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ABSTRACT  

 

A composite reservoir model is used to analyze well tests from a variety of 

secondary and tertiary recovery projects. Water flooding is widely used as a 

secondary recovery technique. Due to injection, a water bank and oil bank regions 

would be formed. Each region has its own rock and fluid properties. and the main 

scope of well test study during injection would give a clear idea of the displacement 

process of oil by water and to study the variation in fluid parameters in the reservoir. 

Pressure transient analysis of a two-region composite reservoir is considered 

extensively in the literature.  

 

An infinite reservoir with injection well placed at the centre of the reservoir is used 

to inject water at a constant rate, this gives rise to the applicability of line source 

solution. 1 dimensional radial homogeneous model is developed using ECLIPSE 

100. Injection and falloff analyses are made on this injection well, by initially 

assuming zero wellbore storage effects and zero skin.  

 

Initial studies from the pressure transient analysis showed the effects of the two 

banks formed. Injection and falloff studies were carried out for the initial case first. 

The pressure vs. time data generated from the numerical simulation model ECLIPSE 

100 for injection and falloff tests were further studied and their properties like skin, 

permeability and mobility were evaluated and compared with the input data. 

Saturation profile showed the movement of the two bank system, whereas, the total 

mobility profile showed variation in saturation gradient and the changes in total 

mobility away from the wellbore.  

 

Further studies were made by changing few input parameters and studying pressure 

behavior for both injection and falloff tests. Parameters studied were, effect of 

changing oil viscosity, relative permeability, wellbore storage, and skin. The changes 

in mobility ratio by changing oil viscosity showed different pressure behavior for 

each case, variation in the pressure curves were clearly visible after the flood out 

zone was reached. Multi-bank analysis method was found to be applicable for 

different sets of relative permeabilities. The effect of skin factor was only observed 
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when pressure difference was plotted against time, and showed no effect on the semi-

log plot, derivative plot and the mobility profile. Presence of wellbore storage on 

pressure curves was dominant during the early time region and the elimination of 

wellbore storage effects is very important for accurate interpretations of the early 

time region.           
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CHAPTER 1  

INTRODUCTION 

 

 Well test analysis is a branch of reservoir engineering. Information obtained 

from pressure transient tests about in situ reservoir conditions is essential to 

determine the productive capacity of the well and the reservoir. Testing injection 

wells is important for operation and efficient planning of both secondary and tertiary 

recovery projects. Throughout the life of an injection or a production well, from 

exploration to abandonment, a sufficient amount of well test data are collected to 

describe well condition and behavior. Pressures are very useful data in reservoir 

engineering. Directly or indirectly, they enter into all phases of reservoir engineering 

calculations. In general all well test analysis is conducted to meet the following 

objectives: 

¶ To evaluate well condition and reservoir characterization. 

¶ To obtain reservoir parameters for reservoir description, which includes skin 

factor, permeability, average reservoir pressure, drainage area, pressure and 

saturation distribution in the reservoir, etc;  

 

1.1 Background 

Throughout the world numerous water flooding projects are carried out to 

increase oil recovery. In offshore reservoirs, especially in large oil fields, water 

injection is initiated during the early stages of reservoir development. In mature 

water flooded fields, injection wells may be as numerous as the production wells. As 

injection begins, a saturation gradient is established in the reservoir, forming a region 

of high water saturation around the wellbore. As we move away from the wellbore, 

water saturation decreases until the flood front is reached. Therefore, a two bank 

reservoir is formed, i.e, water bank and an oil bank. Ahead of the injection front an 

oil bank with initial water saturation is located. This would yield different fluid 

mobilities in each bank and the knowledge of variation of mobilities and saturation 
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in the reservoir is needed to conduct water flooding operations effectively in the 

reservoir model.  

 

Application of injection well testing includes water flooding, pressure maintenance 

by water or gas injection, gas recycling, and enhanced oil recovery (EOR) 

operations. The objectives of injection tests are the same as those of production tests, 

namely permeability, skin, average reservoir pressure, detection of reservoir 

heterogeneity and front tracking, i.e, determination of the fluid interfaces that form in 

the reservoir as a result of injecting fluid that differs in its characteristics from the 

reservoir fluid. Injection performance (injectivity) and increasing wellbore damage 

over a long period of time are important to the economics of any recovery project. 

 

Injection well testing involves application of one or more of the following methods: 

1. Injectivity test 

2. Pressure falloff test 

3. Step-rate injectivity test 

 

Step-rate injectivity test deals with the determination of the pressure at which 

fracturing could be induced in the reservoir rock. In this test the injection rate is 

stepped up in successive periods for a certain period of time. In this thesis we only 

concentrate on injectivity test and pressure falloff test.  

 

In an injectivity test, bottom-hole pressure is recorded as soon as injection begins. If 

the injected fluid has exactly the same properties (density, viscosity, compressibility, 

and wetting characteristics) of the reservoir fluids, then an injectivity test would be 

similar to a pressure drawdown test except that the rate q would be negative. If the 

density of the injected fluid differs from the reservoir fluid, then the injected fluid 

will tend to ride over or sink below the reservoir fluid, this would therefore give false 

interpretation of the net pay, h, as compared to the drawdown tests under single 

phase fluid conditions. If the compressibility, wetting characteristics, and viscosity of 

the injected fluid are different from the reservoir fluid, an interface of front will form 

in the reservoir between reservoir and injected fluid, the permeability of the reservoir 

rock to each fluid will depend on its saturation, i.e relative permeability will play an 

important role. 
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Usually falloff test is done after pressure injectivity test. During a falloff test, 

injection is stopped and pressure is recorded at each time interval. Therefore pressure 

falloff test is similar to a pressure buildup test, only if the properties of reservoir fluid 

match with that of injected fluid. On the other hand, if the injected fluid has filled a 

substantial area around the well and the properties of the reservoir fluid differs with 

that of injected fluid, then a falloff test or a two-rate falloff test which is preceded by 

an injection period of a short duration could be interpreted in exactly the same way 

as a buildup or as a two-rate test.  In this case the pressure transients would have 

travelled only a short distance away from the well, hence a falloff test preceded by a 

short injection period would not be affected by the fluid interface in the reservoir 

between injected and reservoir fluid and therefore cannot be used for front tracking. 

If the area occupied by the injected fluid is quite large then the information obtained 

from an injection test could be comparable with that of the production test.  

 

For simplicity, this thesis will be restricted to a case of homogeneous single layered 

reservoir containing a single-phase fluid of constant properties. Saturation and 

injection pressure are also considered to be constant before injection, water is 

injected at a constant rate through a well which completely penetrates the formation, 

and the injection plot is even and independent of the density contrast between 

injected and reservoir fluids.  

   

1.2 Problem Statement 

Pressure transient testing for injection and falloff tests are used to estimate the 

reservoir properties of injection wells especially during secondary and tertiary 

recovery projects. The knowledge of near wellbore conditions and reservoir 

properties in injection wells is very important. When a fluid is injected into the 

reservoir, fluid banks are formed containing different fluid properties. This causes 

the nature of the pressure curves changing with change in each fluid property. The 

purpose of this project is to perform a pressure transient study on an injection well 

and analyze the pressure behavior of injection and falloff tests. Further studies will 
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also be carried out to study the pressure behavior when certain parameters like 

properties of the reservoir, injection fluid or reservoir fluid are changed.  

       

1.3 Objectives  

The objectives of this work are to study the pressure transient behavior of a 

single well during injection period and shut in period. Parameters like skin, 

permeability and mobility from the injection and falloff curves will be evaluated. 

Distance to the flood front is also to be evaluated with mobility variation throughout 

the reservoir is compared with the derivative curves and from saturation distribution 

curves obtained from eclipse. And finally a sensitivity study is conducted to 

understand the effects on the pressure curves when the parameters mentioned below 

are varied. 

 

a) Viscosity of oil 

b) Relative permeability  

c) Skin  

d) Wellbore Storage  

 

1.4 Scope of Study 

Well testing in general is used in industries to obtain the estimates of the 

reservoir properties under in-situ reservoir conditions and to determine the 

productive capacity of a reservoir. Along with this well testing has many other 

objectives which provide vital information about the reservoir. Information obtained 

from this is very important for the industry to predict the future of the reservoir and 

its recovery which could be obtained by injecting fluids in the reservoir, this allows 

the industry to consider its options and if necessary use other alternatives to improve 

recovery. Injection well testing also provides information about the in-situ fluid 

properties and the changes they occur due to injection of fluids, these data are vital 

when EOR or IOR considerations are to be taken in the future. Injection well testing 
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in short plays an important role in a petroleum industry, and all the data mentioned 

above, are mainly obtained by analyzing the pressure behavior of the reservoir and 

the well.  
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CHAPTER 2  

THEORY  AND LITERATURE REVIEW  

 

2.1  Line Source Solution 

Line source solution is applicable only for infinite acting reservoirs and 

assumes that the wellbore radius is very small when compared to the reservoir radius. 

Pressure calculation at any point in the reservoir using flow rate at the well can be 

achieved by using the line source approximation. The concept of superposition also 

can be used to determine the effect of any boundaries or barriers by studying the 

effect of pressure distribution from more than one well, provided the reservoir is still 

infinite acting.    

 

 
 

Eq (2.1) 

Where, Ei(-y) is the exponential integral of y, which is expressed as 

  

 
 

Eq (2.2) 

 

Very shortly when production starts, i.e when y<0.01 the line source solution can be 

approximated by replacing the exponential integral term with a simple logarithm 

function [1]. 

 

 
 

Eq (2.3) 

2.2 Diffusivity Equation 

All pressure analysis techniques are derived from solutions to the partial 

differential equations that describe the flow of fluids through porous media, utilizing 
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various initial and boundary conditions. This mathematical description of fluid flow 

is based on three physical principles: (1) the law of conservation of mass, (2) Darcy's 

law, and (3) equations of state. Partial differential equation in a porous medium for a 

single-phase fluid is given as follows: 

 

 
 

Eq (2.4) 

 

The above equation is non linear because of pressure dependent terms such as 

compressibility, viscosity, and density. Linearising the above equation by eliminating 

density term and assuming compressibility is small and constant, gives raise to liner 

diffusivity equation which is simply the relation between pressure gradient and the 

change in pressure with time, and is expressed as follows:  

 

 
 

Eq (2.5) 

Where,  is the diffusivity constant.  

 

For a radial model where flow occurs parallel to the XY planes within a layer of 

constant height h, and making assumptions same as in the case of linear flow, gives 

raise to the radial diffusivity equation [1] 

 

 
 

Eq (2.6) 

 

2.3 Conventional Well Testing 

Conventional well testing for measuring pressure in the wells started way back 

in 1920ôs. Drill stem test (DST) was first introduced for testing exploration or 

appraisal wells for open hole conditions and then as technology improved DST was 

used after the borehole was cased, cemented and perforated. In a typical well test a 

small drawdown is created by producing a well at a known flow rate and then shut-in 

by opening and closing a testing valve, bottom hole pressure is also simultaneously 
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recorded by the transducer [2]. Drawdown tests are primarily designed to 

characterize reservoir flow which includes the evaluation of skin, permeability, 

reservoir boundaries, drainage area, productivity of the well etc [3].  

 

Pressure buildup tests are conducted when a well, after producing for sometime is 

shut-in, as a result of completely shutting the well, the bottom hole pressure thus 

builds up with time. Pressure buildup analysis is used to evaluate and estimate 

properties of the reservoir, which includes, permeability, skin, average drainage area, 

reservoir pressure etc. Buildup tests are usually analyzed using Horner plot, which is 

a plot of build up pressure against Horner time function [3]. 

 

 
 

Eq (2.7) 

 

Injection well testing has its applications as discussed in Chapter 1. Injection well 

test is a mirror image of pressure drawdown test, but for a unit mobility ratio 

injection and drawdown tests would be identical except that the constant injection 

rate qinj would be negative. Injection well tests have its objectives similar to those of 

production tests, namely the estimation of permeability, skin, average reservoir 

pressure, reservoir heterogeneity and front tracking. The equations used to determine 

these properties are mentioned below: 

 

  Eq (2.8) 

 

The above equation shows the relationship between bottom hole pressure and 

logarithm of injection time, when plotted would show a straight line with a slope m 

and intercept of the bottom hole pressure after 1 hour of injection time. Slope m is 

defined as: 

 

 
 

Eq (2.9) 

 

A log-log plot of (Pwf - Pi) vs. injection time can be used effectively to estimate the 

duration of the wellbore storage effects by using the following equation:  
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Eq (2.10) 

Where, t is time that points out the end of wellbore storage effects.  

 

Once the semi log straight line is plotted the permeability, thickness product and skin 

factor can be estimated using the following equations: 

 

 
 

 

Eq (2.11) 

 
 

Eq (2.12) 

 

The well is shut-in and falloff test is conducted once the injectivity test is completed 

for a total injection time of tp at a constant injection rate qinj. Pressure is recorded 

from the moment the well is shut-in and the recorded pressure is analyzed using 

Horner plot 

         

 
 

Eq (2.13) 

Where P
*
 is initial reservoir pressure in a new field  

 

The skin factor is estimated using the following equation, and the slope and the 

permeability, thickness product equations are the same as mentioned above [4]. 

Figure 1 shows an ideal pressure and rate response with time for injection and falloff 

periods. 

 

 
 

Eq (2.14) 
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Figure 1: Rate and pressure response for shut-in and injection periods [5]. 

 

2.4 Composite Reservoir 

A composite reservoir is made up of two or more regions. Each region has its 

own rock and fluid properties. A composite system can occur naturally or artificially 

created. Oil and water regions or oil and gas regions or aquifers with two different 

permeabilities forming two regions are few examples of naturally occurring two 

region composite systems. Water flooding, steam injection, gas injection, polymer 

flooding and other secondary and tertiary recovery projects are examples of 

artificially created two region composite systems.  

 

Hazebroek, et al. in 1985 [6] analyzed pressure falloff data from water injection 

wells assuming two different cases; Case 1 where water and oil are assumed to have 

same properties, and Case 2 where water and oil bank properties are different. Yeh 

and Agarwal in 1989 [7] analyzed pressure transient analysis of injection wells in 

reservoirs with multiple fluid banks to calculate mobility profile in the reservoir and 

fluid bank radii. It was assumed that the injection well was located at the centre of 
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the cylindrical reservoir. Well penetrating the entire pay thickness and water was 

injected at a constant rate. Reservoir was assumed to be homogenous filled with oil 

and water, and constant initial reservoir pressure and initial water saturation 

everywhere in the reservoir before injection. Outer boundary was maintained at a 

constant pressure equal to the initial reservoir pressure.   

 

Ambastha in 1988 [8] presented, guidelines for the applicability of different methods 

to estimate front radius. In a region near the front, dynamic phenomena such as phase 

changes and multi phase flow effects could cause a sharp pressure drop at the front. 

Such a sharp pressure drop was modeled as a thin skin at the front in his study using 

Laplace transformation, this effect of skin at the front is similar to the effects of 

storativity ratio and would yield large errors in parameter estimation using type curve 

matching method if the thin skin was neglected. Pressure derivative of a three region 

composite reservoir was also discussed. And finally he established the applicability 

and the limitations of the deviation time method to estimate front radius of composite 

reservoirs from several well tests.   

 

Figure 2 shows a schematic diagram of a two-region, radial composite reservoir. 

Inner and outer regions of the composite reservoir have uniform but different rock 

and fluid properties separated by discontinuity. óRô is the front radius which is an 

important parameter in composite reservoirs.   
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Figure 2: Two region, radial composite reservoir [8] 

 

Saturation profile and displacement model from Buckley-Leverett has a major role to 

play in the injection well testing models discussed in this thesis. Buckley and 

Leverett [9] published a paper in 1942 and is called as frontal displacement theory, 

which describes the mechanism by which displacement is effected and the 

advantages of water over gas as a displacing agent.  

 

Leverett [10] in 1941 had analyzed the concept of fractional flow and developed 

equations to estimate the performance of water flooding. Leverettôs general formula 

for fractional flow: 
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Eq (2.15) 

 

                                   

Where w is the fractional flow, qt is the total flow rate or injection rate (bbl/day), A 

is the cross-sectional area (ft
2
),  is the capillary pressure gradient, g is the 

gravitational constant, æɟ is density difference between water and oil (ɟw - ɟo) 

(g/cm
3
), Ŭ is the reservoir inclination angle, ko and kw are effective permeability for 

oil and water respectively (md), and are viscosity of oil and water respectively 

(cp). When the dip angle (Ŭ = 0) the reservoir is horizontal and neglecting the 

capillary pressure term, Leverett came out with a simplified equation for the 

fractional curve:  

 

 
 

                         Eq (2.16) 

 

Figure 3 shows the fractional flow curve vs water saturation: 

 

 

Figure 3: Fractional flow vs. water saturation [10]. 
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Buckley and Leverett [9] presented the basic equation for describing two-phase, 

immiscible displacement in a liner system. Using material balance for the displacing 

fluid they developed an equation which suggests the position of water saturation Sw.  

 

 
 

Eq (2.17) 

 

 

Where (x)sw is the distance from the injection well at any given saturation Sw, iw is the 

water injection rate in bbl/day, t is time in days, (dfw/dSw)swf is obtained graphically 

by drawing a tangent to the fw curve.  

 

Figure 4 shows the saturation profile in accordance with Buckley-Leverett model as 

discussed previously which develops in the reservoir as a result of injecting water 

into an oil bearing zone. PVT and representative relative permeability data are 

generally required to obtain the saturation profile. Figure 5 shows a plan view of the 

saturation distribution in the vicinity of the injection well and three distinctive zones, 

flood out zone, transition zone, and uninvaded zone can be seen. The flood out zone 

i.e water bank is adjacent to the injection well with residual oil saturation. Invaded 

zone contains oil saturation that varies between Sor and the initial oil saturation, Soi. 

A sudden change in saturation is observed at the beginning of the uninvaded zone, 

which is known as the flood front which contains initial water saturation, Swi. The 

initial water saturation can either be greater or equal to the irreducible water 

saturation, Swc.  
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Figure 4: Saturation distribution according to the Buckley-Leverett model [11]. 

 

 

Figure 5: Plan view of saturation distribution around injection well [12]. 
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The displacement can be characterized based on the value of the mobility ratio (M) 

described as follows: 

 

M<1 Ÿ Piston like displacement, narrow transition zone and high recovery 

efficiency. 

M=1 Ÿ Weak piston like displacement, transition zone of moderate width and 

moderate recovery efficiency. 

M>1 Ÿ Large transition zone, low recovery efficiency. 

 

A composite reservoir would be seen if the transition zone is eliminated from Figure 

4 and Figure 5 causing sudden change in saturation after the flood out zone. Abrupt, 

radial changes in permeability can also be described as a composite reservoir [11]. 

 

2.5 Injection and Falloff tests 

2.5.1 Hazebroek, Rainbow, and Matthews method 

Hazebroek, et al. in 1958 [6] obtained analytical solution for the pressure 

falloff tests in water injection wells. For the case of unit mobility ratio, they proved 

that this method gave the same results for permeability thickness product as the 

conventional build-up method. This new method gave correct values for static 

pressure as compared to the conventional method. Their study was based on 

assumptions as follows: 

¶ Outer boundary of the oil and water bank are of circular cross section 

¶ Saturation changes abruptly in each zone at the boundaries 

¶ Pressure at the outer boundary remains constant  

¶ Front remains stationary throughout the falloff test and a constant pressure at the 

front. 

 

They studied two different cases where oil and water have the same properties and 

they have different properties.  
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2.5.2 Kazemi, Merill and Jargon 

Kazemi, Merill and Jargon [13] investigated the pitfalls of pressure falloff 

analysis in reservoirs with and without fluid banks. Pressure-time data from a falloff 

test yield information about many parameters, but to interpret actual falloff test data 

from a field is very difficult. They suggested that by pressure falloff the front 

tracking or locating discontinuities and determining transmissibilityôs must be done 

with extreme caution as the curve reflection might indicate some other phenomena. 

They used numerical simulation to investigate this problem and came out with 

following conclusions: 

¶ Slopes of the falloff curve are influenced by mobility ratio, after flow and 

specific storage ratio and the changes in slope are often erroneous because of 

fluid bank or transmissibility change due to changes in permeability near the 

wellbore. 

¶ Early time data would give proper transmissibility results if the afterflow 

effects are minimized. 

¶ Even though the front does not remain stationary during the tests Horner plot 

can be used to interpret falloff tests, as the compressibility of oil is greater 

than that of the invaded zone which reduces the frontal advance rate during 

the test.  

¶ If the specific storage, fCt of the water zone is equal to that of the invaded 

zone, and the front radial distance is at least 10 times the radial distance of 

the invaded zone then the slope of the second straight line is proportional to 

the transmissibility of the invaded zone.  

¶ Falloff test cannot be interpreted if the wellbore storage constant calculated 

from field data, C, exceeds the physical reality of the system.  

  

2.5.3 Merill, Kazemi, and Gogarty 

Merill, Kazemi and Gogarty [12] studied the pressure falloff tests in two and 

three zone systems. Their investigation was based on the above model discussed i.e 

[13]. They discussed various shapes of curves for a two zone system that could be 

obtained during a pressure falloff test when M>1, M=1 and M<1. Figure 6 shows 
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dimensionless pressure plotted against dimensionless time only for M>1 other graphs 

of M=1 and M<1 are explained in [12]. The curves were divided into four sections:  

¶ Section A ï Time span dominated by wellbore storage 

¶ Section B ï Time span within which the slope is determined by the 

properties of the water zone  

¶ Section C ï Transition period 

¶ Section D ï Time span during which slope is controlled by the properties of 

water zone and the uninvaded zone. 

Dimensionless plots were generated using the following equations: 

 

 
 

Eq (2.18) 

ɚ1 = mobility of water zone 

 

 
 

Eq (2.19) 

 = Specific storage of the water zone 

rf1 = Distance of the injection well to the nearest front, feet 

 

Figure 6: Simulated pressure falloff for a two zone system, Mobility ratio 

greater than 1 [12] 
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From numerous computer runs for various specific storage ratios, mobility ratios and 

radius of invaded zone Merill, et al. [12] produced a cross plot of slope ratio m2/m1 

and mobility ratio ɚ1/ ɚ2 as shown in Figure 7 below. From the figure if the specific 

storage ratio  = 1, then the slope ratio will be equal to the mobility 

ratio. And if the specific storage ratio is other than 1, then the mobility ratio can be 

estimated from Figure 7. Radial distance to the front could also be calculated by 

using the following equations given below: 

 

 

 

 

Eq (2.20) 

 

 

Eq (2.21) 

 

 is determined by the plot of correlation for dimensionless intersection time as 

shown in Figure 8 [12] 

 

 

Figure 7: Cross plot of slope ratio, m2/m1, and mobility ratio, ɚ1/ ɚ2 [12] 
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Figure 8: Correlation of dimensionless intersection time, ȹtDfx for falloff data 

from two zone reservoir [13]. 

 

The authors [12] finally concluded that for water flood systems for two zones, 

pressure falloff tests could yield the distance to the front, mobility and saturation for 

both invaded and uninvaded zones as compared to the gas injection systems which 

could determine mobility of the invaded zone only and distance to the front. In a 

three zone system the only information which could be obtained is the mobility of 

the invaded zone. 

 

2.5.4 Sosa, Raghavan, and Limon 

Effect of relative permeability and mobility ratio on pressure falloff behavior 

was studied by Sosa, et al. in the year 1981 [14]. Objectives of this study are listed as 

below. 

 

¶ To analyze and study the effect of saturation gradient on pressure falloff tests. 
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¶ To describe the movement of fluid banks that have been proposed by 

Hazebroek, et al. [6] and Kazemi, et al. [13] which assume that composite 

zones are developed as a result of fluid injection, and abrupt changes in 

mobility occurs at the interface of each zone.  

 

A numerical simulation model was developed to investigate the pressure falloff tests 

and considered two sets of relative permeability data and six values of mobility ratio 

was examined using a semi-implicit procedure to solve finite difference equation. 

Shut in pressure vs. Horner time function and saturation vs. radial distance profiles 

were generated for all the simulation runs and concluded that from a falloff test 

distance to the front cannot be determined. The injection time and mobility ratio M 

affect the shape of the pressure falloff curve. 

 

If two straight line segments appear on the curve for M=1 then the slope of the first 

straight line estimates the mobility of water at residual oil saturation, which is similar 

for cases where M<1 and M>1 which is in agreement with the previous models 

discussed. And the average water saturation behind the front is determined by 

analyzing the slope of the second straight line. If M<1 total mobility of the system is 

obtained from the slope of the second straight line. If M>1 no specific value of water 

saturation could be assigned to the second straight line slope.     

  

2.5.5 N-S. Yeh and R.G. Agarwal 

Yeh and Agarwal [7] used simulators and examined large number of scenarios 

to examine pressure transient analysis of injection wells in reservoirs with multiple 

banks. The principle objective of this study was to develop a systematic approach for 

analyzing well test pressure data and to calculate mobility profile, fluid bank radii, 

and pressure distribution in the reservoir. They also studied the effects of various 

parameters on pressure response such as, relative permeability, viscosity effect, 

initial water saturation, compressibility effect, real skin effect and wellbore storage 

effect.  
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Yeh and Agarwal studied the pressure response for injection and falloff tests as 

shown in Figure 9 and Figure 10 by using the injection response and derivative plot 

they estimated the total mobility ( ) of the water zone, using the following equation: 

 

 
 

Eq (2.22) 

 

 

Figure 9: Injection pressure response and derivative curve [7] 
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Figure 10: Falloff pressure response and derivative curve [7] 

 

By using the Falloff pressure response and derivative curve, Yeh and Agarwal 

estimated, volumetric average of total mobility as a function of radial distance r from 

the equation given below, and the distance to the front was estimated form the plot of 

total mobility profile shown in Figure 11 

 

 
 

 

Eq (2.23) 

 
 

Eq (2.24) 
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Figure 11: Reservoir mobility profile to determine r [7] 

 

Yeh and Agarwal concluded that the new analysis method is applicable to a range of 

mobility ratios and is independent of the availability of relative permeability. And 

also they pointed out that, to interpret the falloff curves, the pressure data should be 

free from noise and the pressure derivative curves obtained from high permeability 

reservoirs could be meaningless as the falloff could be very small, unless the 

injection rate is very high. 

 

2.5.6 Noaman A.F. El-Khatib  

Noaman El-Khatib [15] studied transient pressure behavior for well under 

natural water drive with moving boundaries. He solved simultaneous equations in 

Laplace space using finite difference method to estimate the location of moving front 

iteratively, and then used Stehfest algorithm to investigate effects of reservoir size, 

aquifer size, production rate, mobility ratio, skin, and wellbore storage in real time 

domain by plotting dimensionless pressure and derivative vs. dimensionless time. 

The equations used in his work are as shown below: 
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Eq (2.25) 

 
 

Eq (2.26) 

 

He showed that the composite reservoirs behave as infinite homogeneous reservoirs 

until the external boundary is felt which is around 10
5
 dimensionless time and from 

this time the dimensionless pressure may decline. Storativities were found to have 

little effect on the pressure curves, whereas wellbore storage, skin, mobility and 

aquifer radius influenced the pressure behavior.  

 

2.5.7 Michael M and Levitan, BP 

Michael M. Levitan, BP [16] in 2002 presented a new analytical method for 

accurate solution of the pressure transient problem for two-phase flow associated 

with water injection/falloff tests.  The algorithm developed allowed to compute the 

solutions for any step-wise constant rate sequence that includes multiple injection 

and falloff periods.    

 

They considered a two-phase non-isothermal flow problem associated with water 

injection to analyze saturation and temperature profiles. The equations generated for 

combined fluid flow and heat transfer problems could not be solved analytically. 

Hence assumptions were made based on Buckley-Leverett fluid displacement model 

and convective mechanism of heat transfer to develop analytical solutions. They 

found out that the saturation and the temperature solutions were valid for any 

injection rate vs. time function.  

 

They also considered the pressure transient problem during water injection/falloff 

test sequence governed by the following equation.  

 

 
 

Eq (2.27) 
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Analytical solution developed using the above equation was difficult to solve 

because of the presence of the convection term in the derived equation, hence 

considerations of step-wise constant rate functions which is a rate approximation 

constantly used in well test analysis was used to simplify the equation. They also 

noticed that at early time region, the pressure curve reflects the properties ahead of 

the front, and at late time it reflects the properties close to the well in the region 

behind the front. This pressure regime was termed as self-similar regime. In this self-

similar regime, the well pressure derivative developed a horizontal trend at late time 

and the value of the derivative is inversely proportional to the mobility in the water-

invaded zone. The pressure at the front is also constant. This constant pressure at the 

front shielded the region behind the front and the well pressure derivative depended 

only on the flow properties in the water-invaded zone.  

 

They also studied this self-similar regime in depth by considering different pressure 

trends caused by variable injection rate and falloff periods. In a way self-similar 

regime ñcontradictedò the concept of radius of investigation. As the time increases 

the bottom hole pressure reflects the reservoir properties further and further away 

from the well which is however not the case with constant rate injection. This self-

similar regime does not begin immediately with the start of injection period. It takes 

some time after a change to a new rate for the self-similar regime to develop. Hence 

some transition period always precedes the onset of the self-similar regime and the 

duration of this transition period depends on the size of the water-invaded zone at the 

time of rate change and the pressure field around the well that exists prior to the rate 

change. Smaller the water invaded region the shorter the transition period.  

 

At the very beginning of the water injection, when initially there is no water bank, 

the pressure transient almost immediately moves into the oil zone ahead of the water 

front. This is the main reason why the early time pressure derivative reflects the oil 

zone mobility. But during the falloff period when injection is stopped, the water front 

also stops and saturation changes are also insignificant. As a result, pressure behavior 

during the early time, reflects the fluid mobility in the water zone near the well, and 

at late time, it reflects the fluid mobility in the oil zone ahead of the flood front.        
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2.5.8 Amina A. Boughrara and Alvaro M. M. Peres 

Amina et al. [17] in 2006 used Thompson-Reynolds steady-state theory to 

construct approximate analytical solutions for injection wellbore pressure at vertical 

and horizontal water injection wells. They added a two-phase term to a single-phase 

solution that represents the existence of a two-phase zone and the movement of the 

water front. They first presented a solution for an isotropic reservoir and from there 

obtained solution for an anisotropic reservoir by introducing a coordinate 

transformation. 

 

They generated approximate analytical solutions for the injection pressure at vertical 

and horizontal water injection wells. By comparison with a numerical solution 

generated from a reservoir simulator, they showed that the analytical solutions gave 

sufficiently accurate solutions for practical purpose. As a skin zone of even a few 

inches in radius could have a dominant effect on the injection pressure solution, the 

solutions are based on a thick skin modeled by Hawkins formula.  These models 

proved useful for both, understanding the pressure derivative behavior during 

injection tests and for analyzing injectivity tests using nonlinear regression to 

determine permeability and the skin factor to determine if it was necessary to 

simulate the well to obtain the desired injectivity. Moreover, these analytical 

solutions were necessary to construct falloff solutions.  

 

For radial flow case, they have provided a rigorous explanation of why the injection 

pressure may reflect endpoint oil mobility at early times prior to exhibiting a semi-

log straight line inversely proportional to endpoint water mobility. 

 

The pressure derivative for the restricted-entry solution could remain negative 

throughout a long injectivity test. They have shown this using the analytical solution 

and verified it by comparison with numerical solutions.  

 

When water was injected into a completely-penetrating well near a fault, the pressure 

derivative exhibited the classical response based on a doubling of slope. Instead the 

pressure derivative increases by a factor of (1+M) where M denotes the endpoint 

mobility ratio and finally concluded that the solution for isotropic reservoir could be 
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extended to an anisotropic system by applying a spatial transformation to convert the 

anisotropic system to an equivalent isotropic system.   
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CHAPTER 3  

METHODOLOGY  

 

This chapter describes the methods that will be followed through to achieve the 

objectives of the project. The description of the process to be followed for the 

completion of this work is explained as follows: 

3.1 ECLIPSE 100 

Schlumberger ECLIPSE 100 software is used in this project to generate a 

simulation model, Assuming 1 dimensional radial homogeneous model with 1 

injection well at the centre, penetrating the whole layer, and neglecting gravity 

effects. Input data to the simulation model is mainly taken from [7] and is shown in 

Table 1.  

3.2 Pressure transient study 

Interpreting and analyzing the results (Pressure vs. Time, saturation profile, 

reservoir pressure profile etc.) obtained from ECLIPSE 100 software has to be 

carried out until the end of this project to achieve the desired objectives.  

 

Once the literature survey is completed, methodology to be followed to achieve the 

desired objectives is as shown below: 

 

1. Simulation model is to be generated using ECLIPSE 100 simulation software. 

2. Simulation has to be carried out for both injection and falloff tests.  

3. Pressure vs. time data from the simulation model should be obtained for 

injection and falloff tests.  

4. Parameters such as, skin, permeability and mobility is to be estimated using 

semi-log plot of pressure vs. time obtained from step 3. 
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5. Mobility profile is to be generated, studied and compared using the derivative 

plot and saturation profile. 

6. Saturation profile is to be obtained and analyzed from the simulation model 

ECLIPSE 100. 

7. Estimation of the distance to the leading edge of the water bank should be 

made using equations provided in the literature. 

8. Parameters mentioned in the objectives are to be changed to study the 

pressure behavior. 
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Overall flowchart of the methodology to be followed is provided below:        
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CHAPTER 4  

RESULTS AND DISCUSSION 

 

This chapter deals with the description of the model used, input data to the 

simulation model and finally the results obtained to investigate the pressure transient 

analysis of injection wells during injection and falloff periods.      

4.1 Simulation Model 

One dimensional radial homogeneous model of 210*1*1 grids were used for 

this study. Small sized girds were placed in the r direction near the well bore and the 

gird sizes were increased away from the wellbore. 1 injection well was placed at the 

centre, penetrating the whole layer, gravity effects were neglected and the model was 

generated using Schlumberger ECLIPSE 100. Simulation studies were conducted in 

this model with an external reservoir radius of 1500 ft and a layer thickness of 100 ft. 

Absolute permeability and porosity is constant throughout the reservoir. Capillary 

pressure was assumed to be zero. Initial reservoir pressure is 600 psia. Injection well 

was located in the cell (1, 1, 1). The perforation thickness of the well was equal to 

the reservoir thickness of 100 ft. Figure 12 shows the radial 1D model used for 

numerical simulations. 

 

 

Figure 12: Radial 1D model 
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Water was injected for 10 days starting from 01 JAN 2012 to 11 JAN 2012, followed 

by a shut-in period of 10 days starting from 11 JAN 2012 to 21 JAN 2012. The 

reservoir was pressurized initially during the injection period with a constant 

injection rate, 200 stb/day.  

 

4.2 Input data 

Input data to the simulation model is mainly taken from [7]. Table 1 below 

shows the data used for this project. 

 

Table 1: Rock and fluid properties and well conditions for base case 

Initial Reservoir Pressure, Pi 600 psi 

Initial Water Saturation, Swi 0.1 

Reservoir Thickness, h 100 ft 

Reservoir External Radius, re 1500 ft 

Porosity, F 0.1 

Absolute permeability, k 10 md 

Compressibility of oil, Co 3 E-05 psi
-1
 

Compressibility of water, Cw 3 E-06 psi
-1
 

Viscosity of oil, mo 10.0 cp 

Viscosity of water, mw 0.4 cp 

Wellbore radius, rw 0.5 ft 

Injection time, tinj 10 days 

Injection rate, qw 200 bwpd 

  

Relative permeabilities are generated using the following Coreyôs equations: 

 

  

 

Eq (4.1) 

  Eq (4.2) 

Where 
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Eq (4.3) 

 

 

 

Total mobility t̡ as a function of water saturation Sw is calculated using the 

following equation: 

 

 
 

Eq (4.4) 

 

The relative permeability and total mobility curves generated using the above 

equations, are shown in Figure 13 below, and Table 5 Appendix A, shows the 

relative permeability and mobility values used in the simulation model.  

 

 

Figure 13: Relative permeability and Total mobility vs. Saturation 

 

Initially results obtained for the input data mentioned in Table 1 were 

generated using the ECLIPSE 100 simulation model with zero wellbore storage and 

skin effects, and pressure transient studies are done using Microsoft Excel. Detailed 

studies are done for the initial case followed by studying the effects of changing few 

parameters in the input data which are discussed later in this chapter.     
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4.3 Initial  Results 

Using the data mentioned in Table 1, a 1D simulation model is generated using 

210 grids in the r direction and the size of each grid is distributed in a manner where, 

small gird blocks are used near the wellbore, and becomes coarser away from the 

wellbore. 0.5 ft grid spacing (dr) is used for the first 100 grids blocks followed by 5 

ft grid spacing for the next 90 grids and finally 50 ft spacing for the last 20 grids. 

Thus, total radial distance from the wellbore to the boundary is 1500 ft. The mobility 

of oil and water used in the simulation model is shown below:  

 

Mobility of water 

 

 

 

Mobility of oil  

 

 

4.3.1 Injection analysis 

Figure 14 shows the BHP plotted against injection time from ECLIPSE. The 

bottom hole pressure increases with time when water is injected at a constant 

injection rate of 200 stb/day. The plot shows an injection period of 240 hrs i.e 10 

days.  
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Figure 14: Injection pressure response, Bottom hole pressure vs. Time (hr) 

 

 

Figure 15: Injection pressure response, Bottom hole pressure vs. Injection time 

(hr) semi-log plot 

 

Further studies are carried out when BHP is plotted against logarithm of injection 

time i.e semi-log plot as shown in Figure 15. Since there is no influence of wellbore 

storage and skin in this semi-log plot, the two tangents should estimate the skin, 

permeability and mobility of oil and water zones.     

 

From the Semi-Log plot of BHP vs. injection time, analysis of the slope, skin, 

permeability and mobility are shown below:  

 

Slope of the first and second tangent line was found to be, m1 = 180 and m2 = 48  
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Skin obtained is almost zero which is in consistent with the input data, but the 

mobilities obtained from the injection analysis differ from that of the input data 

which is due to the movement of oil and water banks, as the water bank continues to 

move radially outwards from the wellbore which is proportional to injection time.  

 

Figure 16 shows the log-log plot of injection pressure difference (Pwf ï Pi) and 

derivative curve ȹPô plotted against injection time. The derivative curve ȹPô is a 

derivative of pressure difference ȹP with respect to natural logarithm of time. The 

derivative values obtained to generate the curve are shown in Table 6 Appendix A, 

with an example calculation. 

 

 
 

Eq (4.5) 

 

 

ȹPô is not constant during the injection period but varies with respect to time, this is 

because of the two phase flow effects in the reservoir. Hence injection test pressure 

response cannot be used directly to obtain the properties of the oil bank or uninvaded 

zone [7].   
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Figure 16: Injection pressure response, Pressure change and derivative vs. 

Injection time (hr)  log-log plot 

 

4.3.2 Falloff analysis 

Figure 17 shows the plot of BHP vs. time generated from ECLIPSE. The 

graph shows a smooth increase of BHP during the injection period and then after 240 

hrs of water injection the well is shut-in for again 240 hours. A decline in BHP is 

noticed from 240hrs - 480 hrs.  

 

 

Figure 17: Falloff pressure response, Bottom hole pressure vs. Time (hr) 
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