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S  ome well pressure tests conducted in channelized systems which result from either fluvial deposition or faulting, 
cannot be completely interpreted by conventional techniques, since variation in facies or reservoir width are not 
normally recognized yet in the oil literature. In this case, the corresponding equations traditionally used for single-

linear flow will provide inaccurate results. Therefore, they must be corrected.  In this study, new equations to be used 
in conventional analysis for the linear flow (pseudo linear) regime formed during the acting of the anomaly - reservoir 
width or permeability - are introduced to the oil literature. The equations do not consider the simultaneous variation of 
both parameters. The proposed equations were validated by applying them to synthetic and field examples.
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Algunas pruebas de presión que se corren en formaciones alargadas que resultan de depósitos  fluviales 
o fallas geológicas, no pueden interpretarse a plenitud mediante análisis convencional, debido a 
que se presentan cambios de “facies” o variaciones en el ancho del yacimiento, las cuales no están 

reconocidas en la literatura petrolera. Las ecuaciones no consideran la variación simultánea de ambos pará-
metros. En este caso, las respectivas ecuaciones que tradicionalmente se utilizan para la caracterización del 
flujo lineal único, proporcionarán resultados incorrectos.  Por lo tanto, éstas deben corregirse. En este trabajo, 
se introducen a la literatura petrolera nuevas ecuaciones para complementar el análisis convencional para 
el flujo lineal (pseudo-lineal) que resulta cuando interviene la anomalía considerada - ancho de yacimiento 
o permeabilidad. Las ecuaciones propuestas se validaron mediante ejemplos simulados y de campo.

Palabras Clave: flujo lineal, flujo dual lineal,  flujo pseudo lineal, gráfico Cartesiano, canal, factor de daño.
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B	 Formation volume factor, (bbl/STB)
b	 Intercept 
ct	 Compressibility, (1/psi)
Fm	 Correction factor for the slope of the pseudo-linear flow regime
Fm	 Correction factor for the intercept of the pseudo-linear flow regime
h 	 Formation thickness, (ft)
k	 Permeability, (md)
m	 Slope
P	 Pressure, (psi)
Pwf	 Well-flowing pressure, (psi)
Pws	 Static well pressure, (psi)
Pi    	 Initial reservoir pressure, (psi)
q     	 Flow rate, (BPD)
rw	 Well radius, (ft)
s	 Skin factor
t	 Time, (hr)
YE	 Reservoir width, (ft)

GREEK
 
∆	 Change, drop
ø	 Porosity, fraction
µ  	 Viscosity, (cp)

SUFFICES

D	 Dimensionless
DL	 Dimensionless referred to reservoir width
DL	 Dual-linear
DL	 Dual-linear flow
i	 Intersection or initial conditions 
L	 Linear or single-linear
LF	 Linear or single-linear flow 
pL	 Pseudo-linear
pLF	 Pseudo-linear flow
t	 total
w	 Well, water

NOMENCLATURE
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SI Metric Conversion Factor

Bbl x 1,589 873 				    E-01 = m3

cp x 1,0* 					     E-03 = Pa-s
ft x 3,048* 					     E-01 = m
ft2 x 9,290 304* 				    E-02 = m2

psi x 6,894 757 				    E+00 = kPa

INTRODUCTION

Not many well test interpretation researches have 
been conducted in elongated reservoirs. However, 
among those, the most relevant are cited here. Escobar, 
Muñoz & Sepúlveda (2005) introduced a new flow 
regime exhibiting a -0,5 slope on the pressure deriva-
tive curve once dual-linear flow has ended in elongated 
reservoirs which they named “parabolic” flow. Later, 
Sui, Mou, Bi, Deng & Ehlig-Economides. (2007) also 
found that depicted behavior and called it “dipolar flow”.  
Escobar and Montealegre (2006) and (2007) studied the 
impact of the geometric skin factors on elongated sys-
tems and complemented the conventional technique for 
these types of systems, respectively. Escobar, Hernández 
& Hernández (2007a) introduced the application of the 
Tiab Direct Synthesis (TDS) for characterization of long 
homogeneous reservoirs providing new equations for 
estimation of reservoir area, reservoir width and geo-
metric skin factors. Besides that, Escobar, Tiab & Tovar. 
(2007b) provided a way to estimate reservoir anisotropy 
when reservoir width is known in elongated systems 
since linear and radial flow regimes are presented. 
Escobar (2008) presented a summary of the advances 
in characterization of long and homogenous reservoirs 
using pressure transient analysis. The purpose of this 
work is to complement the conventional technique to 
account for these new scenarios.

The motivation for this work was to determine the 
changes in reservoir width observed in some Colombian 
fields found in the Magdalena River Basin (example 3.3). 

However, the work was extended to consider changes 
in reservoir permeability in long and narrow reservoirs, 
although these types of changes have not been actually 
found by the authors. A simultaneous variation of both 
parameters can be easily simulated; however, in prac-
tice, to establish the degree of change of each param-
eter is not easy, even by using simulation, since many 
combinations of permeability-reservoir width changes 
can provide the same pressure behavior and pressure 
derivative behavior. Therefore, this situation is out of 
the scope of this work.

SIMULATION EXPERIMENTS

Multiple simulation runs were performed to under-
stand the pressure-transient behavior throughout long 
reservoirs considering variations of either permeability 
or reservoir width. The study was divided into two parts 
to consider the variation or anomaly for: i) after dual-
linear flow, Figures1 and 2, and ii) during dual-linear 
flow regime, Figures 3 and 4. 

The following observations apply to both cases. Once 
dual-linear flow finishes, it is observed in Figures 1 and 4, 
that as permeability increases the slope also increases and 
so does its intercept. For all cases when both slope and 
intercept changes, it cannot be referred as single-linear 
flow regime, since a new different equation will result. 
Because the shape of the streamlines still displays para-
llel vectors, then the behavior is still linear. For labeling 
purposes, it is called here pseudo-linear flow regime.  
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Figure 1. Cartesian plot of dimensionless pressure vs. the square root of dimensionless time considering 
changes in permeability after dual-linear flow 

 

0

50

100

150

200

250

0,0E+00 5,0E+03 1,0E+04 1,5E+04 2,0E+04 2,5E+04 3,0E+04

tD

20.500 ft
Well 17.500 ft

0,25YE

Dual-Linear flow

Single-linear flow

 0,5YE

0,75YE

   YE

1,25YE

1,5YE

  2YE

PD

Figure 2. Cartesian plot of dimensionless pressure vs. the square root of dimensionless time 
considering changes in channel width after dual-linear flow 
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Figure 3. Cartesian plot of dimensionless pressure vs. the square root of dimensionless time considering 
changes in channel width during dual-linear flow 
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For changes higher than those shown in here, the 
straight line may not be seen; therefore, the proposed 
methodology will not apply. 

Figures 2 and 3 display the effect of changes in res-
ervoir width. For reductions in reservoir width, there 
will be an increase in the slope of the straight line during 
pseudo-linear flow. Also, as the reservoir width increases, 
the intercept of the straight line becomes larger. 

MATHEMATICAL FORMULATION

The dimensionless time variables used by Escobar 
et al. (2007a) were:

		

The dimensionless pressure function defined by 
Earlougher (1977) as:

			 

Escobar et al. (2007a) and Escobar and Montealegre 
(2007) have described the differences between the 
dual-linear flow and the single-linear flow occurring in 
elongated systems. Their governing equations are:

		

		

After replacing Equations 1 and 2 into Equation 3.a, 
Escobar and Montealegre (2007) found:

	

For pressure buildup analysis, application of time su-
perposition is required, therefore Equation 4.a becomes:

	

Equations 4.a and 4.b imply that a Cartesian plot of 
ΔP vs. either t0,5 or [(tp+Δt)0,5-Δt0,5] will yield a straight 
line during dual-linear flow behavior which slope, mDLF, 
and intercept, bDLF, are used to obtain reservoir width, 
YE, and dual linear skin factor, sDL, according to:

	

By the same token, Escobar and Montealegre (2007) 
replaced Equations 1 and 2 into Equation 3.b and found 
very similar equations for linear flow (they only differ 
in the constant):

	

		

14,407
E

LF

qB
Y

m h
=

µ
tc kφ

0,5

(7.a)

		
However, in order to account for pseudo-linear flow, 

the slope and intercept of Equations 6.a and 6.b have to 
be divided by correction factors so an accurate equation 
is obtained, such as:
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For pressure buildup analysis:
		

Equations 8.a and 8.b indicate that a plot of ΔP vs. 
either t0,5 or [(tp+Δt)0,5-Δt0,5]  in Cartesian coordinates 
yield a straight line during pseudo-linear flow regime 
which slope, mpLF, and intercept, bpLF, are used to obtain 
either reservoir width, YE,pL, or permeability, kpL, and 
pseudo-linear skin factor, spL, respectively:

		

		

		

The total skin factor will then be:

The correction factors for the slope and intercept of  
Equations 8.a and 8.b, Fm and Fb, are found considering 
the variations of the slope and intercept of the pseudo-
linear straight line related to the slope and intercept of 
the dual-linear flow straight line. These ratios are used 
to determine the respective correction factors.

a) The anomaly or change of property occurs during 
dual-linear flow regime. Figure 5 shows the behavior 
between the slope and intercept ratios with the correction 
factor for permeability contrast. Both behaviors display 
an excellent correlation. The correction factors are:
	

	

Figure 5. Permeability correction factor as a function of the slope and intercept ratios when the anomaly occurs during dual-linear flow regime 
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Figure 6 shows the behavior between the slope and 
intercept ratios with the correction factor for reservoir 
width variation. Again, excellent correlations are ob-
tained. The correction factors are:

	

	

b) The anomaly takes place once dual-linear flow 
has vanished. The behavior between the slope and 
intercept ratios with the correction factor for perme-
ability contrast is displayed in Figure 7 with excellent 
correlation coeffi-cients. The correction factors are:

-0,9123175 

-0,28810014 +2,37002616mF =
pLF

DLF

m

m

2
; R 0,99995= (13.a)

Permeability changes after dual linear flow can be 
estimated only for 60% < k < 140%. Out of this range, 
the straight line may not be developed. The following 
correlations are obtained from Figure 8.

	

EXAMPLES

The synthetic examples presented here were numerically 
generated by a commercial well test interpretation software.

 

Figure 6. Reservoir width correction factor as a function of the slope and intercept ratios when 
the anomaly occurs during dual-linear flow regime
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Figure 7. Permeability correction factor as a function of the slope and intercept ratios when the anomaly occurs after dual-linear flow regime

 

Figure 8. Reservoir width correction factor as a function of the slope and intercept ratios 
when the anomaly occurs after dual-linear flow regime 
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Simulated Example 1
Figure 9 contains a pressure vs. the square root of 

time plot during the linear flow regimes for an elongated 
reservoir in which a variation in permeability from 100 
md to 140 md was considered. Table 1 contains the input 
information to generate the example. Find permeability 
value at the other side of the anomaly and the geometric 
skin factors.

Solution 
The following information was obtained from Figure 9. 

mDLF = 25,383 psi/hr0,5	
bDLF = 71,99 psi	
mpLF = 28,694 psi/hr0,5	
bpLF = 52,75 psi

Use Equations 5.a and 5.b to estimate reservoir width 
and geometric skin factor during dual-linear flow as:

  

(100)(100)(71,99)
5,31

141,2 141, 2(400)(2)(1, 2)DL
DLFkhb

s
q B

= = =
µ

Determine the correction factors from Equations11.a 
and 11.b,

Figure 9. Cartesian plot of pressure drop vs. the square root of time 
for simulated example 1 - Variation reservoir permeability
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Find the permeability in the other side of the anoma-
ly, Equation. 9.b and the pseudo-linear skin factor with 
Equation 9.c,

The expected value of kpL is 140 md. The difference 
should be due to the error of the correlation.

Simulated Example 2
A plot of pressure vs. the square root of time during 

the linear flow regimes for a channelized reservoir, in 
which reservoir width changes from 400 to 600 ft, is 
presented in Figure 10. Table 1 also contains the input 
information used for the simulation. Determine the other 
value of reservoir width, and skin factors.

Solution
The following information was read from Figure 10. 

mDLF = 30,847 psi/hr0,5	
bDLF = 108,81 psi	
mpLF = 25,04 psi/hr0,5		
bpLF = 153,5 psi

Calculate reservoir width and dual-linear skin factor 
with Equations 5.a and 5.b, respectively:

Determine the correction factors using Equations 
12.a and 12.b,

Estimate the reservoir width in the other side of the 
anomaly, Equation 9.a and the pseudo-linear skin factor 
with Equation 9.c,

Simulated Example 3
The purpose of this example is to demonstrate the 

failure of the method for simultaneous variation of  
reservoir width and permeability. The input data is also 
given in Table 1. Determine the values of reservoir width 
and permeability.

Solution
In the pressure derivative plot, Figure 11, is ob-
served that the dual-linear flow regime appears 
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Figure 10. Cartesian plot of pressure drop vs. the square root of time for simulated example 2 – Variation of reservoir width

Table 1. Reservoir and well parameters for worked examples 

Value

Parameter Synthetic 
Example 2

Synthetic 
example 3

Field example

400 400 400 30

2 2 2 2 363 

B 1,2 2 1,2 1,018 

10

   0,66 

B    1,007 

100 67,45 100  

140 67,45 50

   2,792 

100 100 100 140 

3x10
-6 

3x10 3x10 7,77x10  

0 0

0,3 0,3 0,3 0,625

10 10 10 28 

400 400 400 

400 600 800

158,65 224,98 266,3 

Synthetic 1 
Example 1

 
qo , BPD  

, cp 

o, rb/STB  

qw, BPD

, cp 

w, rb /STB  

k, md  

kpL, md 

k/�, md/cp 

h, ft  

ct,  psi-1  

s

rw, ft

�, %

YE, ft  

Y ,pL, ft

A , Ac  

�o

�w

,

-6  -6  -6  

E



CT&F - Ciencia, Tecnología y Futuro  -  Vol. 3  Núm. 5      Dic. 2009

FREDDY - HUMBERTO ESCOBAR et al.

120

between 0,35 and 8 hr and the pseudo-linear is slightly 
seen between 358 and 501 hr. Then, the following data 
was read from Figure 12. 

mDLF = 25,41 psi/hr0,5	    
bDLF = 3.926,8 psi	
mpLF = 11,12 psi/hr0,5	 	
bpLF = 3.832,8 psi

Reservoir width is estimated with Equation 5.a:

Determine the correction factors for permeability 
and width which are obtained using Equations. 11.a 
and 12.a,

 -1,279041 

 -1,279041

-0,722154+1,702909 -0,722154

+1,702909 4,18

pLF

m

DLF

m
F

m
= =

=
11,12

25,41

1

10

100

1000

10000

0,01 0,1 1 10 100 1000 10000

t, hr

Dual-Linear flow

Pseudo-Linear flow

∆P
’  

 
, p

si
∆P

  
 &
  
 t 
  * 
  

Figure11. Pressure and pressure derivative plot for synthetic example 3 - Variation 

of both reservoir width and permeability
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Figure 12. Cartesian plot of pressure drop vs. Δt0,5 for synthetic example – Variation of 

both reservoir width and permeability 

Permeability in the altered zone is obtained from Equa-
tion 9.b:

The new value of reservoir width is estimated using 
the permeability of 146,3 md in Equation 9.a:

,

14, 407 (14, 407)400(1, 2)

(4,18)(25,41)(100) 
EpL

m pLF

qB
Y

F m h
= =

0,5
µ

tc kφ

0,5

139 ft=
2

(146,3)(0,1) (3 10 )6-×

The expected values of permeability and reservoir width 
were, respectively, 50 md and 800 ft. It is demonstrated 

that the methodology does not account for simultaneous 
changes in permeability and reservoir width. 

Field Example
Figure13 contains a pressure and pressure deriva-

tive plot for a pressure buildup test that was run in a 
well in a small oil reservoir located in the Magdalena 
River middle Valley Basin in Colombia, South Amer-
ica. The well flowed for 1.032 hr before shutting-in. 
After about 9 hrs, the pressure derivative curve should 
have gone slightly upwards and then, developed the 
single linear flow regime, as described by Escobar et 
al. (2007a). However, it went slightly down instead, 
and a half-slope straight line was developed because, 
we believe, the reservoir width increased. This line 
ends at about 27 hr and then a plateau is seen. Prob-
ably, this is due to the influence of an even wider 
reservoir zone.   Information concerning reservoir, 
well and fluid properties for this test is reported in 
Table 1. The pressure vs. [(tp+Δt)0,5-Δt0,5] plot dur-
ing the linear flow regimes for this well is given in 
Figure 14. It is required to determine the variation in 
reservoir width and linear skin factors.
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Solution 
According to the pressure derivative plot, Figure13, 

the dual-linear flow is seen approximately between 3 
and 9 hrs. It is followed by a pseudo-linear flow regime 
which occurs between about 12 and 27 hrs. The follo-
wing information was read from Figure 14. 

mDLF = 8,4 psi/hr0,5		
bDLF = 7,256 psi	
mpLF = 7,216 psi/hr0,5		
bpLF = 11,03 psi

Estimate reservoir width, Equation 5.a, and dual-
linear skin factor with Equation5.b:

It is worth to clarify that the viscosity of neither 
oil nor water is used in Equation 5.a. Instead, a total 
mobility, (k/µ)t, of 2,792 md/cp is used. See Table 1.

Determine the correction factors using Equations12.a 
and 12.b,

0,1

1
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0,001 0,01 0,1 1 10 100 1000
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Figure 13. Pressure and pressure derivative plot for field example
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Figure 14. Cartesian plot of pressure drop vs. [(tp+Δt)0,5-Δt0,5] for field example - Variation of reservoir width

 Find the reservoir width in the other side of the 
anomaly, Equation 9.a and the pseudo-linear skin factor 
with Equation 9.c,

ANALYSIS OF RESULTS

The simulated examples were worked with the pur-
poses of verifying the equations. In the first synthetic 
example the permeability value was su-pposed to be 

140 md.  The estimation was 129,5 md involving an 
absolute deviation of 7,5%.  

In the second synthetic example the expected 
value of reservoir width was 600 ft. We obtained an 
average reservoir width value of 582,8 ft indicating 
an absolute deviation of 2,9%. This indicates that the 
formulated equations are correct and, then, may be 
applied to field cases, such as the third example. These 
results agree with those from Escobar et al. (2008).

The pseudo-linear skin factor in the first example 
is slightly lower than the dual-linear one. This is 
probably due to the increment of reservoir perme-
ability since no variation in the direction of flow is 
expected to occur, as it happened in the other two 
examples.

Since the methodology was not formulated for 
simultaneous variation in facies and reservoir width, 
it fails to provide reasonable answer as shown by the 
synthetic example 3.
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CONCLUSIONS 

● The well-known straight-line conventional method 
was complemented with the necessary relationships 
to characterize elongated reservoirs drained by verti-
cal oil wells when either variations in permeability 
or reservoir width are presented. In this case, the 
single-linear flow regime equation is modified with 
some correction factors to account for the mentioned 
variations. Then, appropriate versions of the equa-
tions to estimate reservoir width and skin factors are 
provided. The equations were tested with synthetic 
examples and then applied to a field case. The equa-
tions are not intended to describe the simultaneous 
changes in facies and reservoir width since they fail 
for such case.
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