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ABSTRACT 

 

 

 

     This thesis focuses on the mathematical modeling of transient flow in a 

producing gas well. A producing gas well is a well that has enough pressure to push 

the gas from the reservoir to the wellhead. Most previous models considered steady 

state conditions with simplified governing equations that neglect some important 

parameters such as gas compressibility and gas flow propagations.  This situation led 

to partial prediction or poor perception of the behavior of the flow characteristics, 

making it difficult to predict the productive capability of the producing well and 

could also lead to its early or premature closure. The present work incorporates a 

source term in the governing equations which take into account the inflow, well 

geometry, temperature difference and sound wave propagation. Other parameters 

considered include the thermal conductivity of the flow environment, the formation 

permeability, the inclination angles of well, and the diameter of the tubing, casing 

and wellbore. The governing equations comprising non-linear partial differential 

equations are solved numerically using the finite difference implicit Steger-Warming 

flux vector splitting method (FSM). Validation with an existing work has been 

carried out with a well-depth of 3000 m, wellhead and bottomhole   pressure 9.5 of  

Mpa, well  temperature 273 K, and  mass flow rate of 9 kg/s. In determining the 

productive capability of the gas well, the inflow characteristics from reservoir to the 

bottom of the wellbore at different mass flow rates and inclinations of the well are 

considered. At reservoir pressure of 6000 Mpa, wellbore pressure 5800 Mpa, inlet 

velocity 40 m/s and productivity index of 20 Mpa, with the mass flow rate varying 

from 2 kg/s to 9 kg/s, and inclination angles taken to vary at  15o intervals, the inflow 

characteristics from the reservoir to the bottom of the wellbore are observed to be 

increasing with depth, which indicate that the gas well under consideration is capable 

of production.  However, when the mass flow rate is less than 2 kg/s, the inflow 

pressure, temperature and velocity decrease indicating the inability of the well to 

produce. Temperature changes between the flowing fluid and formation interface are 

observed to influence the inflow characteristics which also depend on the outer 

diameter of tubing, casing and their thermal conductivities.  
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ABSTRAK 

 

 

            

 Tesis ini memberi tumpuan kepada model matematik aliran sementara dalam 

telaga pengeluar gas. Telaga pengeluar gas merupakan telaga yang mempunyai 

tekanan yang cukup untuk menolak gas dari reservoir ke kepala telaga. Kebanyakan 

model sebelum ini mengambil kira keadaan mantap dengan persamaan menakluk 

yang lebih ringkas  dengan mengabaikan beberapa parameter penting seperti 

kebolehmampatan gas dan perambatan aliran gas. Keadaan ini membawa kepada 

ramalan separa atau persepsi salah  terhadap sifat-sifat aliran, yang boleh 

menyukarkan  untuk meramal produktiviti  telaga pengeluar dan  boleh juga  

menyebabkan telaga pengeluar ditutup lebih awal sebelum masanya. Kajian ini 

mempertimbangkan   sebutan sumber dalam persamaan menakluk yang mengambil 

kira aliran masuk, geometri telaga, perbezaan suhu dan perambatan gelombang 

bunyi. Parameter lain yang dipertimbangkan termasuk kekonduksian haba di 

persekitaran aliran, kebolehtelapan pembentukan, sudut kecondongan telaga dan 

garis pusat tiub, casing dan lubang telaga. Persamaan menakluk  terdiri daripada 

persamaan pembezaan separa tak linear telah diselesaikan secara berangka 

menggunakan kaedah perbezaan terhingga tersirat Steger-Warming flux vector 

(FSM).  Hasil kajian disahkan dengan kajian sedia pada  kedalaman telaga 3000 m, 

tekanan kepala telaga dan dasar telaga 9.5 Mpa, suhu 273 K, kadar aliran jisim 9 

kg/s. Dalam menentukan kemampuan produktif telaga gas, sifat-sifat aliran masuk 

dari reservoir ke lubang bawah telaga pada kadar aliran jisim dan kecondongan 

telaga yang berbeza diambil kira. Pada tekanan reservoir 6000 Mpa, tekanan lubang 

telaga 5800 Mpa, halaju masuk 40 m/s dan indeks produktiviti 20 Mpa, dengan kadar 

aliran jisim berubah dari 2 kg/s hingga 9 kg/s, dan sudut kecondongan berubah pada 

selang 15o, ciri-ciri aliran masuk dari reservoir ke bahagian bawah lubang telaga 

meningkat terhadap kedalaman telaga, yang menunjukkan bahawa telaga gas 

mempunyai keupayaan pengeluaran.  Namun, apabila kadar aliran jisim kurang dari 

2kg/s, tekanan aliran masuk, suhu dan halaju menurun menunjukkan telaga tidak 

berupaya mengeluarkan  gas. Perubahan suhu antara aliran bendalir dan 

pembentukan antaramuka didapati mempengaruhi ciri-ciri aliran masuk yang 

bergantung juga kepada diameter luar tiub, casing dan kekonduksian haba. 
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CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

1.1       Research Background 

 

A producing well refers to the type of well that has enough pressure to push 

the gas to the surface (wellhead), but when the pressure is low and cannot push the 

fluid to the wellhead a gas is injected into the reservoir to boost the pressure and the 

well is now refers to as injection well.  In a continuous gas production, the formation 

gas is supplemented with additional high pressure gas from outside surface by 

injecting gas into the producing conduit at a maximum pressure that depend on the 

injection pressure and depth.  The injected gas mixed with the produced well fluid 

and decreases the density and subsequently the flowing pressure gradient which 

causes the flowing bottomhole pressure to create a pressure differential that allows 

the fluid to flow into the wellbore.  On the other hand when it is completely flowing, 

such that no fluid is injected it is refers to as fully developed well flow.   Producing 

wells are drilled thousands of feet into the earth directly into gas rich deposits 

contained in underground formations  but where rock permeability is strong or in 

offshore (water well) they are drilled in inclined positions (Figure 1.1).  In producing 

gas well there is no oil production.  

 

Presently producing gas wells are of increasing importance because it is the 

most energy efficient fossil fuel offering important energy solving benefit in the field 

of economic, industrial, power, agriculture and environmental considerations when 

used instead of oil or coal.  It is available, accessible, versatile and clean. This has 
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been highlighted by the International Energy Agency (IEA) in May 2013, that the 

global demand for gas could likely rise more than 50% by 2035 and over 56% by 

2040 from 2010 levels. These reasons motivated engineers to search for gas 

reservoirs and to drill gas wells in order to meet the world demand as gas produced 

along with oil are flared as unwanted products.  

 

 

 

Figure 1.1: Producing Gas well 

 

 In homogenous flow of oil and gas, gas density and viscosity are much lighter 

compared to oil, making flaring easier (see Figure 1.2) and simultaneous production 

difficult.  
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Figure 1.2: Gas flaring (Climate Guest Contributor, 2011) 

 

The flaring of gas in oil production has led to search for reservoirs containing 

only gas.   Several methods are used in searching for gas reservoirs and subsequent 

drilling (see Figure 1.3).  Most of these methods are carried out experimentally using 

Seismic sound sensor or laboratory equipment. The sensor can be inserted into the 

ground surface where pressure movement can be detected or mud can be tested in a 

laboratory which will shows presence of oil but since oil well flare gas the sound 

sensor is most applied for gas reservoir detection.  The tool in (Figure 1.3) is use to 

study underground movement of fluid such as earth quake, Oil or gas that are located 

deep below the earth surface (Bob, 2013).  Seismic wave are sent deep into the earth 

and allowed to bounce back.  Geophysicists record the wave to learn about oil and 

gas reservoirs located beneath Earth’s surface. Due its sensitivity it is usually stop 

when wind get up to 20 miles an hour or higher because wind shake grass and affects 

its signal. These reservoirs are located deep or shallow depending on the 

environment and gas is obtained as a result of sedimentary processes that occur over 

an extensive geological history both on land (onshore) and on sea (offshore).    
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Figure 1.3: Seismic Sound Sensor to detect Gas Reservoir (Bob, 2013) 

 

 

Transient flow in a gas well is a situation where the flow characteristics are 

changing with both space and time. Well geometry, friction, starting or stopping of a 

pump, well inclination, thermal conductivities of the flow environment are some of 

the factors that causes changes to the flow characteristics with space and time.  

Transient condition in producing gas well is only applicable for relatively short 

period after disturbances has been created in the reservoir.   

  

The complex well geometry consists of different layers where each layer has 

different thermal conductivities that cause temperature of a flowing fluid to change 

with both space and time.  In the wellbore heat transfer also occurs when there is an 

exchange of temperature between the flow environment and the undisturbed 

formation.  In heat transfer application it has been observed the steady state transient 

over estimates the temperature increase in the wellbore at early time but at long time 

it disappear (Wu, 1990).  For this reason the steady state solution is always 

considered as initial when solving the transient condition (Zhou and Adewumi, 

1995). 
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1.2       Statement of the Problem 

 

During production or injection, flow characteristics of gas moving from 

reservoir to the wellhead change as time goes on because the distance it covers has 

different thermal conductivities due to their permeable formations.    In the past focus 

was mainly on studying the producing well and its formation under steady state 

conditions but this may lead to partial prediction of the distribution of the flow 

characteristics since they occurs in transient conditions.  Traditionally, it relies on 

pressure gauge, thermometer and empirically derived graph based on steady state 

flow conditions but the disadvantage of these methods is that in high pressure and 

high temperature gas wells, it is not easy to install these materials and sometimes 

may lead to well accident or inaccurate prediction.  There are many factors in the 

well which may cause the changes in the flow with time during production; these 

factors are well roughness, casing and tubing, cementing, thermal conductivities, 

thermal resistance and convection.  To predict the transient flow in a producing well 

these factors which are always neglected in the past analysis must to be considered 

because knowing them will help to improve, analyze and forecast reservoir/well 

performance.  

 

Wellhead and bottomhole has been in used for calculating the behavior of 

static flow characteristics but the transient aspect has always been neglected it is 

therefore important to study the behavior of the flow characteristics at the 

wellhead and the bottomhole under the transient condition. 

 

Compressibility of a fluid is basically a measure of change in density that will 

be produced from the well by a specified change in pressure.  Gases are, in general, 

highly compressible and assuming it to be constant will not give its actual flow 

behavior during production.  This is because pressure change will induce density 

changes since it is a function of density and sound wave (celerity), therefore this will 

have an influence on the flow.   

 

Due to permeability of formation gas wells are not always vertical but 

sometimes are drilled in an inclined position, therefore including inclination in gas 
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well analysis will give the general behavior of the flowing fluid.  What effect does 

well inclination have on the transient flow characteristics?  Most analysis shows that 

the inflow properties from the reservoir to the producing well are always constant; 

this assumption also cannot give the real situation of the flow due the change in the 

flow characteristics.  

  

In a fully developed flow the assumption that it is in uniform flow will not 

give a reliable results because of the flow geometry it is therefore important to 

investigate the behavior of the flow characteristics when the flow is  fully developed. 

Well geometry consists of transient temperature distribution due to thermal 

conductivity effect between the formation and the flow medium (tubing) where the 

flow occurs and such heat exchange between the flowing fluid and formation 

experiences changes both in time and space.  For good understanding of flow within 

the producing well, the effect these changes on the flow characteristics need to be 

investigated.  Most producing well analysis uses different method of solutions 

depending on their problem without considering sound wave propagation conditions. 

A method that can numerically solve a model with propagation effect is most needed 

therefore this research will apply the most suitable method that will solve our model 

which has propagation effect.  

 

 

 

 

1.3       Objectives of the Study 

 

Based on the problems above, the main objective of the research is to 

develop a mathematical model that can determine the behavior of the flow 

characteristics in a producing gas well.  It can be achieved by incorporating sound 

wave, inclination, inflow, friction and thermal conductivities of the flow 

environment. 

The specific objectives are; 

  To investigate the behavior of the flow characteristics at the wellhead and 

bottomhole of a producing well. 

 To investigate the behavior of the flow characteristics in a fully develop 

flow 
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 To develop a code based on mathematical model that can compute and 

simulate the behavior of the flow characteristics in a producing gas well. 

 

 

1.4 Scope of the Research 

  

One dimensional model is widely accepted to be sufficient in the analysis of 

transient compressible flow of gaseous fluid because it gives satisfactory solutions to 

many problems in fluid flow analysis (Daneshyar, 1976; Osiadacz, 1984).  In this 

study a one-dimensional transient compressible model has been used for investigating 

the behavior of flow characteristics in a producing gas well.  We consider vertical 

formation temperatures as linearly distributed and the well is assumed to be surrounded 

by homogeneous rock formation that extends to infinity.   In the absence of field data the 

boundary conditions are numerically treated as provided by (Zhou and Adewumi, 1995). 

 

 

1.5 Significance of the Study 

 

The significance of this work is that one want to determine gas well 

performance and the behavior of the flow characteristics during the production 

period.  Of significance also is the determination of thermal conductivities of the 

flow environment and the influence of the tubing, casing and well size on the flow 

characteristics. 

 

 

1.6  Organization of the Thesis 

 

In Chapter 1 we present the background of this work and based on the 

background, a statement of problem, objectives, scope and significance of the study 

were presented. 
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In Chapter 2 literature review on producing gas well for different works were 

presented.  Analytical and numerical solutions for problems in producing wells as 

presented by different authors have been reviewed.  Methods of solution for pipeline 

flow analysis has also been reviewed where the best method for the present work has 

been selected. 

  

Chapter 3 presents mathematical formulation for transient flow of gas in a 

producing well with heat transfer because once the effect of this parameter is 

integrated into the tubing performance prediction; the overall well performance can 

be calculated. We begin by presenting the general form of the governing equations 

where a source term was incorporated to account for flow parameters such as sound 

wave, heat transfer, inflow and inclination effects.  Initial and boundary conditions 

for this work were also presented. 

 

Chapter 4 describes the numerical procedure of implicit Steger-Warming flux 

vector splitting method to solve the governing equations.  Tridiagonal decomposition 

followed by treatment of boundary conditions was also presented. 

 

Chapter 5 presents the transient results of the flow characteristics obtained 

using the implicit Steger-Warming flux vector splitting method and were validated 

with existing ones.  The dynamic behavior of gas flow from the bottomhole to 

wellhead was presented on a rigid pipe of diameter 0.2158 m, depth 3000 m installed 

in the well.  The behavior of the flow characteristics are calculated based on known 

values of injection temperature i.e. (T =273 (K), 283  (K), 293(K), 303 (K) and 313

(K)) and two values of mass flow rate; w=2.1133kg/s and w=9.0572kg/s with 

0 9.5P   (Mpa).  Other well parameters are as follows; rrto = 0.073 m, rh = 0.2159 m, 

rco= 0.1397 m. rci = 0.12426 m, dx=0.01, Gt = 209 (Kw/mk), Geothermal temperature 

is T = 0.023x+b where b = 13.13. 

 

Chapter 6 presents transient behavior of the flow characteristics when the 

flow is fully developed and the well is in inclined position with influence of heat 

transfer between the flowing fluid and formation, casing and tubing. The behavior of 

the flow characteristics were also observed on different values of inclination In 

Chapter 7 we present the summary and conclusion of this work. 
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