number; (2) 

using low emissivity materials for the tubing and casing to reduce the radiation; (3) 

decreasing the annular space to reduce natural convection; and (4) coating the 

tubing with an insulating layer to reduce the temperature. 

 

Fig.3.13 λtotal in the annulus filled with air when the material of the tubing and casing is polished 
stainless steel 
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Fig.3.14 λtotal in the annulus filled with air when the material of the tubing and casing is heavily oxidized 
stainless steel 
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4 Mathematical model establishment 

This thesis only discusses the performance of the production well in the open system. 

The configuration of the production well includes the tubing, casing, annulus between 

the tubing and casing, the cement, and the surrounding formation. In this thesis, the 

surrounding formation means the formation around the wellbore from the wellhead to 

the bottom (above the reservoir) in axial direction, and from the outside of cement to 

the infinite location of keeping the initial temperature in radial direction. Therefore, the 

surrounding formation may include the soil, aquifer, and rock. 

4.1 Mathematical model 

A typical physical model of the wellbore is shown in Fig.4.1. Here, the figure has axial 

symmetry with axis z; the heat flow inside the tubing is single-phase (fluid or steam) 

or two-phase flow. In order to simplify the calculation the annulus is a closed space, 

which is sealed by a packer at the bottom and wellhead equipment at the top. The 

aquifer in the formation is treated as a porous medium. 

 

Fig.4.1 Physical model of the deep geothermal production well 

Comparing to other models of the heat transfer in the geothermal production well, 

this physical model has characteristics as follows: 
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(1) the boundary condition of Initial Formation Temperatures at different depths are 

predicted by an inverse technique instead of measuring them after drilling; 

(2) regarding the heat transfer in surrounding formation, this model takes into 

account  the advection effect due to groundwater movement; 

(3) in order to reduce the heat losses from the production heat flow to the 

surrounding formation, this model designs an annulus between the tubing and the 

casing. 

4.1.1 Assumptions and delamination for formation 

To simplify the analysis the following general assumptions are made: 

(1) The heat flow in the tubing is one-dimensional steady state, and the temperatures 

and pressures at each point are equal on the same cross section.  

(2) The heat flow in the tubing is uncondensed, and the conduction in the vertical 

direction is neglected.  

(3) The heat transfer in the surroundings is unstable, and the conduction in the 

vertical direction is neglected.  

(4) The difference of rock conductivity for vertical and parallel foliation is neglected, 

as is the size of rock and soil grain, which means that it is homogeneous for rock and 

soil in every small layer. 

(5) The flow in the aquifer is uncondensed, and the performances (such as density, 

conductivity and specific capability) have no relationship with temperature. 

(6) The palaeogeothermal effect is ignored. 

In order to reduce the influence of formation inhomogeneity on the calculation of the 

model, the delamination method is adopted to divide the whole formation according 

to the physical model. The principles of delamination are:  

(1) Firstly, divide the whole formation into two large layers by geological structure; the 

upper layer comprises sediment like artificial soil, clay, sand, gravel, and so on, and 

the lower layer is rock.  

(2) Secondly, divide the two large layers into an aquifer and aquifuge by 

hydrogeological conditions, and consider the primary methods of heat transfer as 
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thermal advection of groundwater in the aquifer, and thermal conduction in the 

aquifuge.  

(3) Thirdly, based on the two principles above, divide the formation into sublayers by 

obvious differences in lithology in terms of thermal conductivity. 

4.1.2 Heat transfer in the surroundings 

Because of the Joule-Thompson Effect, when the reservoir heat fluid is gas, the 

temperature of heat flow at the well bottom is not equal to the temperature of the 

formation at the same depth. After the heat fluid with high temperature rises up along 

the tubing, the temperature difference with the surroundings increases, as the 

formation temperature reduces. The temperature difference would lead to the heat of 

the fluid diffusing into the surroundings and the fluid temperature reducing. At an 

arbitrary depth, the formation temperature is not related with the radial distance from 

the wellbore, but with the production time. When the heat flow in the tubing reaches 

stability, the heat loss of heat flow at a specific depth would reduce with increasing 

time.  

4.1.2.1 Diffusivity equation 

The heat transfer from the wellbore to surroundings is strictly a 3D heat diffusivity 

issue, but due to the symmetry of the wellbore and surroundings, it can be simplified 

to 2D. If it only considers a very short section, then it can be simplified further to a 1D 

diffusivity issue (Hasan and Kabir, 1994a).  

In a short time interval, the heat transfer flux density between the heat flow in the 

tubing and formation can be treated as constant. An energy balance on the formation 

then leads to a partial-differential equation, derived in cylindrical coordinates, for the 

variation of formation temperature with radial distance from the well and production 

time: 

t
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4.1 

In Eq.4.1, Te is the formation temperature at an arbitrary depth at time, t, and 

distance, r, measured from the center of the wellbore. Heat capacity, density, and 

thermal conductivity of the formation are given by ce, ρe, and λe, respectively.  
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4.1.2.2 Initial and boundary conditions  

The thermal diffusivity equation is analogous to that used in pressure diffusion while 

solving pressure-transient problems. Before the heat flux flows into the tubing, the 

temperature of each point in the formation distributes as the IFT. 

eie
t

TTLim 
0  4.2 

However, at the outer boundary, formation temperature does not change with radial 

distance; that is: 

0e

r

T
Lim

r




  
4.3 

According to the Fourier Law, at the interface of the wellbore and formation, the heat 

exchange is: 
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4.4 

In Eq.4.4, Q is the heat flow rate from the formation to the well per unit length of the 

well, and rw is the outer radius of the wellbore. 

4.1.2.3 Approximate solution of a dimensionless temperature  

To solve Eq.4.1, a dimensionless radius is introduced, wD rrr / , and dimensionless 

time as well, 2/ wD rtt  , eee c / . Thus, Eq.4.1 and the boundary conditions can 

be changed to:  
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4.7 

Eq.4.5 can be solved by Laplace transform (Hasan and Kabir, 1994a), and the result 

is:   
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where,    
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4.9 

When rD = 1, the temperature at the interface of the wellbore and formation is:  
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where,  
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4.11 

Analogous to the dimensionless pressure, pD, used in pressure-transient analysis, 

we define dimensionless temperature, TD, as:  

 
2 e

D w eiT T T
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4.12 

Thus, 



I
TD

2


 
4.13 

Actually, at the beginning of production in the geothermal well, because the 

temperature difference of heat flow in the tubing and wellbore change gradually, the 

flux density between them also changes gradually. When time is partitioned into a 

series of sufficiently small intervals, the flux density can be treated as constant in 

each time interval. The interface temperature of the wellbore and formation can be 

confirmed by the Superposition Principle in variable flux density conditions.    
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4.14 

where, Qj is the heat flow rate per unit time and unit length at time period, j on the 

interface of the wellbore and formation. Then, 
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4.15 

When the time periods are the same Eq.4.14 can be written as: 
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4.16 

Here, ΔI is still dependent upon Eq.4.15. Eq.4.15 is the same as Eq.4.11, but with 

dimensionless time tD, instead of time step ΔtD. If the flux density and Initial 
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Formation Temperature are known, the interface temperature of the wellbore and 

formation can be obtained from Eq.4.10 and Eq.4.14. 

In Eq.4.10 and Eq.4.11, the calculation of TD is referred to as the definite integral with 

an integral range from 0 to ∞, and the integrand includes the Bessel functions of the 

first kind and second kind of order zero and one. Therefore, the calculation process is 

very complicated. Because the results of Eq.4.11 and Eq.4.15 are just dependent 

upon the dimensionless time tD, it is useful to look for the relationship between TD 

and tD. Many scholars obtained the values of tD with various TD implied by statistics 

from a large number of data. The representative fruits are summarized as follows 

(Wang, 1994): 

(1) Ramey equation 

0.2886+ln(2 ),      (t 7d)D DT t  
 

4.17 

(2) Butler equation 

y

D eT   4.18 

where,  

3 2 50.000629(ln ) 0.0203(ln ) 0.3081ln 0.0150,(0.1 10 )D D D Dy t t t t      
  

(3) Hasan equation 
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 (4) Chiu equation 

 DD tT 81.11ln982.0 
 

4.20 

According to the production conditions and the calculation results, Wang (1994) 

suggested Eq.4.19. 

4.1.2.4 Initial Formation Temperature  

In a 1D steady condition, the Initial Formation Temperature distribution satisfies the 

heat transfer equation, such that: 
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4.21 

The thermal conductivity, λ in Eq.4.21 is a function of Tei; radiogenic heat production, 

A( z) is a function of depth. After discussion, we considered simultaneously the 
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relationship of k with temperature and A (z) as an index function, i.e., λ(Tei) = λ0/ (1 + 

a Tei ( z) ). λ0 is the thermal conductivity of an artificial surface, while Tei  < 300 ºC, a 

= 0.001(1/ ºC) and A( z) = A0exp ( - z/ D), D is an attenuation factor of heat 

production with depth, namely, the depth of the crust where heat production decays 

to 1/e (e = 2.71828) of the surface heat production. Therefore, the analytical solution 

of IFT distribution with depth is: 
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4.22 

4.1.2.5 Heat transfer coefficient of formation 

After delamination, each sublayer in the aquifuge is treated as homogeneous, and 

the heat transfer manner in the aquifuge is considered to be pure thermal conduction. 

The heat transfer process in the saturated aquifer includes: (1) the thermal 

conduction of soil, rock, and groundwater, and (2) the advection of groundwater 

movement. The heat transfer coefficient of the aquifer is expressed as: 
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4.23 

where, λw, λs is the thermal conductivity of liquid phase and solid phase, W/(m·K), 

and ω is the porosity of the aquifer. 

4.1.3 Heat transfer in the wellbore 

The temperature of heat transfer in the tubing is mainly affected by the influence of 

heat diffusion velocity from the tubing to surroundings. Additionally, it is related to 

other factors, such as the depth of heat flow, and the production time. The forms of 

heat transfer in the wellbore include thermal conduction, free convection, forced 

convection, and even thermal radiation. If the well length is divided into sufficiently 

short sections, and the heat transfer along the length direction is disregarded, it can 

be considered as steady heat transfer. 

4.1.3.1 Energy conservation equation 

In the process of heat flow rising, the temperature difference between the wellbore 

fluid and the surrounding formation results in energy exchange. Fig.4.2 shows a 

production system using single tubing, inclined at an angle θ, to the horizontal. 
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Consider a control volume of length dz at a distance z from the wellhead in this 

system, where the distance coordinate z, is positive in the downward direction. An 

amount of heat (wH|z+dz) enters the element at z + dz by convection, while conduction 

from the formation adds Q to the element.  

 

Fig.4.2 Energy balance for wellbore fluid; from Hasan and Kabir (2002) 

Similarly, (wH|z) heat leaves the element at z by convection. Adding the potential and 

kinetic energies to the heat energy of the fluid, the energy conservation equation is: 
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Eq.4.24 can be written as:  
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where the negative sign on the right side applies to production. For a fluid undergoing 

no phase change, that is, when heat effects owing to evaporation/condensation, 

solution, and mixing are negligible, enthalpy is a function of pressure and 

temperature given by: 
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where CJ represents the Joule-Thompson coefficient and cp is the mean heat 

capacity of the fluid at constant pressure. Using Eq.4.26, the expression for the 

wellbore fluid temperature at a function of depth can be written as: 

1
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C g

dz dz c w dz


 
     

   

4.27 

where: g is the acceleration due to gravity, 9.8 kg·m/s2; v is the velocity of heat flow, 

m/s; w is the mass flow rate of heat flow, kg/s; Tf is the temperature of heat flow in 

tubing, °C. 

4.1.3.2 Overall heat transfer coefficient in the wellbore 

Radial heat transfer occurs from the heat flow in the tubing to the earth, overcoming 

resistances offered by: the tubing wall, the tubing insulation, the tubing-casing 

annulus, the casing wall, and cement. The resistances are in series and pure thermal 

conduction, except for the resistances of the annulus and heat flow near the inner 

tubing. In steady status, the rate of heat flow through a wellbore per unit length of the 

well, Q, can be expressed as: 

 2 to f wQ r U T T  
 

4.28 

Where, U is the overall heat transfer coefficient in the wellbore, W/(m2·K), and Tw is 

the temperature at interface of the wellbore and formation, °C. The overall heat 

transfer coefficient, K can be expressed as Yu et al. (2008): 

1( ) /f t ins a c ce toU R R R R R R r     
 

4.29 

(1) The convection resistance of heat flow near the inner tubing is: 

)2/(1 tiff rhR 
 4.30 

(2) The conduction resistance of the tubing is:  

 ln( / ) / 2t to ti tR r r 
 

4.31 

(3) If an insulation layer is coated outside the tubing, the conduction resistance of 

tubing insulation is:  

 ln( / ) / 2ins ins to insR r r 
 

4.32 

(4) The conduction resistance of the casing is: 

 ln( / ) / 2c co ci cR r r 
 

4.33 
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(5) The conduction resistance of the cement is: 

 ln( / ) / 2ce w co ceR r r 
 

4.34 

(6) The resistance of the annulus is dependent upon the characteristics of the fill 

material. This thesis uses gas as the fill medium and the resistance is:  

 ln( / ) / 2a ci ins totalR r r 
 

4.35 

where the expression λtotal can be referred to in section 4.1.4.5. Therefore, Eq.4.29 

can be expressed as: 

         ln / ln / ln / ln / ln /1 1 to ti ins to ci ins co ci w co
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4.36 

Not all of the components shown in Fig.4.1 are present in all well configurations, 

although some elements offer negligible resistance to heat flow even when they are 

present. Thus, for a typical well tubing insulation is absent, thereby allowing us to 

drop the term involving λins in Eq.4.36. The high values of conductivity of metals, 

coupled with the relatively thin tubing and casing walls, allow us to make the 

assumption that the temperature drop across both the tubing and casing walls may 

be neglected; that is, Tti = Tto, and Tci = Tco. Therefore, U for a typical well may be 

calculated from: 

   ln / ln /1 to ci to to w coto

ti f total ce

r r r r r rr

U r h  
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4.1.3.3 Flow regime in the tubing 

For different flow regimes in the tubing, the relationship of forced convection between 

the heat flow and the inner tubing is as follows (Yu, 2007 ): 

 (1) Single-phase flow  

Dittus-Boelter equation 

0.8 0.4Nu 0.023Re Prf f f
 

4.38 

Thus, 

Nu /f f f tih d
 4.39 

where λf is the thermal conductivity of heat flow, W/(m·K), and dti is the inner diameter 

of tubing, m. 
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(2) Two-phase flow 

When the heat flow in the tubing is two-phase flow, the relationship is chosen by the 

flow regime, i.e., the Aggour equation for bubble flow, the Rezkallah and Sims 

equation for slug flow, the Ravipudi and Godbold equation for annular flow, and the 

Knott et al. equation for dispersed flow. 
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Turbulent:        
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Rezkallah and Sims model 

Laminar:          
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Turbulent:        
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Ravipudi and Godbold model 
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Knott et al. model 

Laminar:           
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Turbulent:        
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4.1.3.4 Joule-Thompson Coefficient 

The general expression for the Joule-Thompson (J-T) Coefficient can be derived from 

Maxwell identities,
TT
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enthalpy, J, and S denotes mechanical skin, dimensionless. Hence, it can be written 

as (Hasan et al., 2009): 
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Rearranging,  
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(1) J-T Coefficient for liquid 

By definition, volume expansivity, β，is given by: 
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4.49 

Therefore, it is written as:  

(1 )pdH c dT V T dp  
 4.50 

Combining the two equations above, we obtain: 

(1 )J pC c V T  
 4.51 

(2) J-T Coefficient for gas 

The specific volume or volume per unit mass of a gas may be expressed in terms of 

the compressibility factor, Z, as:  

gpMZRTV /
 4.52 

Differentiating, 

           ppggp TZZVTVTZpMRTpMZRTV  ///////
 4.53 
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(3) J-T Coefficient for two-phase system 

Using x for the mass fraction of gas in the two-phase mixture, the differential change 

in fluid enthalpy (Alves et al., 1992) is expressed as:  
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Defining average-specific-heat capacity cpavg to be xcpg + (1-x)cpL, we obtain:   
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4.1.3.5 Heat transfer in an annulus 

(1) Radiation 

With regard to radiation in the annulus when it is vacuous or filled with gas, the 

radiative heat transfer coefficient is:  
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(2) Natural convection 

When the annular fill material is gas or liquid, free convection in the annulus occurs. 

The convective heat transfer coefficient is: 
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(3) Total thermal conductivity  

In order to calculate the radiation and natural convection when the fill material is gas, 

the equivalent thermal conductivity of the radiative heat transfer coefficient and 

convective heat transfer coefficient is:  

ln( / )er r ins ci insh r r r   
 4.59 
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Then, the total thermal conductivity, λtotal is:  

λtotal= λer+λec 4.61 
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4.1.3.6 Relaxation parameter 

At steady state, the rate of heat flow, through a wellbore per unit length of the well, Q, 

can be expressed as: 

 R p ei fQ L wc T T 
 

4.62 

where LR is a relaxation parameter, which is defined by Ramey. Combining Eq.4.12 

and Eq.4.28 and eliminating Tw, we obtain: 
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4.1.3.7 Heat flow temperature in the tubing 

Combining Eq.4.1 and Eq.4.62, we obtain: 
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If the last two items do not vary with depth, thenEq.4.64 can be changed into a linear 

partial differential equation:  
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where,                 
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Single-phase water flow. Water, being essentially incompressible, allows some 

simplifications to Eq.4.65. For example, water velocity change with depth, (dv/dz), 

becomes negligible. In addition, water density variation with pressure is usually very 

small, so: 

  VdpcdTpVddEdH   4.67 
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Therefore, for water: 
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However, for single-phase water flow, the static head loss nearly equals the total 

pressure gradient. In other words, dp/dz = -ρgsinθ. Therefore, Eq.4.65 is reduced as: 

 f
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If the relaxation length, LR, is assumed invariant with well depth, and Tei is calculated 

from Eq.4.22, if there is enough formation information (otherwise by calculated by 

geothermal gradient), Eq.4.70 becomes a simple first-order linear differential 

equation. At the bottomhole (z = L), the fluid temperature is equal to the formation 

temperature (Tf = Teibh). Therefore, the solution is: 

    Rz L L

f eibh ei eiT T T e T
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Eq.4.71 shows that the fluid temperature decreases exponentially from the 

bottomhole (z = L) to the wellhead. It also shows that whilst the temperature of the 

fluid and the formation are the same at the bottomhole, the fluid temperature is 

higher than the formation temperature at any other location in the well. The difference 

in temperature between the wellbore fluid and the formation gradually increases as 

the fluid ascends the well.  

According to the assumptions and delamination for formation as presented in section 

4.1.2, the input boundary conditions of each section in the wellbore are Tf  = Tfin, Tei = 

Teiin, while z = zin and zin ≠ L. Then, 
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where: Tfin, Tfout are the input and output heat flow temperature of the section, 

respectively, °C; Teiin, Teiout are the input and output formation temperature of the 

section respectively, °C.  

Single-phase steam flow. Because of the static head existence, the   term cannot 

be cancelled. However, for gas at low pressures,   is usually small and may be 

neglected. The following expression for fluid temperature may be derived from 

Eq.4.65: 
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After assumptions and delamination for formation, we can obtain: 
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At high pressures, when the density of gases are comparable to those of liquids, 

Eq.4.71 will be more appropriate than Eq.4.73. 

Steam-water two-phase flow. For multiphase fluids, Eq.4.65 must be solved in its 

entirety. If we assume that   and LR are independent of well depth, Eq.4.65 

becomes a first-order linear differential equation. The solution of Eq.4.65, with Tf  = 

Teibh at the bottomhole, is:  
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where, , and . 

The value of the parameter   needed in Eq.4.75, depends on many variables, such 

as flow rate, steam/liquid ratio, and wellbore pressure. This thesis used the empirical 

expression for  developed by Sagar et al. (1991), which is valid for flow rates less 

than 2.27 kg/sec. 
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where: Pwh is the pressure of the wellbore bottom, kPa; Rgl is rate of steam and water; 

rw is water gravity; rg is gas gravity (air = 1). For flow rates higher than 2.27 kg/sec, 

Sagar et al. (1991) set   = 0. An alternative to this empirical approach is the use of 

the J-T coefficient for two-phase flow, which is expressed as Eq.4.56. 

After assumptions and delamination for formation, we obtain: 
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4.2 Calculation processes 

According to the mathematical model, the detailed calculation processes are as 

follows: 

The expression of the overall heat transfer coefficient, U, is Eq.4.36. For a typical 

well, U may be calculated by Eq.4.37. To calculate U, we must estimate λtotal. This 

step requires an evaluation of the annular Rayleigh number according to Eq.3.16; it 

requires the temperature difference across the annular fluid, (Tto - Tci). Because 

calculation of (Tto  - Tci) requires an estimate of U, an iterative approach is called for 

at each sublayer location of the well. 

Step 1- make formation delamination. 

Step 2- calculate the heat transfer coefficient of each aquifer. 

Step 3- calculate the distribution of IFT. 

Step 4- calculate the dimensionless transient heat conduction time function for earth 

f(t) (Ramey, 1962) by:  

2
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w
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f t
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where a is the thermal diffusivity of earth, m2/h, and t is the production time, h. 

Step 5- estimate a probable value for U.  

Step 6- calculate the convective heat transfer coefficient of heat flow, hf. 

Step 7- calculate the temperature at wellbore/formation interface, Tw. 
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Step 8- calculate the inside temperature of casing, Tci, neglecting the thermal 

resistance of tubing and casing. 
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Step 9- calculate the radiative heat transfer coefficient of the annulus, hr by Eq.3.14. 

Step 10- calculate the Rayleigh number of the annulus, Ra by Eq.3.16. 
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Step 11- calculate the convective heat transfer coefficient of the annulus, hc by 

Eq.3.20. 

Step 12 - transfer hr and hc into equivalent thermal conductivity, and calculate λtotal. 

Step 13- calculate the overall-heat-transfer coefficient U by Eq.4.37. 

Step 14- if the assumed and calculated values of U do not agree, repeat Steps 5 

through 14 until agreement is obtained between two successive trials. 

Step 15- calculate the relaxation length parameter LR by Eq.4.63.   

Step 16- calculate  . 

Step 17- calculate the fluid temperature Tf according to different state of heat flow in 

tubing. 

Step 18- calculate the Tf of next sublayer. 

The complete steps are described in Fig.4.3. 

 

Fig.4.3 The flow chart of model calculation 
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5 Model simulation 

According to the calculation processes, this thesis realizes the model with assumed 

parameters in this chapter. Additionally, based on the assumed parameters, several 

scenarios are simulated to analyze the performance of production wells in open 

systems. 

5.1 Parameters assumption 

Because it is difficult to get all the parameters involved in the model from the exited 

field geothermal wellbores, an ideal example is assumed to realize the whole model. 

The assumed geothermal wellbore is as follows:  

(1) Wellbore configuration (see Table 5.1). 

Table 5.1 Description of wellbore configuration 

Components Description 

Wellbore  Well depth, L=3000m, θ=90°; wellbore radius, rw=300 mm; average geothermal 
gradient, G=3.5 °C/100m; bottom temperature, Teibh=130 °C.  

Tubing  Tubing size is 4-1/2 inch, rti=50.25 mm, rto=57.15 mm; thermal conductivity, λt=44.83 
W/(m·K); emissivity of tubing outside, εto=0.8. 

Annulus  Annulus is sealed by packer and wellhead equipment, and filled by air with 1 bar.  
Casing  Casing size is 8-5/8 inch, rci=98.10 mm, rto=109.55 mm; thermal conductivity, λc=44.83 

W/(m·K); emissivity of casing inside, εci=0.9. 
Cement  Thermal conductivity, λce=0.89 W/(m·K); density, 1.93 g/cm

3
. 

(2) Geological conditions of the surroundings (see Table 5.2). 

Table 5.2 Geological conditions of the surroundings 

depth, 
m 

lithology 
ω, 
% 

ρ, 
g/cm

3
 

λ, 
W/(m·K) 

cp, 
J/(g·K) 

a, 
m

2
/h 

A, 
μW/m

3
 

K, 
m/s 

0-200 clay - 1.96 1.25 1.046 0.002195 0.80 - 
200-400 gravel 31 2.00 2.50 1.465 0.003072 0.80 3.0×10

-3
 

400-1000 sandstone - 2.40 3.20 0.970 0.004948 0.80 - 
1000-1500 shale - 2.60 2.30 1.180 0.002699 0.80 - 
1500-2000 Karst limestone 27.5 2.20 2.90 1.250 0.003796 0.80 1.0×10

-4
 

2000-2400 sandstone - 2.40 3.50 0.970 0.005412 0.80 - 
2400-2800 shale - 2.60 2.70 1.180 0.003168 0.80 - 
2800-3000 granite - 2.70 3.80 0.900 0.005630 0.80 - 

Note: 1. ρ, λ, cp, and a are superficial values; 2. ω is water percentage.  

(3) Parameters in the wellbore (see Table 5.3). 

Table 5.3 Information of production 

Description Parameters Remarks 

mass flow rate w=10 kg/s single phase water flow 
surface temperature T0=25 °C  

surface heat flux q0=110 mW/m
2
  

hydraulic gradient 0.01 shallow aquifer 
hydraulic gradient 0.01 deep aquifer 
production time 24h  

pressure of wellhead 0.6MPa  
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5.2 Model realization 

(1) The heat transfer coefficient of aquifer 

According to the above parameters, the equivalent thermal conductivities of the two 

aquifers are: 5.41 W/(m·K) for gravel, and 3.10 W/(m·K) for Karst limestone. The two 

results are both greater than their superficial values due to the advection of 

groundwater. However, for deep aquifers, if the porosity of the formation or the 

velocity of the groundwater are small enough, the advection can be ignored and the 

superficial conductivity used. Therefore, the average weighted conductivity of earth is 

λe  = 3.06 W/(m·K). 

(2) The distribution of Initial Formation Temperature 

The parameters of Ts and λs of the artificial surface can be calculated by the 

temperature of at the well bottom. So Ts = 23.2 °C, and λs = 3.22 W/(m·K). 

 

Fig.5.1 The Initial Formation Temperature distribution 

The whole curve shown in Fig.5.1 is not linear, but linear in each sublayer. 

(3) The fluid temperature 
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Table 5.4 The results of modeling calculation 

f(t) 
depth, 

m 

Te, 

°C 
Trial 

Uassumed, 

W/(m
2
·K) 

Tfin, 

°C 

Tw, 

°C 

Tci, 

°C 

hf, 

W/(m
2
·K) 

hr, 

W/(m
2
·K) 

Ra 
hc, 

W/(m
2
·K) 

λtotal, 

W/(m·K) 

Ucalculated, 

W/(m
2
·K) 

tD TD 
LR, 

1/m 

Tfout, 

°C 

0.61 2800 122.5 1 7.00 130.00 122.95 126.26 4173 12.458 6.2E+03 1.272 0.424 7.28     

   2 7.28 130.00 122.97 126.26 4173 12.465 6.2E+03 1.272 0.424 7.28 1.50 0.87 5.6E-05 129.92 

0.32 2400 107.8 1 7.00 129.92 108.80 118.30 4172 12.115 2.0E+04 1.694 0.426 7.30     

   2 7.30 129.92 108.84 118.72 4172 12.115 2.0E+04 1.678 0.426 7.30 0.84 0.75 5.5E-05 129.28 

0.59 2000 93.3 1 7.00 129.28 95.55 111.31 4161 11.729 3.4E+04 1.909 0.421 7.25     

   2 7.25 129.28 95.63 111.32 4161 11.755 3.3E+04 1.893 0.422 7.26     

   3 7.26 129.28 95.63 111.32 4161 11.755 3.3E+04 1.893 0.422 7.26 1.44 0.87 5.5E-05 128.02 

0.44 1500 75.4 1 7.00 128.02 78.24 100.63 4141 11.236 5.4E+04 1.923 0.406 7.12     

   2 7.12 128.02 78.28 101.03 4141 11.253 5.3E+04 1.913 0.407 7.12 1.08 0.81 5.4E-05 125.68 

0.24 1000 57.8 1 7.00 125.68 60.50 89.82 4104 10.683 7.6E+04 2.131 0.396 7.01     

   2 7.01 125.68 60.50 89.88 4104 10.686 7.6E+04 2.130 0.396 7.01 0.72 0.71 5.3E-05 122.55 

0.54 400 36.9 1 7.00 122.55 42.32 78.41 4056 10.096 1.0E+05 2.319 0.383 6.89     

   2 6.89 122.55 42.24 77.79 4056 10.072 1.0E+05 2.331 0.383 6.89 1.32 0.85 5.3E-05 117.78 

0.69 200 30.0 1 7.00 117.78 34.25 71.82 3981 9.647 1.1E+05 2.372 0.371 6.77     

   2 6.77 117.78 34.11 70.50 3981 9.598 1.2E+05 2.397 0.371 6.76     

   3 6.76 117.78 34.11 70.46 3981 9.596 1.2E+05 2.398 0.370 6.76 1.77 0.93 5.4E-05 115.95 

0.14 0 25.0 1 7.00 115.95 28.77 67.98 3951 9.429 1.2E+05 2.417 0.366 6.71     

   2 6.71 115.95 28.61 66.29 3951 9.367 1.3E+05 2.449 0.365 6.70     

   3 6.70 115.95 28.61 66.23 3951 9.365 1.3E+05 2.450 0.396 6.70 0.59 0.66 4.7E-05 114.39 
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The detailed results of each layer are shown in Table 5.4. The temperature 

distributions are calculated by the new model are shown in Fig.5.2. According to 

Fig.4.1, Tf is the temperature of production heat flow; Tci is the temperature of casing 

inside; Tw is the temperature of wellbore, namely the cement outside; and Te is the 

initial temperature of the surrounding rock. 

 

Fig.5.2 The temperature distribution from the tubing to the formation 

5.3 Simulation scenarios 

According to the analysis above, the main factors affecting heat fluid temperature are: 

(1) production time; 

(2) mass flow rate; 

(3) geometry of wellbore; 

(4) annular filled material; 

(5) thermal conductivity of cement; 

(6) geological conditions of surrounded formation. 

Based on the assumed parameters, this thesis simulates the heat transfer 

characteristics in the wellbore and surroundings by these factors. 
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5.3.1 Production time and flow rate 

Production time is the first factor influencing the temperature distribution of heat flow 

in the tubing. The temperature will increase following the production time. The trend 

is shown as Fig.5.3. 

 

Fig.5.3 The temperature distribution of heat flow with production time 

Fig.5.3 shows that the wellhead temperature changes from 114.39 °C to 118.15 °C 

after 600 days production. However, the difference decreases as time increases, and 

a “recovery time” appears. This thesis defines “recovery time” as the time such that 
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the increase of wellhead temperature of heat flow is not more than 0.1 °C/100day. 

Therefore, the temperature distributions of the production heat flow, casing inside, 

cement, and the surrounding formation, can be treated in a stable state after the 

recovery time. 

 Fig.5.4 shows that the temperature changes markedly during the first 100 days 

(dashed line), then increases very slowly; finally, the wellhead temperature is stable 

after 600 days according the definition of the “recovery time”, but remains 11.85 °C 

lower than the well bottom temperature. Additionally, Fig.5.4 shows the wellhead 

temperature trend ignored convection between heat flow and inner well of the tubing 

(solid line); it is much closer to the dashed line. Therefore, this convection can be 

ignored in the model, i.e., Tf  = Tto. The following sections just discuss the situation 

without hf. 

 

Fig.5.4 The wellhead temperature during production time with and without the convection inside tubing 
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Fig.5.5 The wellhead temperature with mass flow rate 

Flow rate is another important factor on the temperature distribution of heat flow. 

Fig.5.5 illustrates the wellhead temperatures when the mass flow rates are 10, 20, 30, 

40 and 50 kg/s. It appears that the heat losses are reduced markedly with mass flow 

rate, and that the recovery time is much shorter. However, the temperature increment 

is not proportional with the flow rate. Additionally, flow rate is limited by wellbore 

structure and reservoir production ability. The optimized flow rate should be selected 

according to the situation of well and the condition of the whole project. 

5.3.2 Wellbore structure  

Implicit from Table 5.4 and Fig.5.2 for wellbore geometry, the thermal resistances of 
the annulus and cement are the main influences on the temperature of heat flow. 
Therefore, the diameters of the tubing, casing and wellbore must be discussed. 
Based on the parameters in Section 5.1, the wellbore structure changes as 3 cases 
in Table 5.5. 

Table 5.5 The data of wellbore structure 

Cases Tubing diameter (inch, '') Casing diameter (inch, '') Wellbore diameter (mm) 

Case 1 2-7/8, 3-1/2, 4-1/2, 5-1/2 8-5/8 300 
Case 2 4-1/2 7, 8-5/8, 9-5/8, 10-3/4 300 
Case 3 4-1/2 8-5/8 200, 250, 300, 350 

Note: the wellbore diameter is the real size after drilling; the tubing diameters and casing diameters 
are outside diameters. 
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The results of wellhead temperature with tubing diameter, casing diameter and 

wellbore diameter are shown in the following 3 figures, which imply that although the 

change of wellhead temperature with wellbore geometry is not very obvious, it still 

increases following the size of annulus and wellbore. However, the wellbore structure 

greatly influences the project cost. Therefore, it would be better to reduce the size of 

each part without affecting heat flow rate. 

 

Fig.5.6 The wellhead temperature with tubing outside diameter 
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Fig.5.7 The wellhead temperature with casing outside diameter 

 

Fig.5.8 The wellhead temperature with wellbore diameter 
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5.3.3 Annulus and cement 

Firstly, this thesis discusses three situations in the annulus. 

A. with packer, gas (air) fills in the annulus 

B. without packer or packer is broken, water fills in the annulus 

C. no annulus, a production well without tubing 

In the third situation, because there is no annulus, the heat transfer in the wellbore is 

simple. The overall heat transfer coefficient is U = λce/[rcoln(rw/rco)], and rto replaces rco 

in the whole model. 

 

Fig.5.9 The wellhead temperature with different annulus conditions 

The wellhead temperatures of situation B and C are closed, but very much lower than 

situation A. Without the insulation of the annulus filled with gas, the wellhead 

temperature of heat flow would greatly decrease.  

Currently there are 3 gases used to fill in the annulus: air, N2, and CO2. Fig.5.10 

shows the results with these gases. The thermophysical properties of N2 and CO2 are 

referred to by Zhang and Zhao (1987). According to the Fig.1.5, the  gas is pumped 
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into the annulus from valve 2, and presses the water out of the annulus totally; then 

the gas is stopped pumping and released to the working pressure, 1 bar; finally, 

valve 2 is closed. Owing to their closed thermophysical properties, the results are 

very similar. Additionally, in Fig.5.10, there is another situation when the annulus is 

coated with an insulation layer on outside of the tubing, such as titanium dioxide, 

composite silicate. The thermal conductivity is 0.05 W/(m·K), the thickness is 0.5 mm, 

and emissivity is 0.4 (Willhite, 1967).  

 

Fig.5.10 The wellhead temperature with different gas filled in the annulus 
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Fig.5.11 The wellhead temperature with the conductivity of cement 

Because of the development of cement with low thermal conductivity, the annulus 

between the casing and wellbore becomes an important insulation region for the heat 

losses of heat flow. However, the difference of thermophysical properties of cement 

outside different casing is negligible in this thesis. For geothermal well completion, 

the thermal conductivity of the cement is an important parameter. Foam cement is a 

good selection. This cement is formed when chemical agents have a chemical 

reaction in the cement paste and generate nitrogen (Qu, 2000). The thermal 

conductivity depends on the volume of the generated nitrogen. Fig.5.11 shows the 

wellhead temperatures when the thermal conductivities of cement are 0.1, 0.3, 0.5, 

0.7, and 0.89 W/(m·K). It should be noted that the cement with low conductivity has 

weak performance in other properties, such as strength, but it is not relevant in the 

case. 

5.3.4 Geological conditions 

In terms of geological conditions, there are two aspects: aquifer and average 

conductivity of the whole wellbore. This thesis designs these different conditions: 
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(1) lithology distribution as in Table 5.2. 

(2) the same lithology component as in Table 5.2, but omitting consideration of the 

advection of groundwater, and the IFT distributes as average geothermal gradient, G 

= 3.5 °C/100m. 

(3) homogeneous lithology in the whole formation, which is shale with low 

conductivity, 2.3  W/(m·K). 

(4) homogeneous lithology in the whole formation, which is granite with high 

conductivity, 3.8  W/(m·K). 

 

Fig.5.12 The wellhead temperature with geological conditions 

Based on the parameters in section 5.1, the equivalent thermal conductivities of the 

two aquifers are: 5.41 W/(m·K) for gravel, and 3.10 W/(m·K) for Karst limestone. 

Therefore, the average weighted conductivity of condition (1) is λe  = 3.06 W/(m·K). 

However, according to condition (2), the average thermal conductivity is 2.8 W/(m·K). 

In Fig.5.12, the wellhead temperature of condition (2) in which IFT is given according 

to average geothermal gradient without the consideration of the advection of 

groundwater, is different to that of condition (1); the relationship of the wellhead 

temperatures of the last 3 conditions: Tcondition (3) > T condition (2) > T condition (4), is in 
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contrast with the relationship of their thermal conductivities: λcondition (3) < λ condition (2) < λ 

condition (4). However, the same regularity does not occur among condition (1), (3) and 

(4). The wellhead temperature of condition (1) is lower than condition (4), while λe is 

smaller than condition (4). The reason is the groundwater movement can carry more 

energy than soil and rock, and speed up the heat transfer from the wellbore to the 

surrounding formation. Therefore, when encounters a conduction-advection 

formation, it may obtain a negative conclusion if the effect of groundwater movement 

is ignored. It also proves that the model can be more accurately when the advection 

of aquifers and the inhomogeneity of the surrounding formation are considered. 

5.3.5 Optimization 

Summarizing the above analysis, this thesis optimizes the wellhead temperature by 

changing the values of important factors. It selects the basic parameters in Table 5.1, 

Table 5.2, and Table 5.3 in section 5.1.1, but changes two parameters, the cement 

conductivity in Table 5.1, λce = 0.3 W/(m·K), and the mass flow rate in Table 5.3, w = 

40 kg/s. Additionally, the tubing outside is coated an insulation layer with the 

parameters in section 5.2.3. Compared with Fig.5.3, Fig.5.13 shows that the heat 

losses of the heat flow is reduced greatly after optimization, and the recovery time is 

reduced below 24 hours. Consequently, the optimized operation improves the energy 

utilization and feasibility of electricity generation in low enthalpy geothermal 

reservoirs. On the other hand, the short recovery time is convenient for quickly 

conducting some tests and measurements in the wellbore after well completion.      
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Fig.5.13 The optimized curve of temperature with production time 
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6 Model application 

In order to verify the model, the thesis uses the field data from a geothermal project 

(Chen et al., 1992). In this investigation, there are 17 geothermal wells with depths 

ranging from 183 ~ 3050 m. The thesis selects 4 production wells without tubing as 

the study objects, which are located in Tianjin (Jundian5), Hebei (Ma22, Jin7), and 

Guangdong (Luowu), China (see Table 6.1). The surface annual mean temperature 

of north and south China are 13 °C and 26 °C, respectively. The temperature 

measurement period is from 24 ~ 72 h. Therefore, 48 h is used as a standard 

measurement period in this thesis. 

Because the thesis has already verified the methods of predicting the IFT and heat 

transfer in an aquifer by two field examples in chapter 2, the focus in this section is 

on the heat transfer in an annulus. Therefore, the lithology of the formation is taken 

into account as being homogeneous. The rock density, capacity, and thermal 

conductivity are 2.48 g/cm3, 0.816 kJ/(kg·K), 1.67 W/(m·K) (north), and 2.09 W/(m·K) 

(south). According to the wellbore structures of these four wells without an annulus, 

the wellhead temperatures are calculated as Table 6.1.  

Table 6.1 The parameters of wells 

Wells 
Depth, 

m 
dco, 
mm 

dwb, 
mm 

Reservoir 
depth, 

m 

Mass flow, 
m

3
/d 

Tb, 
°C 

Wellhead Temperature, °C 

Tmeasured Tcalculated 

Jundian5 807 219 340 714 400 50 47 46.41 
Ma22 3050 244 340 3030 1174 114 98 97.97 
Jin7 1423 178 219 1377 3808 68 64 66.55 

Luowu 183 108 127 137 300 34 34 33.98 

Table 6.1 shows that the calculated values of the wellhead temperature of the heat 

flow are similar to the measured values except for Jin7; the difference is 2.55 °C, 

which may be due to the effect of the difference between its formation parameters 

and the selected uniform data. Regarding the wells of Jundian5 and Luowu, their 

depths are less than 1000m and the mass flow rates are also very small. However, 

their mean geothermal gradients are 5.2 °C / 100 m and 5.8 °C / 100 m. Therefore, it 

is possible to drill deeply to locate a better geothermal reservoir with higher 

temperature and a larger mass flow rate. Using the method of predicting the IFT, 

which is described in section 2.2, the formation temperatures of Jundian5 and Luowu 

at different depths are predicted in Table 6.2. 

Table 6.2 The predicted formation temperatures of Jundian5 and Luowu at different depth 

Wells Jundian5 Luowu 

Depth, m 1000 2000 3000 1000 2000 3000 
Temperature, °C 63~64 110~114 157~166 70~72 113-117 155~165 
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Due to the perfect predicted values and the large depths shown in Table 6.1, the 
thesis selects the well of Ma22 for conducting a sensitivity analysis. There is 16 °C 
temperature loss from the reservoir to the wellhead in Ma22. It would increase the 
energy efficiency and reduce the exploitation cost if the heat loss could be reduced 
as much as possible. Because the well has been already completed, the thesis only 
has to adopt the methods of designing an annulus structure, coating an insulation 
material outside tubing, and increasing the mass flow for improving the wellhead 
temperature.  

In Fig.6.1, Profile I is the temperature distribution of the original condition without any 
improvement; Profile II is the temperature distribution of designing an annulus 
structure inside the casing, in which the tubing size is 4-1/2'', and the annulus is filled 
with air. With this annulus, Profile III is the temperature distribution when coating an 
insulation layer outside the tubing, in which the layer’s thermal conductivity, thickness 
and emissivity are 0.05 W/(m·K), 0.5 mm and 0.4, respectively. Based on the 
conditions of the three profiles above, Profile IV is the temperature distribution when 
the mass flow rate is raised to 40 kg/s. After using these methods, the wellhead 
temperature of the heat flow can be improved from 98 °C to111.55 °C.  

 

Fig.6.1 The temperature distributions of different ways 

According to this model application with real data, it obtains satisfied results:  

(1) The predicted wellhead temperatures of the four production wells are very tight to 
the measured values, the errors of three wells are less than 1 °C, and one is 2.55 °C. 
These ranges can be tolerated in engineering field. Therefore, this model is feasible 
and effective for modeling the heat transfer behavior in deep geothermal wellbores, 
especially for liquid-phase reservoir.    

(2) With the inverse technique of predicting IFT, the thesis calculates the bottom 
temperature ranges of two wells at 1000 m, 2000 m and 3000 m. If there is a 
fractured and good connected reservoir, the geothermal energy at 1000 m and 2000 
m can be exploited for direct use, and that at 3000 m can be used for electrical 
generation.  

(3) Implied from the simulation of well Ma22, the wellhead temperature can be 
improved from 98 °C to111.55 °C after using the methods of raising the mass flow 
rate, designing an annulus and coating the tubing with insulating material. A 
temperature improvement with 13.8% can obviously increase the efficiency of energy 
direct use or energy transformation.  
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Besides the methods above, there are several others can reduce the heat losses of 

the heat flow. As is known, there is a lot of heat generation from the power plant. If 

we could use this heat energy with a high temperature to warm up cold air and pump 

it to the annular bottom, the heat flow would decrease to lose heat to the surrounding 

formation. The thesis assumes that the pumped hot air fills all the space of the 

annulus, and transfers the heat energy totally to the heat flow due to the large 

difference of the thermal conductivity of the tubing material, and the cement. 

Therefore, the structure of the tubing and casing can be considered as a great heat 

exchanger, in which the heat flow in the tubing is the heated body, the hot air in the 

annulus is the heating body, and their flow directions are both upward. The overall 

heat transfer coefficient of this heat exchanger can be expressed in terms of the 

inner area and outer area of the tubing.  
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where: hf is the heat transfer coefficient of the heat flow, W/(m2·K); ha is the heat 

transfer coefficient of the annulus including convection and radiation, W/(m2·K); λt is 

the thermal conductivity of the tubing, W/(m·K); dti, dm and dto are the inner diameter, 

mean diameter and outer diameter of the tubing, m; and b denotes the thickness of 

the tubing wall, m. 

Because of the same flow direction, the mean temperature difference of the heat 

exchanger is: 

- - -

ln - / -
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where the subscripts of a, f, b, and w represents the annulus, heat flow, bottom, and 

wellhead, respectively. 

For steady heat transfer process, two equations can be established as:  

- =f pf fw fb ti mQ w c T T KS T 
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where: wf and wa are the mass flow rates of the heat flow in the tubing and the hot air, 

kg/s; cpf and cpa are the heat capacities of the heat flow and the hot air, kJ/(kg·K); and 

Sti and Sto are the heat transfer areas of the inner and outer tubing, m2. 

 

Fig.6.2 The wellhead temperature of heat flow with various temperatures and mass flow rates of the 
hot air in the annulus  

Fig.6.2 shows the relationship of the wellhead temperature of the heat flow and the 

hot air in the annulus with various temperatures: 40, 60, 80, and 100 °C, and mass 

flow rates: 10, 20, 30, 40, and 50 kg/s. Air is warmed up by the heat generation from 

the power plant and pumped into the annulus continuously to keep the temperature. 

It is obvious that the heat flow can be improved when the temperature of the hot air is 

higher than that of the heat flow. However, the increment will decrease when the heat 

flow rate increase. 

Additionally, vacuum occurring in the annulus is also an alternative method. In order 

to balance a part of pressure difference between the inside and outside tubing when 

vacuum occurs in the annulus, special accessories should be installed between the 

tubing and casing, such as centralizers and supporting device (see Fig.6.3).  

l 1 l 2

l 2 l 2

 

Fig.6.3 The sketch of the supporting device with three edges in the annulus 
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 According to Fig.6.3, when the annulus is vacuum and installed by supporting device, 

the heat transfer mechanism includes: the radiation, and the thermal conduction on 

the surface of edges. Convection in the annulus can be ignored. Therefore, the 

superficial thermal conductivity can be described as: 

  1 2 1 2

3 3

+ 1-
2 2

a ed er

ci ci

l nl l nl

l r l r
  

 

 
     

 
 6.6 

where, l1 and l2 are the edge’s length and width, m; l3 is the distance between two 

edges, m; n is the number of edges; λed is thermal conductivity of the edge, W/(m·K). 

The thesis assumes that l3 = 10 m, l1 = 0.25 m, and λed = 44.83 W/(m·K). Fig.6.4 

shows the wellhead temperatures of Ma22 when nl2/(2πrci) = 1/2, 1/3, 1/4, 1/5, and 

1/6. 

 

Fig.6.4 The temperature distribution of heat flow when vacuum occurs in the annulus 

Fig.6.4 indicates that the thermal conduction of edges can be reduced by decreasing 

the contacted area and using low thermal conductivity martial.  



 

122 

 

7 Conclusions 

In the light of the increase in global demand for energy and the continuous depletion 

of conventional fuel reservoirs, geothermal energy is an alternative for making up the 

difference. Based on the analysis of heat transfer in the wellbore and the surrounding 

formation, this thesis developed a mathematical model to reflect the temperature 

distribution of the heat flow in production wells of open geothermal systems. 

According to the literature review and the objectives of this thesis, several scientific 

questions have been refined before carrying out modeling: How can the Initial 

Formation Temperature (IFT) be predicted? How can the heat transfer in the aquifer 

and annulus be analyzed? With the formation delamination and reasonable 

assumptions, a new mathematical model was established. Finally, this thesis realized 

the mathematical model under assumed parameters, simulated the model with 

various scenarios, and applied it to evaluate the production performance of a real 

project. The conclusions are as follows. 

 (1) Prediction of Initial Formation Temperature  

To predict the IFT in deep well engineering, this thesis used an inverse technique 

and the geological parameters from testing wells or pilot wells to analyze the factors 

affecting the underground temperature field. An artificial surface was proposed to 

eliminate the disturbance in the surface temperature and thermal conductivity, and a 

one-dimensional steady state model for predicting the IFT before drilling was 

corrected. There were four analytical solutions of the model depending on the 

distribution of the formation thermal conductivity and the radiogenic heat production. 

Using this optimized model for the main borehole in the CCSD project, the bottom 

hole temperature at 4725 m depth was predicted as 132.80 °C with 0.5 % error. The 

results imply that:  

- The formation thermal conductivity has a primary effect on the IFT, and the 

influence of the radiogenic heat production is not obvious.  

- The results predicted by PP2 are closer to the measured values than those 

predicted by PP1 because the location of PP2 is nearer to the main borehole.  

- The formation thermal conductivity in the main borehole is also temperature 

dependent.  

- The model can obtain satisfactory results when thermal conduction is 

dominant in the formation.  
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This simple but effective method can be used not only for predicting the IFT but also 

for predicting the reservoir temperature in the pre-exploration stage of geothermal 

fields. However, the error may increase when the groundwater is rich. 

(2) Heat transfer in an aquifer  

In order to analyze the heat transfer in an aquifer by taking thermal conduction and 

advection in the aquifer into consideration simultaneously, a Fractal model was 

established to overcome the irregularity of the space structure in a porous medium, 

and the overall thermal conductivity was derived to reduce the computational 

difficulty of utilizing analytical or numerical methods for heat transfer in the formation. 

According to the discussion of heat transfer in typical aquifers, the effect of advection 

is dependent on the velocity and porosity of the aquifer. It cannot be neglected even 

if the Re of groundwater is less than 1. However, advection can be treated as a 

constant when the velocity and temperature of groundwater are determined. The 

correlation between the advective portion of the aquifer and the velocity of 

groundwater fits an exponential function very well. The error of each point of the 

curve represents the porosity range of the aquifer, and the porosity of groundwater at 

different temperatures would only influence the coefficients of the exponential 

function. Nevertheless, deviations of the points away from the exponential function 

curve indicate that the existing empirical correlation of Nu still does not perfectly 

describe the groundwater behavior in the aquifer. In addition, because the Fractal 

model is built based on a porous medium, more errors may emerge in the estimation 

of the advective behavior in a deep fractured aquifer. 

(3) Total thermal conductivity in the annulus 

The thesis analyzed three possible heat transfer approaches in the annulus of deep 

production wells in open geothermal systems. By properly assuming the size and 

temperature conditions in the annulus, the characteristics of radiation, the Rayleigh 

number, and natural convection have been discussed. A total thermal conductivity 

was proposed to describe the heat transfer in the annulus, which transformed the 

radiative and convective heat transfer coefficients into the corresponding equivalent 

thermal conductivities. Consequently, several conclusions are drawn as follows: 

- With the assumed size and temperature in the annulus, the ranges of the 

Rayleigh number in the annulus filled with air and water are 103 ~ 106 and 106 

~ 1010, respectively. 



 

124 

 

- From the comparison of three common methods, an improved correlation for 

estimating the convective heat transfer coefficient in the annulus is developed 

with a valid condition of 0 < Ra < 7.17 × 108. However, this method is suitable 

for natural convection when the annulus is filled with gas rather than turbulent 

flow when the annulus is filled with water. 

- The total thermal conductivity in the annulus filled with air, which includes 

radiation and natural convection, ranges from 0.06 to 0.60 W/(m·K). The 

radiation can be negligible when the tubing and casing are made of low-

emissivity materials. However, the contribution of radiation increases to 

represent a greater proportion when the annular size increases, and the 

materials have high emissivity.  

The total thermal conductivity transforms the heat transfer in the annulus into a pure 

thermal conduction, which will be able to simplify the heat transfer mechanism and 

the calculation of either an analytical solution or a numerical solution for modeling the 

heat transfer in the system. 

(4) Model establishment and simulation 

The thesis improves the model’s reliability and feasibility compared with Hasan and 

Kabir’s model (2002) with regard to the IFT prediction and heat transfer in the aquifer 

and in the annulus between the tubing and the casing. It establishes a mathematical 

model with two parts: heat transfer in the wellbore and heat transfer in the 

surrounding formation, and the optimized methods include: 

- Using delamination to divide the formation into several homogeneous 

sublayers 

- Predicting the IFT using the model instead of using traditional methods such 

as predicting it from the average geothermal gradient 

- Taking into account the advection in an aquifer and calculating the overall 

thermal conductivity using Fractal model 

- Ignoring the forced convection between heat flow and the inner tubing. 

Afterwards, this thesis derived analytical solutions in each sublayer by an iterative 

method for different heat flow phases, including single-phase water flow, single-

phase steam flow, and steam-water two-phase flow. 
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- In the sensitivity analysis simulation, production time is the primary factor with 

regard to the wellhead temperature of the heat flow, but the temperature 

almost stops increasing after the “recovery time”. Although the wellhead 

temperature can be recovered by several degrees, the heat losses in the 

system are still serious. The heat losses of the heat flow can be reduced by: 

- Raising the mass flow rate. The result implies that the wellhead temperature 

increases obviously with mass flow rate and that the recovery time is much 

shorter. However, the temperature increment is not proportional to the flow 

rate. Additionally, the flow rate is limited by the well size and the pump power.  

- Designing an annulus and filling it with gas. Although the change of wellhead 

temperature with wellbore geometry is not very obvious, an annulus structure 

filled with gas can form a good energy barrier between the tubing and casing. 

Moreover, coating an insulation layer on the outside of the tubing can increase 

the effect of the barrier. 

- Using a cement with low thermal conductivity. It is a trend to use this kind of 

cement in geothermal engineering after improving other properties.  

In terms of geological conditions, when a conduction-advection formation is 

encountered, a negative conclusion would be obtained if the effect of groundwater 

movement were ignored. Therefore, the reliability of the model can be increased by 

considering the inhomogeneity of the surrounding formation. 

 (5) Model application 

For evaluating the production performance, the thesis selected four production wells 

as objects. With this model, the thesis calculated the wellhead temperatures of those 

wells, and the calculated values are similar to the measured values with differences 

ranging from 0.02 to 2.55 °C. However, the Jundian5 and Luowu wells have the 

potential to have better reservoirs due to their high geothermal gradients. Therefore, 

the thesis predicted the formation temperatures with the depths of 1000, 2000, and 

3000 m. The results indicate that the geothermal energy at 3000 m can be used for 

electrical generation. Because of the great heat losses of the Ma22 well, to improve 

the wellhead temperature, this thesis adopted the methods of designing an annulus 

structure, coating an insulation material on the outside of the tubing, and increasing 

the mass flow rate, which can raise the temperature from 98 to 111.55 °C. This 

temperature improvement of 13.8% will obviously increase the efficiency of energy 
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direct use or energy transformation. Additionally, it is beneficial to use the heat 

generated by the power plant to heat up air and pump it into the annulus. This can 

reduce the heat losses of the heat flow to the surrounding formation. 

In summary, due to the special features of geothermal energy, the final purpose is to 

extract heat from underground in either open or closed systems. Therefore, the study 

of heat transfer underground is the basic work of geothermal energy, and future work 

may include the following:  

- Fractal theory gives a new way to describe the spatial structure of geothermal 

reservoirs. 

- This thesis treats the heat transfer from the tubing to the formation as single 

conduction, which reduces the difficulty of numerical solution.  
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8 Summary 

Geothermal energy is popular because of the advantages of large coverage, low 

pollution, and low operational costs, etc. Therefore, the exploitation and utilization of 

geothermal energy resources can generate distinct economic, social, and 

environmental benefits. Currently, man has made great progress on electricity 

generation by means of high-temperature geothermal energy and direct utilization of 

middle-low temperature geothermal energy. However, a lot of work needs to be done 

in developing electricity generation with middle-low temperature geothermal energy 

resources because of the limited distribution of high-temperature geothermal areas, 

and the high cost and risk in deep drilling. In the hope of improving the technology 

and feasibility of generation in middle-low temperature geothermal energy areas, this 

thesis establishes a mathematical model and simulation to analyze the heat transfer 

in the wellbore and surroundings during the production process for open systems.  

There are 6 chapters in this thesis. Chapter 1 is the introduction, which includes the 

background of the research, motivation, a literature review, and the study contents 

and methods. 

The text analyzes the heat transfer in the surrounding formation and inside the 

wellbore in chapters 2 and 3, respectively. Chapter 2 focuses on the formation, which 

includes two issues: one is the prediction of the IFT, and the other is the heat transfer 

in an aquifer. After discussing those primary factors that have an effect on the 

formation temperature field, this chapter uses an inverse technique to derive the 

parameters of an artificial surface and establishes a 1D steady state model for 

predicting the IFT. A field example is adopted to verify this model at the end of this 

section. Regarding the heat transfer in an aquifer, the thesis conquers the 

inhomogeneity in the porous structure of the aquifer by Fractal theory. A Fractal 

model is established to analyze the thermal conductivity and advection in the aquifer. 

With an expression of the overall thermal conductivity, this section discusses the 

characteristics of groundwater advection in several typical aquifers. 

In chapter 3, there are two sections: the fluid flow in tubing and the heat transfer in an 

annulus. The first section introduces: the categories of gas-liquid two-phase flow in 

the wellbore, the factors affecting two-phase flow patterns, the study on convection 

heat transfer coefficient of gas-liquid two-phase flow, and recommends suitable 

equations for different flow patterns and mediums. The second section analyzes the 

heat transfer in an annulus between the tubing and casing, discusses the properties 
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of heat transfer in the annulus with various sizes and different filling materials, and 

analyzes the total thermal conductivity in the annulus.  

Chapter 4 establishes a mathematical model for the whole heat transfer system. 

Based on the above description, it gives the physical model and several assumptions 

first, and then establishes the model in two parts: heat transfer in the wellbore, and in 

the surroundings. The detailed calculation process of the model is also given. 

Chapter 5 is a simulation of the mathematical model. The model is realized by the 

assumed data, and different simulation scenarios are designed to analyze the 

features of heat transfer in the wellbore and surroundings. In addition, methods for 

reducing heat loss of heat flow are proposed.  

Chapter 6 is to apply the model is applied to the production performance of 4 

production wells in China. 

Chapter 7 is the conclusions and summary. 



 

129 

 

References 

Alves, I.N., Alhanati, F.J.S., Shoham, O., 1992. A unified model for predicting flowing 
temperature distribution in wellbores and pipelines. SPE Production 
Engineering, 7(4): 363-367. 

Andaverde, J., Verma, S.P., Santoyo, E., 2005. Uncertainty estimates of static 
formation temperature in borehole and evaluation of regression models. 
Geophysical Journal International, 160(3): 1112-1122. 

Anderson, A.N., McBratney, A.B., FitzPatrick, E.A., 1996. Soil mass, surface, and 
spectral Fractal dimensions estimated from thin section photographs. Soil 
Science Society of America Journal, 60(4): 962-969. 

Arnold, F.C., 1990. Temperature variation in a circulating wellbore fluid. Journal of 
Energy Resources Technology, 112(2): 79-83. 

Ascencio, F., Garcia, A., Rivera, J., Arellano, V., 1994. Estimation of undisturbed 
formation temperatures under spherical-radial heat flow conditions. 
Geothermics, 23(4): 317-326. 

Austin, W.A., 1998. Development of an in situ system for measuring ground thermal 
properties. Master Thesis, Oklahoma State University, Oklahoma. 

Awotunde, A.A., Horne, R.N., 2011. A wavelet approach to adjoint state sensitivity 
computation for steady state differential equations. Water Resource Research, 
47: 1-21. 

Aziz, K., Govier, G.W., Fogarasi, M., 1972. Pressure drop in wells producing oil and 
gas. Journal of Canadian Petroleum Technology, 11(3): 38-48. 

Babadagli, T., 2001. Fractal analysis of 2-D fracture networks of geothermal 
reservoirs in south-western Turkey. Journal of Volcanology and Geothermal 
Research, 112: 83-103. 

Barbier, E., Fanelli, M., 1977. Non-electrical uses of geothermal energy. Progress in 
Energy and Combustion Science, 3(2): 73-103. 

Bassam, A., Santoyo, E., Andaverde, J., Hernández, J.A., Espinoza-Ojeda, O.M., 
2010. Estimation of static formation temperatures in geothermal wells by using 
an artificial neural network approach. Computers & Geosciences, 36(9): 1191-
1199. 

Bayer, P., Buerger, C.M., Finkel, M., 2008. Computationally efficient stochastic 
optimization using multiple realizations. Advances in Water Resources, 31(2): 
399-417. 

Bear, J., 1972. Dynamics of fluids in porous media. American Elsevier, New York. 

Bear, J., Bachmat, Y., 1990. Introduction to modeling of transport phenomena in 
porous media. Kluwer Academic Publishers, London. 

Blöcher, G., Zimmermann, G., Moeck, I., Brandt, W., Hassanzadegan, A., Magri, F., 
2010. 3D numerical modeling of hydrothermal processes during the lifetime of 
a deep geothermal reservoir. Geofluids, 10(3): 406-421. 

BP Company, 2012. BP Statistical Review of World Energy June 2012. Pureprint 
Group Limited, London. 



 

130 

 

Brennand, A.W., 1984. A new method for the analysis of static formation temperature 
test, Proceedings of the 6th New Zealand Geothermal Workshop, Auckland, 
New Zealand, pp. 45-47. 

Carslaw, H.S., Jaeger, J.C., 1959. Conduction of heat in solids. Oxford University 
Press, London. 

Čermák, V., Bodri, L., 1986. Two-dimensional temperature modelling along five East-
European geotraverses. Journal of Geodynamics, 5(2): 133-163. 

Chen, M., Zhang, J., Xia, S., 1992. Simulating of relationship between water 
temperature at well head and geothermal reservoir temperature by finite 
element method and case studies, Scientia Geologica Sinica (in Chinese), 1: 
55-64. 

Chen, Y.P., Shi, M.H., 1999. Determination of effective thermal conductivity for 
porous media using Fractal techniques. Journal of Engineering Thermophysics 
(in Chinese), 20(5): 608-612. 

Chiasson, A.D., 1996. Advances in modeling of ground-source heat pump systems. 
Master Thesis, Oklahoma State University. 

Chiasson, A.D., 2012. Thermal Response Testing of geothermal wells for downhole 
heat exchanger applications, Thirty-Seventh Workshop on Geothermal 
Reservoir Engineering, Stanford University, Stanford, California. 

China Geology Survey (CGS), 2006. China geothermal resource and the 
development, Government Report, Beijing. 

Chugunov, V., Fomin, S., Hashida, T., 2003. Heat flow rate at a bore-face and 
temperature in the multi-layer media surrounding a borehole. International 
Journal of Heat and Mass Transfer, 46(25): 4769-4778  

Churchill, S.W., Bernstein, M., 1977. A correlating equation for forced convection 
from gases and liquids to a circular cylinder in crossflow. Journal of Heat 
Transfer, 99(1): 300-306. 

Clauser, C., Giese, P., Huenges, E., Kohl, T., Lehmann, H., Rybach, L., Šafanda, J., 
Wilhelm, H., Windloff, K., Zoth, G., 1997. The thermal regime of the crystalline 
continental crust: Implications from the KTB. Journal of Geophysical Research, 
102(B8): 18417-18441. 

Cong, B., Zhai, M., Carswell, D. A., Wilson, R. N., Wang, Q., Zhao, Z., Windley, B. F., 
1995. Peotrgenesis of ultrahigh-pressure rocks and their contry rocks at 
Shuanghe in Dabieshan,Central China. European Journal of Mineralogy, 7: 
119-138. 

Diao, N., Li, Q., Fang, Z., 2004. Heat transfer in ground heat exchangers with 
groundwater advection. International Journal of Thermal Sciences, 43: 1203-
1211. 

Dickson, M. H., Fanelli, M., 2005. Geothermal energy: utilization and technology. 

Routledge, London. 

DiPippo, R., 2012. Geothermal Power Plants: Principles, Applications, Case Studies 
and Environmental Impact (3rd Edition). Butterworth-Heinemann, Oxford. 

Dowdle, W.L., Cobb, W.M., 1975. Static formation temperature from well logs-an 
empirical method. Journal of Petroleum Technology, 27(11): 1326-1330. 



 

131 

 

Dropkin, D., Somercales, E., 1965. Heat transfer by natural convection in liquids 
confined by two parallel plates which are inclined at various angles with 
respect to horizontal. Journal of Heat Transfer, 87: 77. 

Durucan, E., Olcenoglu, K., 1970. Geothermal drilling and preliminary test operations 
at Kizildere, Turkey. Geothermics, 2: 1463-1466. 

Edwardson, M.J., Gimer, H.M., 1961. Calculation of formation temperature 
disturbance caused by mud circulation. Journal of Petroleum Technology, 4: 
416-426. 

Eklöf, C., Gehlin, S., 1996. TED - A mobile equipment for Thermal Response Test. 
Master Thesis, Luleå University of Technology, Sweden. 

Energy Research Centre of the Netherlands (ECN), 2011. European Environment 
Agency: Renewable energy projections as published in the national renewable 
energy action plans of the European member states, Executive Summary, 1. 
February 2011, www.ecn.nl. 

Espinosa-Paredes, G., Garcia-Gutierrez, A., 2003. Estimation of static formation 
temperatures in geothermal wells. Energy Conversion and Management, 44(8): 
1343 - 1355. 

Falconer, K., 2003. Fractal geometry: mathematical foundations and applications. 
John Wiley & Sons, New York. 

Fishenden, M., Saunders, O.A., 1950. An introduction to heat transfer. Oxford 
University Press, London. 

Furlong, K., Chapman, D.S., 1987. Thermal state of the lithosphere. Reviews of 
Geophysics, 25(6): 1255-1264. 

Gabolde, G., Nguyen, J.P., 1991. Drilling data handbook. Technip, Paris. 

Gallup, D.L., 2009. Production engineering in geothermal technology: a review. 
Geothermics, 38: 326-334. 

Gao, C., 2003. Empirical heat transfer model for slug flow and bubble flow in vertical 
subsea pipes, Nigeria Annual International Conference and Exhibition. Society 
of Petroleum Engineers, Abuja, Nigeria. 

Ge, S., 1998. Estimation of groundwater velocity in fracture zones from well 
temperature profiles. Journal of Volcanology and Geothermal Research, 84: 
93-101. 

Gimenez, D., Perfect, E., Rawls, W.J., Pachepsky, Y., 1997. Fractal models for 
predicting soil hydraulic properties: a review. Engineering Geology, 48: 161-
183. 

Grant, M.A., Bixley, P.F., 2011. Geothermal reservoir engineering. Elservier, Oxford. 

Griston, S., Willhite, G.P., 1987. Numerical model for evaluating concentric steam 
injection wells, SPE California Regional Meeting. Society of Petroleum 
Engineers Ventura, California. 

Gudmundsson, J.S., 1988. The elements of direct uses. Geothermics, 17: 119-136. 

Gunn, C.I.M., Freeston, D.H., Hadgu, T., 1992. Principles for wellbore simulator 
validation and calibration using matching analysis - I Analytical techniques. 
Geothermics, 21: 341–361. 



 

132 

 

Harris, O.O., Osisanya, O.S., 2005. Evaluation of equivalent circulating density of 
drilling fluids under high-pressure/high-temperature conditions, SPE Annual 
Technical Conference and Exhibition. Society of Petroleum Engineers, Dallas, 
Texas. 

Hasan, A.R., Kabir, C.S., 1994a. Aspects of wellbore heat transfer during two-phase 
flow. SPE Production & Facilities, 9(3): 211-216. 

Hasan, A.R., Kabir, C.S., 1994b. A fluid circulating temperature model for workover 
operations. SPE Journal, 1(2): 133-144. 

Hasan, A.R., Kabir, C.S., 1994c. Static reservoir temperature determination from 
transient data after mud circulation. SPE Drilling & Completion, 9(1): 17-24. 

Hasan, A.R., Kabir, C.S., 2002. Fluid flow and heat transfer in wellbores. Society of 
Petroleum Engineers, Texas. 

Hasan, A.R., Kabir, C.S., 2010. Modeling two-phase fluid and heat flows in 
geothermal wells. Journal of Petroleum Science and Engineering, 71(1-2): 77-
86. 

Hasan, A.R., Kabir, C.S., Sayarpour, M., 2010. Simplified two-phase flow modeling in 
wellbores. Journal of Petroleum Science and Engineering, 72(1-2): 42-49. 

Hasan, A.R., Kabir, C.S., Wang, X., 2009. A robust steady-state model for flowing-
fluid temperature in complex wells. SPE Production & Operations, 24(2): 262-
276. 

He, L.-J., Hu, S.-B., Yang, W.-C., Wang, J.-Y., Yang, S.-C., Yuan, Y-S., Cheng, Z-Y., 
2006. Temperature measurement in the main hole of the Chinese Continental 
Scientific Drilling. Chinese Journal Geophysics (in Chinese), 49(3): 745-752. 

He, S., He, P., Yin, C., Xu, B., 2002. A wellbore temperature model & its' parametric 
sensitivity analysis. Journal of Southwest Petroleum Institute (in Chinese), 
24(1): 57-60. 

He, S.M., Xu, B.H., He, P., Chen, Y., Song, Z.C., 2000. Laboratory study on heat 
capacity of cenment slurry and drilling fluids. Journal of Southwest Petroleum 
University (in Chinese), 22(4): 65-69. 

Hecht-Méndez, J., Molina-Giraldo, N., Blum, P., Bayer, P., 2010. Evaluating 
MT3DMS for heat transport simulation of closed geothermal systems. Ground 
Water, 48(5): 741-756. 

Hidalgo, J.J., Carrera, J., Dentz, M., 2009. Steady state heat transport in 3D 
heterogeneous porous media. Advances in Water Resources, 32(8): 1206-
1212. 

Holman, J.P., 1981. Heat transfer. McGraw-Hill, New York. 

Holmes, C.S., Swift, S.C., 1970. Calculation of circulating mud temperatures. Journal 
of Petroleum Technology, 22(6): 670-674. 

Hu, S., He, L., Wang, J., 2000. Heat flow in the continental area of China: a new data 
set. Earth and Planetary Science Letters, 179(2): 407-419. 

Hu, X., 1985. Physical state of fluid in high temperature geothermal reservoir and 
well-hydrothermodynamic analysis and calculation. Acta geologica Sinica (in 
Chinese), 1: 74-86. 

Incropera, F.P., DeWitt, D., P., 2001. Fundamentals of heat and mass transfer. John 
Wiley & Sons, Hoboken. 



 

133 

 

Kabir, C.S., Hasan, A.R., Kouba, G.E., Ameen, M., 1996. Determining circulating fluid 
temperature in drilling, workover, and well control operations. SPE Drilling & 
Completion, 11(2): 74-79. 

Kanev, K., Ikeuchi, J., Kimura, S., Okajima, A., 1997. Heat loss to the surrounding 
rock formation from a geothermal wellbore. Geothermics, 26(3): 329-349. 

Karstad, E., Aadnoy, B.S., 1997. Analysis of temperature measurements during 
drilling, SPE Annual Technical Conference and Exhibition. Society of 
Petroleum Engineers San Antonio, Texas. 

Katz, A.J., Thompson, A.H., 1985. Fractal sandstone pores: implications for 
conductivity and pore formation. Physical Review Letters, 54(12): 1325-1328. 

Kays, W.M., Leung, E.Y., 1963. Heat transfer in annular passages-hydrodynamically 
developed turbulent flow with arbitrarily prescribed heat flux. International 
Journal of Heat and Mass Transfer, 6(7): 537-557. 

Keller, H.H., Couch, E.J., Berry, P.M., 1973. Temperature distribution in circulating 
mud columns. SPE Journal, 13(1): 23-30. 

Ketcham, R.A., 1996. Distribution of heat producing elements in the upper and 
middle crust of southern and west central Arizona: evidence from the core 
complexes. Journal of Geophysical Research, 101(B6): 13611-13632. 

Khasani, Itoi, R., Tanaka, T., Fukuda, M., 2002. An analysis of pressure drops in 
wellbore, under low flow rate conditions, shown on a deliverability curve, 
Proceedings  24th NZ geothermal workshop, New Zealand, pp. 115-120. 

Kirkpatrick, C.V., 1959. Advances in gas-lift technology. Drilling and Production 
Practices, 3: 24-60. 

Kiryukhin, A.V., Yampolsky, V.A., 2004. Modeling study of the Pauzhetsky 
geothermal field, Kamchatka, Russia. Geothermics, 33(4): 421-442. 

Kukkonen, I.T., Šafanda, J., 1996. Palaeoclimate and structure: the most important 
factors controlling subsurface temperatures in crystalline rocks. A case history 
from Outokumpu, eastern Finland. Geophysical Journal International, 126: 
101-112. 

Kutasov, I.M., Eppelbaum, L.V., 2005. Determination of formation temperature from 
bottom-hole temperature logs - a generalized Horner method. Journal of 
Geophysical Engineering, 2(2): 90-96. 

Leblanc, Y., Pascoe, L.J., Jones, F.W., 1981. The temperature stabilization of a 
borehole. Geophysics, 46(9): 1301-1303. 

Lesem, I.B., Greytok, F., Marotta, F., McKetta, J.J., 1957. A method of calculating the 
distribution of temperature in flowing gas wells. Petroleum Transactions, AIME, 
210: 169-176. 

Li, K., Horne, R.N., 2006. Fractal modeling of capillary pressure curves for the 
Geysers rocks. Geothermics, 35: 198-207. 

Lindal, B., 1973. Industrial and other applications of geothermal energy. In: Armstead, 
H.C.H., ed., Geothermal Energy. UNESCO, Paris. 

Liou, J.G., Wang, Q., Zhai, M., Zhang, R.Y., Cong, B., 1995. Ultrahigh-P 
metamorphic rocks and their associated lithologies from the Dabie mountains, 
central China: a field trip guide to the 3rd International Eclogite Field 
Symposium. Chinese Science Bulletin, 40Suppl.: 1-71. 



 

134 

 

Liu, J., Duan, Y., He, W., Li, J., Zeng, Z., 2010. Calculation method of wellbore 
temperature distribution in high temperature  well. Journal of Chongqing 
University of Science and Technology (in Chinese), 1: 191-193. 

Lu, D., Zeng, Y., Guo, Y., 2002. Analytical solution of temperature in wellbore and 
formation in multi-layer. Journal of Hydrodynamics (in Chinese), 17(3): 382-
390. 

Lu, N., Ge, S., 1996. Effect of horizontal heat and fluid flow on the vertical 
temperature distribution in the semi-confining layer. Water Resources 
Research, 32(5): 1449-1454. 

Lu, X.L., Watson, A., Gorin, A.V., Deans, J., 2006. Experimental investigation and 
numerical modelling of transient two-phase flow in a geysering geothermal 
well. Geothermics, 35(4): 409-427. 

Lu, Y., 2005. Research on exploitation and problems of geothermal resource. Yellow 
River Water Conservancy Press (in Chinese), Zhengzhou. 

Lund, J.W., Freeston, D.H., 2001. World-wide direct uses of geothermal energy 2000. 
Geothermics, 30: 29-68. 

Lund, J.W., Freeston, D.H., Boyd, T.L., 2005. Direct application of geothermal energy: 
2005 worldwide review. Geothermics, 34: 691-727. 

Mandelbrot, B.B., 1967. How long is the coast of Britain? Statistical selfsimilarity and 
fractional dimension. Science, 155: 636-638. 

Manetti, G., 1973. Attainment of temperature equilibrium in holes during drilling. 
Geothermics, 2(3-4): 94-100. 

Marshall, D.W., Bentsen, R.G., 1982. A computer model to determine the 
temperature distributions in a wellbore. Journal of Canadian Petroleum 
Technology, 21(1): 63-75. 

Molina-Giraldo, N., Bayer, P., Blum, P., 2011a. Evaluating the influence of 
mechanical thermal dispersion on temperature plumes from geothermal 
systems using analytical solutions. International Journal of Thermal Sciences, 
50(7): 1223-1231. 

Molina-Giraldo, N., Blum, P., zhu, K., Bayer, P., Fang, Z., 2011b. A moving finite line 
source model to simulate borehole heat exchangers with groundwater 
advection. International Journal of Thermal Sciences, 50(12): 2506-2513. 

Morita, K., Tago, M., 1995. Development of the down-hole coaxial heat exchanger 
system: potential for fully utilizing geothermal resources. Geothermal 
Resources Council Bulletin, 24(3): 83-92. 

Moya, S.L., Aragon, A., Iglesias, E., Santoyo, E., 1998. Prediction of mass 
deliverability from a single wellhead measurement and geothermal in flow 
performance reference curves. Geothermics, 27: 317-329. 

Nakai, S., Okazaki, T., 1968. Heat transfer from a horizontal cylinder at small grashof 
numbers. Transactions of the Japan Society of Mechanical Engineers, 34(258): 
331-335. 

Nakicenovic, N., Gruebler, A., McDonald, A. (Eds.), 1998. Global energy 
perspectives. Cambridge University Press, London. 



 

135 

 

Newell, C.J., McLeod, R.K., Gonzales, J.R., 1996. BIOSCREEN: natural attenuation 
decision support system, version 1.3, user's manual. Air Force Center for 
Environmental Excellence, Washington, D. C. 

Norden, B., Foerster, A., Balling, N., 2008. Heat flow and lithospheric thermal regime 
in the Northeast German Basin. Tectonophysics, 460(1-4): 215-229. 

Nowak, T.J., 1953. The estimation of water injection profiles from temperature 
surveys. Petroleum Transactions, AIME, 198: 203-212. 

Philip, J.R., De Vries, D.A., 1957. Moisture movement in porous materials under 
temperature gradients. Transactions, American Geophysical Union, 38(2): 
222-232. 

Pourafshary, P., Varavei, A., Sepehrnoori, K., Podio, A., 2009. A compositional 
wellbore/reservoir simulator to model multiphase flow and temperature 
distribution. Journal of Petroleum Science and Engineering, 69(1-2): 40-52. 

Qiao, Z., Ye, C., 2008. Mathematical modeling and solving for  temperature 
distribution in injection wells. Natural Gas Technology (in Chinese), 2(3): 30-32. 

Qu, J., Song, Y., Du, H., 2000. Study and application of a novel foam cement. Drilling 
Fluid & Completion Fluid (in Chinese),  17(4): 11-14. 

Ramey, H.J., 1962. Wellbore heat transmission. Journal of Petroleum Technology, 
14(4): 427-435. 

Raymond, L.R., 1969. Temperature distribution in a circulating drilling fluid. Journal of 
Petroleum Technology, 21(3): 333-341. 

Rohsenow, W.M., Hartnett, J.P., Cho, Y.I., 1998. Handbook of heat transfer. 
McGraw-Hill, New York. 

Romero, J., Toboul, E., 1998. Temperature prediction for deepwater wells: a field 
validated methodology, SPE Annual Technical Conference and Exhibition, 
New Orleans, Louisiana. 

Rubin, H., 1981. Thermal convection in a nonhomogeneous aquifer. Journal of 
Hydrology, 50: 317-331. 

Rybach, L., 1988. Determination of heat production rate. In: Haenel, R., Rybach, L., 
Stegena, L. (Eds.), Handbook of terrestrial heat-flow density determination. 
Kluwer Academic Publishers, Dordrecht. 

Sagar, R.K., Dotty, D.R., Schmidt, Z., 1991. Predicting temperature profiles in a 
flowing well. SPE Production Engineering, 11: 441-448. 

Sanner, B., Karytsas, C., Mendrinos, D., Rybach, L., 2003. Current status of Ground 
Source Heat Pumps and underground thermal energy storage. Geothermics, 
32: 579-588. 

Satter, A., 1965. Heat losses during flow of steam down a wellbore. Journal of 
Petroleum Technology, 17(7): 845-851. 

Schlumberger, M., Doll, H.G., Perebinossoff, A.A., 1937. Temperature 
measurements in oil wells. Journal of the Institute of Petroleum Technologists, 
23(159): 1-25. 

Schulz, S.U., 2008. Investigations on the improvement of the energy output of a 
Closed Loop Geothermal System (CLGS). Doctor Thesis, Technische 
Universität Berlin, Berlin. 



 

136 

 

Seipold, U., Huenges, E., 1998. Thermal properties of gneisses and amphibolites - 
high pressure and high temperature investigations of KTB-rock samples. 
Tectonophysics, 291: 173-178. 

Sheriff, N., 1966. Experimental investigation of natural convection in single and 
multiple vertical annuli with high pressure carbon dioxide, Proceedings of the 
Third International Heat Transfer Conference, Chicago, Illinois pp. 132-138. 

Shi, Y., Song, Y., Xing, L., 2006. Radial temperature distribution in production oil 
wells. Journal of Daqing Petroleum Institute (in Chinese), 30(1): 10-11. 

Shiu, K.C., Beggs, H.D., 1980. Predicting temperature in flowing oil wells. Journal of 
Energy Resources Technology, 3: 2-11. 

Somerton, W.H., 1992. Thermal properties and temperature-related behavior of 
rock/fluid systems. Eisevier, New York. 

Spichak, V.V., 2006. Estimating temperature distributions in geothermal areas using 
a neuronet approach. Geothermics, 35: 181-197. 

Tóth, A., 2006. Heat losses in a planned Hungarian geothermal power plant, 
PROCEEDINGS, Thirsty-First Workshop on Geothermal Reservoir 
Engineering, Stanford University, Stanford, California. 

Tóth, A., Bobok, E., 2008. Limits of heat transfer extraction from dry hole, 
PROCEEDINGS, Thirty-Third Workshop on Geothermal Reservoir 
Engineering, Stanford University, Stanford, California.  

Taitel, Y., Bornea, D., Dukler, A.E., 1980. Modelling flow pattern transitions for steady 
upward gas-liquid flow in vertical tubes. AIChE Journal, 26(3): 345-354. 

Tang, H., Zhang, J., Wang, T., Chen, W., Duan, Y., 2010. Prediction for temperature 
distribution in offshore high-temperature oilwells. Journal of Daqing Petroleum 
Institute (in Chinese), 34(3): 96-100. 

Tang, L., Feng, W., Wang, L., 1998. Determining instantaneous state temperature in 
the borehole and the wall. Drilling Fluid & Completion Fluid (in Chinese), 15(5): 
29-33. 

Tang, S., Liu, C., 2009. Research of temperature distribution in wellbore of high 
pressure gas wells. Well Testing (in Chinese), 18(5): 23-25, 29. 

Taylor, S.R., McLennan, S.M., 1985. The continental crust: its composition and 
evolution. Blackwell, Oxford. 

Taylor, S.R., McLennan, S.M., 1995. The geochemical evolution of the continental 
crust. Reviews of Geophysics, 33: 241-265. 

Thirumaleshwar, M., 2006. Fundamentals of heat & mass transfer. Dorling Kindersley 
(India) Pvt. Ltd., Delhi. 

Thompson, M., Burgess, T.M., 1985. The prediction of interpretation of downhole 
mud temperature while drilling, SPE Annual Technical Conference and 
Exhibition. Society of Petroleum Engineers Las Vegas, Nevada. 

Tian, S., Finger, J.T., 2000. Advanced geothermal wellbore hydraulics model. Journal 
of Energy Resources Technology, 122: 142-146. 

Tragesser, A.F., Grawford, P.B., Crawford, H.R., 1967. A method for calculating 
circulating temperature. Journal of Petroleum Technology, 19(11): 1507-1512. 



 

137 

 

Valladares, O.G., Upton, P.S., Santoyo, E., 2006. Numerical modeling of flow 
processes inside geothermal wells: an approach for predicting production 
characteristics with uncertainties. Energy Conversion and Management, 
47(11-12): 1621-1643. 

Wang, J.-Y., Hu, S.-B., Cheng, B.-H., Li, T.-J., Yang, W.-C., Cheng, Z-Y., 2001. 
Predication of the deep temperature in the target area of the Chinese 
Continental Scientific Drilling. Chinese Journal Geophysics, 44(6): 774-782. 

Wang, J., Xiong, L., Yang, S., 1985. Geothermics and petroleum. Science Press, 
Beijing. 

Wang, M., 1994. Quantitative calculation of wellbore heat transmission for steam 
injection wells. Journal of the University of Petroleum (in Chinese), 18(4): 77-
82. 

Willhite, G.P., 1967. Overall heat transfer coefficients in steam and hot water 
injection wells. Journal of Petroleum Technology, 19(5): 607-615. 

Willhite, G.P., Wilson, J.H., Martin, W.L., 1967. Use of an insulating fluid for casing 
protection during steam injection. Journal of Petroleum Technology, 19(11): 
1453-1456. 

Witterholt, E.J., Tixier, M.P., 1972. Temperature logging in injection wells, SPE 
Annual Fall Meeting, San Antonio, pp. 8-11. 

Wolff, H., 2006. Verfahren zum Erstellen eines untertägig geschlossenen 
geothermischen Wärmetauschers und Einrichtung zur Nutzung der Erdwärme 
aus großen Tiefen in einem geschlossenen Rohrsystem. Patent Nr. DE 
102005036472 B3, Deutsches Patent- und Markenamt, München. 

Wolff, H., et al., 2004. Untersuchung eines Untertägig Geschlossenen 
Geothermischen Wärmetauschers zur standortunabhängigen, 
umweltschonenden Bereitstellung regenerativer Energie. Schlussbericht zum 
BMU-ZIP Projekt Nr. 0327506. Unpublished, Berlin. 

Wu, J., Shi, X., Li, S., Gan, Y., Yi, J., 2006. The solution of wellface's temperature 
through Finite Difference Method. Inner Mongulia Petrochemical Industry (in 
Chinese), 12: 160-162. 

Yang, S., Tao, W., 1998. Heat transfer. Higher Education Press, Beijing. 

Yang, X., Fan, H., Zhao, L., 2008. A new way to predict borehole flowing temperature 
distribution. Petroleum Geology & Oilfield Development in Daqing (in Chinese), 
27(4): 76-81. 

Yu, B., Zou, M., Feng, Y., 2005. Permeability of Fractal porous media by Monte Carlo 
simulations. International Journal of Heat and Mass Transfer, 48(13): 2787-
2794. 

Yu, M., Li, M., Li, J., 2008. Analogue calculation of temperature distribution for two-
phase flow in vertical pipes. Journal of Qiqihar University (in Chinese), 24(5): 
40-44. 

Yu, X., 2007 Research and application of temperature distribution for two-phase flow 
in vertical pipes. Master Thesis, China University of Petroleum, Beijing. 

Zeng, X., Liu, Y., Li, Y., Li, Y., 2003. Mechanism model for predicting the distributions 
of wellbore pressure and temperature. Journal of Xi'an Petroleum Institute (in 
Chinese), 18(2): 40-44. 



 

138 

 

Zhang, J.R., Zhao, T.Y., 1987. Thermophysical Properties Manual of Normal 
Materials in Engineering. New Age Press, Beijing. 

Zhang, Y., Song, J., 2005. Temperature-circled profile rule in well hole. Inner 
Mongulia Petrochemical Industry (in Chinese), 31(12): 127-128. 

Zhao, Z., 2009. Study on borehole temperature distribution for ultra-deep gas well. 
Science & Technology Information (in Chinese), 27: 26-27. 

Zheng, K., Pan, X., 2009. Status and Prospect of Geothermal Generation 
Development in China. Sino-Global Energy, 14(2): 45-48. 

Zhong, B., Fang, D., Fu, J., Shi, T., 2001a. Numerical calculation of borehole fluid 
flowing-heat transfer coupling in the process of drilling. Natural Gas 
Technology (in Chinese), 21(4): 57-59. 

Zhong, B., Fang, D., Shi, T., 1999. A new model to predict temperature distribution in 
a wellbore while drilling. Journal of Southwest Petroleum Institute (in Chinese), 
21(4): 53-56. 

Zhong, B., Fang, D., Shi, T., 2001b. A 3-D conjugate numerical model for flow and 
heat transfer in wellbores. Journal of Southwest Petroleum Institute (in 
Chinese), 18(3): 33-40. 

Zhong, B., Fang, D., Shi, T.H., 2000. Sensibility analysis of the factors affecting 
temperature in well bore. Natural Gas Technology (in Chinese), 20(2): 57-60. 

Zhou, F., 2007. The analysis of shallow ground thermal capacity testing and ground 
temperature accumulation at Olympic Forest Park. Master Thesis, China 
University of Geosciences (Beijing), Beijing. 


