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INTRODUCTION   

Well test analysis is a partially controlled field experiment conducted at distinct phases of a reservoir to determine 

crucial well and reservoir properties that are vital in reservoir description and characterization [1]. Prior to the 

understanding of the effects of the wellbore conditions on the pressure transient behaviour, well tests were conducted for 

a longer period of time in order to reach an interpretable behaviour defined by a constant gradient line disregarding the 

distorted early time behaviour [2]. With time, more interest was shown to study the factors that affect early time pressure 

data. This led to the understanding that wellbore storage and skin effect are the major wellbore conditions that affect the 

early time pressure behaviour during a well test [1, 3, 4].  

When a well producing for a period of time is shut-in at the surface, the flow from the reservoir does not cease 

immediately [5]. Similarly, when a well is set for production after a period of shut-in, the initial flow at the surface will 

be from the fluid within the wellbore with no flow from the formation into the wellbore [6]. This phenomenon of after-

flow or unloading is called wellbore storage. Van Everdingen and Hurst [7] were pioneers to highlight the effect of 

wellbore storage that could cause a contrast between the surface and sandface flow rates as a result of the sudden change 

in the production rate. Similar to production wells, in an injection well, initially the injected fluid is loaded into the 

wellbore with no flow into the formation. Eventually, with time, the sandface flow rate will be equal to the surface 

injection rate with the volume of liquid stored in the wellbore maintained constant [6]. Figure 1 illustrates the difference 

in surface and sandface flow rates as a result of wellbore storage where the sandface flow rate starting from zero increases 

exponentially until reaching the surface injection rate with time [8]. 

The permeability of the formation around the well could vary from the original formation permeability due to the 

nature of the formation or various operations conducted such as drilling, completion and workover [9]. Van Everdingen 

[10] analysed the additional pressure drop caused by the resistance of the formation and defined it as the “skin effect”. 

However, his conception of “thin skin” that adjusts the error between the measured and theoretical bottomhole pressures 

may be somewhat applicable for a positive skin case under a line-source assumption, yet fails to provide a reasonable 

explanation in the presence of a negative skin [11].  Instead, the modern-day researchers have accepted the method 

proposed by Hawkins [12] called  “thick skin” to quantify the altered permeability in the damaged zone adjacent to the 

wellbore using the proposed mathematical relation [13, 14]. This method allows one to alter the permeability of the zone 

adjacent to the wellbore through a radially composite model to incorporate the skin effect as shown in Figure 2. If the 

radius of the damaged zone can be estimated, then the permeability in the zone can be determined from a known skin 

factor using the mathematical relation proposed by Hawkins [12]. Also, through laboratory experiments run on core 

samples, the depth of the damage can be estimated that allows one to use the thick skin mathematical relation. 

 

ABSTRACT – This paper presents a study on the pressure transient behaviour during the injection 
period in a vertical well in the presence of wellbore storage and skin effect. The two-phase water-
oil radial flow problem is solved using a semi-analytical technique called the Laplace-Transform 
Finite-Difference method. Moreover, the factors that influence the degree of wellbore storage and 
skin effect are analysed. The results demonstrated that the effect of wellbore storage on the 
pressure transient behaviour is significant during the early times. Factors such as compressibility 
of fluid, effective wellbore volume and endpoint mobility ratio significantly affect the duration of 
wellbore storage. The impact of the skin during the injection period is significant on the pressure 
transient behaviour and could last for a longer duration. A substantial effect of skin is observed for 
a positive skin factor and unfavourable endpoint mobility ratio. In addition, the duration of the effect 
is directly proportional to the thickness of the skin zone. Hence attention must be given to the 
parameters that could prolong these effects and included in the solution methods to precisely 
interpret the injection period pressure transient behaviour for a better estimation of the reservoir 
and well properties.     
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Figure 1. Surface and sandface rates during wellbore storage [6]. 

 

 

 

 

 

 

 

 

 

 

Figure 2. A radially composite model including skin effect. 

 
Unlike the production well tests, the injection well tests are much more complicated due to the distinct properties of 

the injected and reservoir fluids that result in a two-phase reservoir system with a moving boundary [15]. Also, during 

injection well tests, the propagations of pressure diffusion and flood front occur in different time scales. During the 

injection period, the pressure transient behaviour is vastly affected by the propagation of the flood front considering a 

two-phase water-oil flow [16].  

Several studies have been conducted to investigate the effects of wellbore storage and skin on the pressure transient 

behaviour for a conventional single-phase production well test [6]. However, wellbore storage and skin effect could 

behave differently during a two-phase water-oil flow as these effects can influence the movement of the flood front in the 

reservoir during an injection [17]. Hence it is important to investigate the effects of wellbore storage and skin to be able 

to correctly interpret the pressure transient behaviour during the injection period of a two-phase water-oil flow. Also, 

understanding the factors that influence wellbore storage and skin effect is vital in the interpretation and running a 

successful injectivity test.  

Most of the recent works that included wellbore storage and/or skin effect in their mathematical models for injectivity 

test were limited to the validation of the model. Although some of these studies did focus on the sensitivity analysis of 

the effects of wellbore storage and skin, an extensive study on how certain parameters that influence these effects on the 

pressure transient behaviour of a two-phase water-oil flow associated during the injectivity test have not been explicitly 

examined. The primary objectives of this study are (1) to evaluate the effects of skin and wellbore storage on the pressure 

transient behaviour during the injection of water into an oil reservoir; and (2) to analyse the key factors that affect the 

duration of wellbore storage and skin effect during the injection period. To solve the two-phase water-oil injection 

problem, a semi-analytical solution method called the Laplace-transform Finite-difference (LTFD) method is used. This 

method has proved out to give great approximations and simplify the two-phase water-oil flow associated with the 

injection of water into the reservoir [13, 17, 18].  

 

MATHEMATICAL MODEL 

The model considers injection of water at a constant surface injection rate into a fully penetrating vertical well in a 

single layer, homogeneous, isothermal and isotropic oil reservoir of uniform thickness that is initially at a constant 

pressure throughout the reservoir. The overlying and underlying boundaries of the formation are no-flow boundaries. The 

reservoir and injected fluids are considered slightly compressible with constant viscosities. In constructing the model, the 

grid blocks in the radial direction are discretized logarithmically as shown in Figure 3.  

 

 

𝑟𝑤 𝑟𝑠 

𝑘𝑠 𝑘 
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Figure 3. Radially discretized gridding system. 

 
The water-oil flow governed by the two-phase diffusivity equation with known inner boundary condition is solved 

using the LTFD solution method. In this method, initially, the saturation variation in the reservoir at a given time is 

determined using the Buckley-Leverett [19] frontal advance formula. The Buckley-Leverett [19] theory is one of the most 

widely used theory to precisely reflect the movement of the injected water through a porous media [20]. This theory 

formulated using the law of conservation of mass is even currently used by the recent researchers to precisely model the 

movement of the interface between the injected water and the reservoir fluid that is replaced by the injected water [21-

23]. The usage of the Buckley-Leverett [19] formula allows one to decouple the saturation equation from the pressure 

equation eliminating the requirement to simultaneously solve the two equations [13, 18]. This approach simplifies the 

mathematical problem, thereby reduces the computation time required to solve the system of equations. 

As injection of water into an oil formation could result in three distinct zones, the flooded zone (water and transition 

banks) and the unflooded zone (oil bank), the total mobility in these regions vary based on the saturation distribution. It 

is understood that the saturation variation in the radial direction before the flood front (𝑟𝑤 < 𝑟 < 𝑟𝑓) behaves as per 

Buckley-Leverett [19] equation whereas ahead of the flood front  (𝑟 > 𝑟𝑓), the saturation remains constant at irreducible 

water saturation 𝑆𝑤𝑖 . Hence, for the two-phase water-oil flow, the total mobility 𝜆𝑡 at a given time 𝑡 and radial distance 

𝑟 is defined as, 

 

𝜆𝑡(𝑟, 𝑡) = 𝑘(𝑟) [
𝑘𝑟𝑤(𝑟, 𝑡)

𝜇𝑤

+ 
𝑘𝑟𝑜(𝑟, 𝑡)

𝜇𝑜

]  , 𝑟𝑤 < 𝑟 < 𝑟𝑓 (1) 

 
where 𝑘  is the absolute permeability of the reservoir, 𝑘𝑟𝑤  is the relative permeability of water, 𝑘𝑟𝑜  is the relative 

permeability of oil, 𝜇𝑤 is the viscosity of water and 𝜇𝑜 is the viscosity of oil.  

Beyond the flood front, the total mobility is equal to the endpoint mobility of oil. With known saturation and mobility 

distribution in the reservoir, the transmissibility and accumulation terms can be determined for a given time to solve the 

inner boundary condition for the innermost grid block (𝑖 = 0 = 𝑟𝑤) and the two-phase diffusivity equation for the other 

grid blocks (𝑖 ≥ 1). The two-phase radial diffusivity equation, a PDE for pressure 𝑃 with respect to time 𝑡 and radius 𝑟 

that governs the water-oil flow given by Eq. (2) is used to obtain the pressure profile. 

 
1

𝑟

𝜕

𝜕𝑟
(𝜆𝑡𝑟

𝜕𝑃

𝜕𝑟
) =

∅𝑐𝑡

0.0002637

𝜕𝑃

𝜕𝑡
 (2) 

 
where 𝑐𝑡 is the total compressibility and ∅ is the porosity of the formation. 

Although the model assumes constant fluid compressibility, it accounts for the change in the total compressibility of 

the system at different locations of the reservoir at a given time based on the saturation distribution. The total 

compressibility 𝑐𝑡 at different grid points is determined using Eq. (3). 

 
𝑐𝑡(𝑟, 𝑡) =  𝑆𝑤(𝑟, 𝑡) 𝑐𝑤 + [ 1 − 𝑆𝑤(𝑟, 𝑡)] 𝑐𝑜 + 𝑐𝑓 (3) 

 
where 𝑆𝑤 is the water saturation, 𝑐𝑤 is the compressibility of the injected water,  𝑐𝑜 is the compressibility of the reservoir 

fluid (oil) and  𝑐𝑓 is the compressibility of the formation. 

The effects of wellbore storage and skin are introduced into the inner boundary condition set at the grid boundary 𝑖 =
0. Although there can be variable wellbore storage and skin effect based on changing injection/production rates, a constant 

skin and wellbore storage under a constant surface injection rate are considered [11, 24, 25]. The effects of wellbore 

storage and skin are incorporated into the model by modifying the inner boundary condition. The wellbore storage effect 

is incorporated mathematically into the inner boundary condition by considering the difference between the surface 

injection rate and the sandface flow rate using a mass balance for the wellbore [24]. Equation (4) has been previously 

used to model the wellbore storage effect [18]. This mathematical relation accurately produces the effect of wellbore 

0 i i+1 i-1 1 2 3 4 5 
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storage as shown in Figure 1 where the sandface rate 𝑞𝑠𝑓 starts from zero and reaches the surface injection rate 𝑞 with 

time 𝑡. Considering a constant water formation volume factor 𝐵𝑤, the sandface injection rate 𝑞𝑠𝑓 is given by, 

 

𝑞𝑠𝑓 = 𝑞 +
24

𝐵𝑤

𝐶
𝑑𝑃𝑤

𝑑𝑡
 (4) 

 
where 𝑃𝑤 denotes the bottomhole pressure during the injection and 𝐶 is the wellbore storage coefficient. 

The wellbore storage coefficient 𝐶 can be defined in different ways. In this case, since injection of water into the well 

results in a single phase inside the wellbore that causes the effect, the wellbore storage coefficient 𝐶 is defined as a product 

of the effective wellbore volume 𝑉 and the compressibility of the injected water inside the wellbore 𝑐𝑤. 

 
𝐶 = 𝑉𝑐𝑤 (5) 

 
In the presence of skin, the sandface flow rate of the injected water is open to the reservoir formation of thickness ℎ 

with an altered permeability of 𝑘𝑠 in the skin zone. Hence, the sandface flow rate 𝑞𝑠𝑓 is given by Darcy’s law as, 

 

𝑞𝑠𝑓 =
𝑘𝑠𝑘𝑟𝑤,𝑚𝑎𝑥ℎ

141.2𝐵𝑤𝜇𝑤

(𝑟
𝜕𝑃

𝜕𝑟
)

𝑟=𝑟𝑤

 (6) 

 
where 𝑘𝑟𝑤,𝑚𝑎𝑥  is the maximum relative permeability of water. The product of the absolute permeability of the formation 

around the wellbore and the maximum relative permeability of water provides the effective permeability of the injected 

water open to flow into the formation from the wellbore during a two-phase flow.  

The inner boundary condition for two-phase water-oil flow with the inclusion of wellbore storage by altering the 

surface injection rate with the sandface flow rate into the formation adjacent to the wellbore of permeability of 𝑘, or in 

the presence of skin, permeability of 𝑘𝑠, is given in Eq. (7). The inner boundary condition remains the same for all 

different definitions of the wellbore storage coefficient. 

 

𝑞 =  
𝑘𝑠𝑘𝑟𝑤,𝑚𝑎𝑥

141.2𝐵𝑤𝜇𝑤

(𝑟
𝜕𝑃

𝜕𝑟
)

𝑟=𝑟𝑤

−  (
24

𝐵𝑤

𝐶
𝑑𝑃𝑤

𝑑𝑡
) (7) 

 

Although the inner boundary condition consists of the skin effect with the addition of the altered permeability term to 

which the radial flow is open to at the beginning, the permeability of the skin zone must be assigned. In this model, 

whenever the skin factor takes a value other than zero, the “thick skin” mathematical relation is used as given in Eq. (8) 

to quantify the formation damage to determine the altered permeability of the skin zone since it allows one to compute 

for both, positive and negative skin effects  [12]. Based on the mathematical relation, the reservoir is divided into two 

composite zones as shown in Figure 2 where the zone between the wellbore radius 𝑟𝑤 and the skin radius 𝑟𝑠 possesses the 

altered permeability value 𝑘𝑠 due to presence of skin 𝑆 while the formation beyond the skin radius possesses the original 

reservoir permeability 𝑘. A positive skin would result in the permeability of the skin zone to be lesser than the rest of the 

formation, a negative skin would cause the permeability of the skin zone to be higher than that in the formation while a 

zero skin would yield a permeability value equal to that of the original permeability of the formation [14].  

 

𝑆 = (
𝑘

𝑘𝑠

− 1) ln (
𝑟𝑠

𝑟𝑤

) (8) 

 
The inner boundary condition given by Eq. (7) and the radial diffusivity equation given by Eq. (2) are PDEs with time 

and space fractional derivatives. Hence, in solving the system of equations using the LTFD method, initially, Laplace 

transformation is applied to remove the time domain. This eliminates the necessity for the application of time 

discretization thereby resolving the instability issues while solving the moving boundary problem. Then the equations in 

Laplace space are approximated using Finite difference method to solve the spatial domain. Later the results are 

numerically inverted back to real-time from Laplace space using Stehfest [26] algorithm. A detailed description of the 

LTFD solution method to solve the two-phase injection problem is given in [18]. The mathematical model is computed 

on MATLAB R2017a software. An evaluation of the number of grids performed similar to the approach used by 

Bouaffane and Talbi [27] showed that the increase in the number of grids more than 800 resulted in an increased 

computational time with no improvement in the accuracy of the results. As such, the gridblocks in the model are 

logarithmically discretised into 800 segments in the radial direction. 

Pressure derivative is the primary tool used in well test to precisely interpret the pressure transient data [28]. As the 

injection period problem is complicated, the conventional arithmetic derivative may yield significant noise due to 

mathematical issues [28, 29]. Hence choosing an appropriate algorithm to determine the pressure derivative is very crucial 

in interpreting a two-phase water-oil injectivity problem. As such, here, a three- smoothed point algorithm given by Eq. 
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(9)  similar to that proposed by Bourdet et al. [30] to determine the pressure derivative with respect to the natural logarithm 

of time is used. 

 

𝜕𝑝

𝜕 ln 𝑡
|

𝑖
= [

ln (
𝑡𝑖

𝑡𝑖−𝑘
) ∆𝑝𝑖+𝑗

ln (
𝑡𝑖+𝑗

𝑡𝑖
) ln (

𝑡𝑖+𝑗

𝑡𝑖−𝑘
)

+  

ln (
𝑡𝑖+𝑗 𝑡𝑖−𝑘

𝑡𝑖
2 ) ∆𝑝𝑖

ln (
𝑡𝑖+𝑗

𝑡𝑖
) ln (

𝑡𝑖

𝑡𝑖−𝑘
)

 + 
ln (

𝑡𝑖+𝑗

𝑡𝑖
) ∆𝑝𝑖−𝑘

ln (
𝑡𝑖

𝑡𝑖−𝑘
) ln (

𝑡𝑖+𝑗

𝑡𝑖−𝑘
)

 ] 
 

(9) 

 
where, 

 
𝑙𝑛(𝑡𝑖+𝑗 𝑡𝑖⁄ ) = 𝑙𝑛 𝑡𝑖+𝑗 − 𝑙𝑛 𝑡𝑖 ≥ 0.2 (10) 

 
𝑙𝑛(𝑡𝑖 𝑡𝑖−𝑘⁄ ) = 𝑙𝑛 𝑡𝑖 − 𝑙𝑛 𝑡𝑖−𝑘 ≥ 0.2 (11) 

 
The analysis is performed for both, favourable (𝑀 ≤ 1.0) and unfavourable (𝑀 > 1.0) endpoint mobility ratios. The 

endpoint mobility ratio 𝑀 for two-phase water-oil flow is defined as,  

 

𝑀 =
𝑘𝑟𝑤,𝑚𝑎𝑥 𝜇𝑤⁄

𝑘𝑟𝑜,𝑚𝑎𝑥 𝜇0⁄
=  

𝜆𝑤

𝜆𝑜

 (12) 

 
where 𝑘𝑟𝑜,𝑚𝑎𝑥 is the maximum relative permeability of oil, 𝜆𝑤 is the endpoint mobility of water and 𝜆𝑜 is the endpoint 

mobility of oil. 

 

RESULTS AND DISCUSSION 

Initially, the LTFD model is validated for the base case by comparing the change in pressure (∆𝑃 = 𝑃𝑤𝑓 − 𝑃𝑖) and 

the pressure derivative (∆𝑃′) determined using Eq. (9) during the injection period by comparing the results obtained from 

ECLIPSE 100, a commercial numerical simulator. ECLIPSE 100, the Schlumberger reservoir simulation software solves 

the black oil system of equations numerically on corner-point grids [31]. The input data used for the base case of the 

analysis is given in Table 1. For all the cases considered, except for the parameters that have been altered, the remaining 

parameters are kept the same as in the base case.  

 
Table 1. Input data for the base case. 

Parameter Value 

Porosity, ∅, fraction 0.30 

Permeability, 𝒌, mD 2500 

Initial reservoir pressure, 𝑷𝒊, psi 4000 

Oil formation volume factor, 𝑩𝒐, rb/scf 1.00 

Water formation volume factor, 𝑩𝒘, rb/scf 1.00 

Wellbore radius, 𝒓𝒘, ft 0.35 

Compressibility of oil, 𝒄𝒐, psi-1 8×10-6 

Compressibility of water, 𝒄𝒘, psi-1 3×10-6 

Compressibility of rock, 𝒄𝒓, psi-1 6×10-6 

Irreducible water saturation, 𝑺𝒘𝒊, fraction 0.25 

Residual oil saturation, 𝑺𝒐𝒓, fraction 0.2 

Formation thickness, 𝒉, ft 100 

Maximum relative permeability of water, 𝒌𝒓𝒘,𝒎𝒂𝒙 (at 𝑺𝒐𝒓) 0.3 

Maximum relative permeability of oil, 𝒌𝒓𝒐,𝒎𝒂𝒙 (at 𝑺𝒘𝒊) 0.8 

Water viscosity, 𝝁𝒘, cP 0.6 

Surface injection rate, 𝒒𝒘, bbl/day 700 

Injection period, 𝐭, hrs 100 

 
Figure 4 shows the pressure transient behaviour during the injection period computed using the input data given in 

Table 1 for favourable (𝑀 = 0.625) and unfavourable (𝑀 = 3.0) endpoint mobility ratios using the LTFD model and 

ECLIPSE 100. For this base case, no wellbore storage and skin effect are taken into account. The change in pressure ∆𝑃 

and the pressure derivative ∆𝑃′ curves obtained from the LTFD model and ECLIPSE 100 agreed excellently. Only an 
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insignificant difference of less than 1% was observed in the results between the models at the early times. However, 

results from the later times showed little or no differences at all.  

 

 
Figure 4. Comparison of ∆𝑷 and ∆𝑷’ results for the base case from the LTFD model and ECLIPSE 100. 

 
The results suggest that the injection period pressure response is highly affected by the movement of the flood front 

as explained by the researchers in this area [16]. However, the movement of the flood front for two-phase water-oil flow 

is highly influenced by the endpoint mobility ratios. Initially, the formation around the wellbore is filled with oil. As such, 

the pressure derivative curve at very early times reflects the initial condition around the wellbore filled with the reservoir 

fluid. With time, as the injection proceeds, the oil from the near-wellbore region is displaced and replaced by the injected 

water.  Once the oil from the region adjacent to the wellbore is completely replaced by the injected water, the pressure 

derivative value converges at a single value determined using the endpoint mobility ratio of water.  

In comparison with the base case, the effects of wellbore storage and skin are analysed to study their influence on the 

pressure behaviour during the injection period using the LTFD model. Listed below are the identified key parameters that 

are analysed to study their influence on wellbore storage and skin effect on the injection period pressure transient 

behaviour.  

 

Wellbore Storage 

The effect of wellbore storage primarily depends on the duration of the sandface flow rate to eventually equalize the 

surface injection rate. Here, the main parameters that affect the wellbore storage as listed in Table 2 are analysed. Based 

on the definition of the wellbore storage coefficient, the factors that affect the duration may vary. However, the wellbore 

storage during a water injection problem is due to the presence of a single phase in the wellbore. As such, the model 

considers a wellbore storage coefficient as defined in Eq. (5).  

 
Table 2. Parameters analysed during each case. 

Wellbore storage Skin 

1-Endpoint mobility ratio 4-Endpoint mobility ratio 

2-Compressibility of fluid 5-Altered permeability 

3-Effective wellbore volume 6-Skin radius 
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Case 1: Endpoint mobility ratio 

In case 1, the effect of the endpoint mobility ratio on wellbore storage is analysed by considering two cases of 

favourable (𝑀 ≤ 1)  and unfavourable (𝑀 > 1)  endpoint mobility ratios as shown in Table 3, while maintaining a 

constant effective wellbore volume of 8000 ft3, fixed compressibility values, thereby maintaining a constant wellbore 

storage coefficient of 𝐶 = 4.27×10-3 bbl/psi.  

 
Table 3. Viscosity and corresponding endpoint mobility ratios. 

𝝁𝟎 (cP) 𝑴 

1.0 0.625 

4.8 3.0 

 
Figure 5 shows the comparison of the change in pressure and its derivative results for the two scenarios considered. 

Although the end of the wellbore storage effect is not precisely when the pressure transient behaviour starts to act in the 

absence of the effect, it is a good approximation to make that the effect completely ceases once the pressure transient 

behaviour starts to respond as in the base case in which neither wellbore storage nor skin is taken into account. Here 

𝑡1 and 𝑡2 are the times at which the wellbore storage completely cease for favourable and unfavourable endpoint mobility 

ratio scenarios respectively. It is evident that the effect is significant for an unfavourable endpoint mobility ratio that 

results in a longer unit slope line, higher peak value and a longer duration of the effect (𝑡2 > 𝑡1). Although the endpoint 

mobility ratio does not affect the quantity of the wellbore storage coefficient, it does affect the propagation of the front 

within the reservoir. 

For a favourable endpoint mobility ratio where 𝑀 ≤ 1, the oil is able to propagate with a velocity equal to, or greater 

than that of the injected water [20]. This condition results in no propensity for the injected water to by-pass the reservoir 

fluid which results in a piston-like displacement. Hence the propagation of the injected water into the reservoir becomes 

rather simple resulting in consuming a shorter time to completely fill the wellbore with the injected fluid to equalize the 

surface and sandface injection rates. A non-ideal displacement that occurs in an unfavourable endpoint mobility ratio 

system where 𝑀 > 1 is more common in nature [20]. Here, the injected water is capable of propagating rapidly than the 

reservoir fluid. This results in disturbed saturation profiles due to viscous fingering and tongues as the high mobility water 

by-passes the lower mobility oil in the reservoir [32]. Hence, the injected water is lost into the formation at a higher rate. 

This unfavourable movement of the water and the front results in consuming more time for the injected water to 

completely fill in the wellbore, thereby resulting in a delay for the surface injection rate to be equivalent with the sandface 

flow rate. As such, the wellbore storage effect could last longer when injecting water into a reservoir containing heavier 

oil. This could also result in an early breakthrough of water into production [33].   

 

 
 

Figure 5. ∆𝑷 and ∆𝑷’ for Case 1. 
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Case 2: Effective wellbore volume 

To analyse the influence of the effective wellbore volumes on wellbore storage, a range of effective wellbore volumes 

while maintaining constant compressibility as in the base case for an unfavourable endpoint mobility ratio 𝑀 = 3.0 are 

chosen. Table 4 shows the effective wellbore volumes considered for the analysis and the corresponding wellbore storage 

coefficient values calculated using Eq. (5). 

 
Table 4. Effective wellbore volumes and corresponding wellbore storage coefficient values for Case 2. 

𝑽 (𝒇𝒕𝟑) 𝑪(𝒃𝒃𝒍 𝒑𝒔𝒊⁄ ) 

0 0 

4000 2.14×10-3 

8000 4.27×10-3 

12000 6.41×10-3 

 

Figure 6 shows the influence of the effective wellbore volume on pressure behaviour during the injection period. The 

effective wellbore volume is directly proportional to the coefficient of wellbore storage. As such, an increase in the 

effective wellbore volume results in an increase in the coefficient of wellbore storage as shown in Table 4. Comparison 

of the results with the base case suggests that the increase in the effective wellbore volume results in a longer duration of 

the effect as denoted by 𝑡3(𝑉 = 4000 𝑓𝑡3), 𝑡4(𝑉 = 8000 𝑓𝑡3) and 𝑡5 (𝑉 = 12000 𝑓𝑡3) that represent the time taken for 

the surface injection rate to match the sandface flow rate for each scenario considered (𝑡5 > 𝑡4 > 𝑡3). As the value gets 

higher, a longer unit slope line and a shift in the peak value is encountered. This trend is very similar to that obtained by 

Li et al. [17] when analysing the variation in shapes of the pressure derivative curve in the presence of wellbore storage 

during an injection well test. 

 

 
Figure 6. ∆𝑷 and ∆𝑷’ for Case 2. 

 
As the effective wellbore volume increases, the amount of fluid the wellbore can accommodate increases thereby 

resulting in an increased time to completely fill in the wellbore under a constant surface injection rate. This is also another 

reason why the effect lasts longer for a horizontal well as the effective wellbore volume is higher than a vertical well due 

to the presence of both, vertical and horizontal well trajectories [34]. Opening or shutting a well can be performed using 

the main valve on the Christmas tree or a downhole valve installed in the completion assembly. In a production well test, 

shutting the well using a downhole valve will minimize the duration of the effect by reducing the effective wellbore 

volume [5]. However, this operation is not possible in an injection well as the water is injected into the well at the surface. 

The injected water initially fills the wellbore with little or no flow into the formation. As such, the wellbore storage effect 

due to the effective wellbore volume during the injection period is almost unavoidable.  
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Case 3: Compressibility of fluids 

Compressibility is defined as the change in volume per unit change in the prevailing pressure [35]. The effect of the 

compressibility of fluids on wellbore storage is studied by selecting a range of compressibility values for the injected 

fluid while maintaining a constant effective wellbore volume of 8000 ft3 for an endpoint mobility ratio 𝑀 = 3.0. The 

compressibility values were chosen on the typical range magnitude for water that is usually in the order of 10–6 psi–1 [36]. 

Table 5 shows the chosen water compressibility values and the corresponding wellbore storage coefficient values for the 

scenarios considered. 

 
Table 5. Fluid compressibility values and corresponding wellbore storage coefficient for Case 3. 

𝒄𝒘 (𝒑𝒔𝒊−𝟏) 𝑪(𝒃𝒃𝒍 𝒑𝒔𝒊⁄ ) 

0.5×10-6 7.12×10-4 

1.0×10-6 1.42×10-3 

4.0×10-6 5.7×10-3 

8.0×10-6 1.14×10-2 

 
Figure 7 shows the influence of the compressibility of the injected fluid in the presence of wellbore storage on pressure 

behaviour during the injection period. 

 

 
Figure 7. ∆𝑷 and ∆𝑷’ for Case 3. 

 
The compressibility of the fluid in the wellbore, which is typically the injected fluid in an injection well, is directly 

proportional to the coefficient of wellbore storage. Similar to the results obtained for the previous case of effective 

wellbore volume, Figure 7 shows that the increase in the injected fluid compressibility develops a longer unit slope line 

and a shift in the peak value to the right of the pressure derivative curve. Hence, the increase in the compressibility of the 

fluid within the wellbore results in an increase in the duration of the effect. This is mainly due to the slightly compressible 

nature of the fluid that results in marginal compaction in the fluid in the wellbore as the pressure in the bottomhole 

increases during the injection. This compaction results in consuming more time for the wellbore to be completely filled 

with the injected fluid to result in equal surface and sandface injection rates. However, the variation in compressibility of 

the injected water due to the increase in pressure is lower as the compressibility of water is a weak function of pressure 

[37]. Consequently, during an injection well test, the effect of wellbore storage can be minimized by injecting water with 

higher salinity as the water compressibility decreases with increasing salinity [38]. Not only does the increment in salinity 

of the injected water reduces the effect of wellbore storage, but also increases the oil recovery [39].  Although not shown 

here, the compressibility of the reservoir fluid had insignificant effects on wellbore storage during a two-phase water-oil 

flow.  
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The wellbore storage in a conventional production well test is caused due to the storage or after-flow of oil in the 

wellbore that has fluid compressibility in the range of 5 × 10−6 𝑝𝑠𝑖−1 to 12 × 10−6 𝑝𝑠𝑖−1 [36]. This is slightly higher 

than that of the compressibility of water. As such, the duration of wellbore storage during a production test might last 

longer than the injection well test. This also supports the findings in gas well testing suggesting that the injection of gas 

into a well could result in significant wellbore storage effect as the gas compressibility is much higher compared to the 

compressibility of oil or water [40, 41]. Also, below the bubble point pressure 𝑃𝑏 , the variation in oil compressibility is 

fairly high due to the liberation of the dissolved gases from the reservoir fluid with decreasing reservoir pressure that 

could result in consequential wellbore storage effect during a production well test [42]. Figure 8 shows the variation of 

the oil compressibility with pressure. 

 

 
 

Figure 8. Variation of oil compressibility with pressure [37]. 

 
. In a conventional production welltest, the duration of wellbore storage is influenced by the effective wellbore volume, 

fluid compressibility and the formation permeability [43]. However, in an injection well test, besides the effective 

wellbore volume and fluid compressibility, the endpoint mobility ratio affects the duration of the wellbore storage as the 

injection period pressure transient behaviour is vastly affected by the mobility of the two-phases in the reservoir. As the 

change in the injection rate could also result in varying wellbore storage effect, maintaining a constant surface injection 

rate is extremely important in avoiding the influence of wellbore storage on the pressure transient behaviour throughout 

the test. 

 

Skin effect 

The skin effect is analysed by altering the formation permeability to 𝑘𝑠 adjacent to the wellbore until the skin radius 

𝑟𝑠, using the Hawkins [12] formula. Here, the main parameters that affect the pressure transient behaviour during the 

injection period in the presence of skin effect as listed in Table 2 are analysed.  

 

Case 4: Endpoint mobility ratio 

To analyse the effect of the endpoint mobility ratios on skin effect, a positive skin factor of 𝑆 = 3 with a skin radius 

of 𝑟𝑠 = 2.1416 𝑓𝑡 that would result in an altered permeability of 𝑘𝑠 = 942.2 𝑚𝐷 in the damaged formation is considered. 

Figure 9 shows the pressure transient results for favourable and unfavourable endpoint mobility ratios in the presence of 

a positive skin factor. It is evident that the pressure derivative curve shows a higher degree of variation resulting in 

negative pressure derivative values as the front approaches the skin radius for an unfavourable endpoint mobility ratio in 

the presence of a positive skin factor. A similar trend was observed by Boughrara [16] in her studies when comparing the 

synthesized analytical model with the simulator results in the presence of a positive skin factor of 𝑆 = 14.9. However, 

the high degree of variation in the pressure derivative curve is not only due to the high skin, but also due to the high 

endpoint mobility ratio. For both cases, after the front has propagated beyond the skin radius, the pressure derivative 

curve starts to behave the same as the zero-skin case reflecting the response from the formation with the original 

permeability. However, it is noticeable that the time taken for the favourable mobility ratio (𝑡6) to obtain the response 

from the undamaged zone is shorter than the unfavourable endpoint mobility ratio scenario. Here the unfavourable 

endpoint mobility ratio scenario is yet to receive the response from the zero-skin zone and might require a longer injection 

period for that purpose.  
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Figure 9. ∆𝑷 and ∆𝑷’ for Case 4. 

 
This adverse variation in the pressure derivative curve for an unfavourable endpoint mobility ratio occurs due to the 

unfavourable displacement of the injected water in the reservoir. The ability of the high mobility water to by-pass the 

lower mobility reservoir fluid would cause a delay in displacing all the oil from the near-wellbore region. However, for 

a favourable endpoint mobility ratio, the oil from the skin zone is swept easily in a piston-like displacement causing the 

front to propagate much easier. Hence, the oil from the near-wellbore region is completely swept by water much faster 

causing the front to escape the skin-zone earlier in comparison to the unfavourable endpoint mobility ratio scenario. As 

such, the effect of skin could last for a significantly longer period of time in a reservoir containing heavier oil.  A 

combination of severe skin and heavier oil would result in a drastic delay in receiving the desired response from the 

unaffected zone.  

 

Case 5: Skin factor or altered permeability 

As it was identified previously that the skin effect is significant for an unfavourable endpoint mobility ratio, the effect 

of the degree of skin that causes the change in permeability of the skin zone is analysed for an unfavourable endpoint 

mobility ratio. Both, positive and negative skin factors are considered. Table 6 gives the altered permeability of the skin 

zone calculated based on the skin factor and skin radius of 𝑟𝑠 = 2.1416 𝑓𝑡 using Eq. (8). The injection period is extended 

to 200 hours. 

 
Table 6. Skin factor values and the corresponding altered permeability values for Case 5. 

𝑺 𝒌𝒔(𝒎𝑫) 

5.0 664.8 

0 2500 (original permeability) 

-1.5 14543.3 

 
A positive skin causes a reduction in the permeability and a negative skin value results in an increase in the 

permeability of the skin zone. From the results shown in Figure 10, it is noticeable that the effect of skin on the pressure 

transient behaviour is significant for a positive skin factor. Also, the skin effect lasts longer for positive skin as it is yet 

to obtain a response from the zero-skin zone. The delay in receiving the response from the zero-skin zone in the presence 

of a positive skin is due to the reduced permeability in the skin zone that hinders the movement of the front. On the other 

hand, the time taken for the negative skin factor scenario (𝑡7)  is lesser as it enables the front to propagate much faster 

through the increased permeability in the skin zone causing the front to move out of the skin zone faster. This scenario is 

highlighted by Habte and Onur [18] that disallowed them to obtain the desired pressure derivative value at the beginning 

replicating the initial condition around the wellbore due to the rapid motion of the injected water in the presence of a 

negative skin factor. This relation can be clearly explained with the support of Darcy’s law equation given by Eq. 6 where 
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the flow rate is directly proportional to the permeability of the formation. Also, it is worthwhile mentioning that the 

injection of water could result in stimulating or damaging the formation further. Injection of water into a formation with 

water-sensitive clays could further aggravate the problem due to clay swelling that could result in smaller throats causing 

a reduction in the permeability [44]. Injection of water into a water-compatible reservoir could increase the permeability 

as the fine sand particles are migrated away from the near-wellbore region [45].  

 

 
Figure 10. ∆𝑷 and ∆𝑷’ for Case 5. 

 

Case 6: Skin radius  

The “skin zone”, the region of altered permeability could extend from a few inches from the wellbore to several feet 

into the formation [46]. Hence, the effect of the skin radius on the pressure transient behaviour during the injection period 

is analysed by considering various thicknesses of the skin zone while maintaining the same permeability in the damaged 

zone as summarized in Table 7. The analysis is performed for an unfavourable endpoint mobility ratio of 𝑀 = 3.0. 

 
Table 7. Skin factor corresponding to assigned permeability and skin radius for Case 6. 

𝒌𝒔 (𝒎𝑫) 𝒓𝒔 (𝒇𝒕) 𝑺 

664.8 1.18 3.35 

664.8 2.14 5 

664.8 3.71 6.52 

2500 0 0 

 
The comparison of the results for the scenarios considered as seen in Figure 9 suggests that the skin effect lasts longer 

for a thicker skin zone. As the movement of the front vastly affects the injection period pressure behaviour, the effect of 

skin would last until the front moves outside the skin zone. Although the pressure derivative curves show a similar trend 

at the early time due to the same permeability in the region, as the thickness of the zones vary, the flood front in the 

scenario with the least skin radius is able to receive the response from the zero-skin region sooner than the scenarios with 

a higher skin radius. As such, the time spent by the flood front in the skin zone is directly proportional to the thickness of 

the skin zone. However, it is understood that the time spent by the flood front in the skin zone also depends on the endpoint 

mobility ratio and the skin factor as the flood front is able to propagate much faster in a favourable endpoint mobility 

ratio system with a negative skin factor.  
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Figure 11. ∆𝑷 and ∆𝑷’ for case 6. 

 
In a conventional production well test, the presence of skin only distorts the early time region of the pressure transient 

data [6]. However, that is not the case in an injection well test. For cases 4-6 in which the effect of skin is included, the 

time taken to receive the pressure response from the zone beyond the skin region is significantly high. As the movement 

of the front mainly affects the injection period pressure behaviour, the total time taken to completely displace the reservoir 

fluid from the near-wellbore region, formed water front to eventually propagate and move outside the skin zone could 

take a significantly long time. Certain scenarios are yet to receive the response from the zero-skin zone despite having an 

injection period of 100 hours as the water front is yet propagate beyond the skin radius proves the adverse effect of the 

presence of skin on the interpretation of the pressure response during an injectivity test. The effect of skin on the pressure 

transient behaviour can be minimized by performing well stimulation on injection wells to maximize the injection rates 

and conducting preliminary studies on the quality and incompatibilities of the injected water to avoid clay swelling or 

deposition of scale that might result in blocking the pore throats [47]. Although these actions cannot alter the endpoint 

mobility ratio of the system, the changes in the degree of skin and skin radius can still minimize the duration of the effects 

on the pressure behaviour. However, the injection of hot water reduces the viscosity of the reservoir fluid, thereby 

reducing the endpoint mobility ratio of the system around the wellbore [48]. 

 

CONCLUSION 

Unlike the conventional well test interpretations where the effects of skin and wellbore storage only affect the early 

time pressure data, for a two-phase water-oil injection problem, these effects behave differently as the movement of the 

flood primarily influences the injection period pressure behaviour. The wellbore storage effect although distorts only the 

early-time region, it could impair the pressure response from zone adjacent to the wellbore restricting one to determine 

the near-wellbore conditions such as fractures, coning and thin skin. Effective wellbore volume and compressibility of 

the fluid within the wellbore influence the amount of wellbore storage. Although the endpoint mobility ratio does not 

influence the coefficient of wellbore storage whatsoever, it does significantly affect the duration of the effect. The effect 

of skin can be consequential on the injection period pressure behaviour. The skin effect could last for a significantly 

longer period of time until the front reaches the skin radius to obtain the pressure response from the region beyond the 

skin zone. The factors that contribute in restricting the movement of the front adversely affect the pressure transient 

behaviour. Reduced permeability and/or larger skin radius result in the effect lasting for a longer period. Both, wellbore 

storage and skin effect are significant for an unfavourable endpoint mobility ratio. If these factors are not taken into 

account, the aims from the well test can only be achieved after the effects of wellbore storage and skin cease that can last 

for a significant period of time resulting in an inefficient well test. Hence, it is important to fully understand the effects 

of these parameters on the pressure transient behaviour during an injection well test to distinguish the interpretable 

reservoir response and extract information from the early time pressure data. 
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