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Flow Rate-Dependent Skin in
Water Disposal Injection Well
Reinjection is one of the most important methods to dispose fluid associated with oil and
natural gas production. Disposed fluids include produced water, hydraulic fracture flow
back fluids, and drilling mud fluids. Several formation damage mechanisms are associ-
ated with the injection including damage due to filter cake formed at the formation face,
bacteria activity, fluid incompatibility, free gas content, and clay activation. Fractured
injection is typically preferred over matrix injection because a hydraulic fracture will
enhance the well injectivity and extend the well life. In a given formation, the fracture
dimensions change with different injection flow rates due to the change in injection pres-
sures. Also, for a given flow rate, the skin factor varies with time due to the fracture prop-
agation. In this study, well test and injection history data of a class II disposal well in
south Texas were used to develop an equation that correlates the skin factor to the injec-
tion flow rate and injection time. The results show that the skin factor decreases with time
logarithmically as the fracture propagates. At higher injection flow rates, the skin factor
achieved is lower due to the larger fracture dimensions that are developed at higher
injection flow rates. The equations developed in this study can be applied for any water
injector after calibrating the required coefficients using injection step rate test (SRT)
data. [DOI: 10.1115/1.4033400]

1 Introduction

Produced water is a by-product of oil and gas production. The
produced water can include formation water, injected water, con-
densed water, and trace amounts of treatment chemicals [1–2]. It
is the largest volume by-product or waste stream associated with
oil and gas exploration and production, estimated at 21� 109 bar-
rels per year (57.4� 106 bbl/day) in the United States in 2007 [3].
The estimated water oil ratio worldwide is 2:1 to 3:1. In the U.S.,
this ratio reached as high as 8:1 because many U.S. fields were
mature and past their peak production. The ratio may be even
higher, as many older U.S. wells have ratios >50:1 [4].

In the U.S., 98% of the water produced from onshore wells is
injected into underground formations. Fifty-nine percent is used
in waterflooding to support the oil reservoir pressure and increase
oil production, and 40% is disposed into nonproducing forma-
tions. The remaining 2% was managed through surface disposal
including evaporation ponds, offsite commercial disposal, benefi-
cial reuse, and other management methods. While more than 91%
of the water produced from the offshore wells is discharged to the
ocean, most of the remaining volume is injected for enhanced oil
recovery (EOR) purposes [4].

Underground water injection and disposal are performed
through class II wells. Class II wells are the wells that inject fluids
for EOR, dispose of fluids associated with oil and gas production,
and inject liquid hydrocarbon for storage. (Of approximately
144,000 class II wells in the U.S., salt water disposal represents
20%.) [5]

Besides produced water, oil field waste waters are a mixture of
many different streams, including cooling tower blowdown, boiler
water blowdown, ion exchange bed regeneration stream, filter
backwash, cleaning solutions (acids, caustic, and detergents), and
corrosion inhibitors and biocides.

1.1 Formation Damage During Water Injection. Water
quality is the most important factor that affects the formation dur-
ing water injection. Water quality refers to the chemical, physical,
and biological characteristics of water [6]. Five components in
water detrimental to water injection include microorganisms, dis-
persed oil, suspended solids, dissolved gases, and dissolved
solids [7].

A formation can be subjected to several mechanisms by the
injection of low quality water, which cause damage (i.e., reduc-
tion of the formation permeability) including mechanical damage
due to injection of solids or fines migration [8]; interaction
between the formation minerals and injected water that might
cause clay activation (swelling and/or deflocculation) [9], forma-
tion dissolution, chemical adsorption and wettability alternation,
relative permeability alterations due to multiphase flow, biological
damage due to the presence of bacteria [10]; interaction between
formation brine and incompatible injected water that can produce
insoluble scales, emulsions, wax, and asphaltene deposition [11];
and non-Darcy flow effects [12]. Oily water waste may also
become adsorbed inside the formation and block the pore throats,
although this effect is more pronounced in water-wet than in oil-
wet formations [13]. Modeling fracture damage can help in pre-
dicting more accurately the decline in the production flow rate
from a propped fracture well [14].

The mitigation technique to avoid loss of the formation injec-
tivity depends on the formation damage mechanism. Water filtra-
tion is essential to avoid mechanical damage by removing solid
particles larger than 10% of the pore diameter. Using clay inhibi-
tor is a must in clay-rich formations to prohibit clay swelling
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and/or deflocculation. Oil skimming and gas removal from the
waste water will help in minimizing the relative permeability
damage effect. Biocides are usually used to stop the bacteria
growth and keep the near wellbore area free of bacteria biomasses
that severely affect the well injectivity. Also, other inhibitors and
chemicals can be used to prevent scale formation, emulsification,
precipitation of insoluble solids, and wax asphaltene
deposition [9].

Based on field observation, it was concluded that a continuous
loss of injectivity is obtained with matrix produced water reinjec-
tion [15], and successful PWRI is likely to require fracturing [16].
It is a commonly held belief within petroleum engineering that
most successful water-injection wells have been fractured. When
dealing with low permeability formations or with injection water
of poor quality, fractures are usually induced intentionally in order
to obtain a higher injectivity. Unintentional fracturing can also
occur, for instance, when cold water is injected into a relatively
hot reservoir. The cooling of the reservoir rock can reduce the
rock stress to the point where the injection pressure exceeded the
tensile strength of the rock and fracturing occurs [17,18].

1.2 Skin Factor. When the near wellbore region has a perme-
ability that is higher or lower than the virgin rock permeability,
the actual bottom-hole pressure will be different than the ideal
bottom-hole pressure that would have been observed if the near
wellbore region were untouched with the same properties as the
virgin rock. This effect of having different permeabilities in the
near wellbore and far wellbore region is called the skin effect.
Skin factor is a dimensionless parameter that is used to quantify
the magnitude of skin effect [19]. A positive skin factor is
obtained when the near wellbore region has permeability lower
than the native formation permeability (formation damage), while
negative skin factor means the permeability of the near wellbore
region has been increased (stimulation) [20].

Hawkins presented the following model to calculate the skin
factor using the permeability and radius of the skin zone [21]

s ¼ k

ks
� 1

� �
ln

rs

rw

� �
(1)

where k is the native formation permeability, ks is the skin zone
permeability, rs is the skin zone radius, rw is the wellbore radius,
and s is the skin factor.

Injection of low quality water will damage the near wellbore
region reducing its permeability and creating a positive skin fac-
tor. Hydraulic fracturing will enhance the well injectivity/produc-
tivity and will result in a negative skin factor.

The skin factor due to the presence of a hydraulic fracture can
be calculated using the following equation [22]:

s ¼ ln
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p
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(2)

For a hydraulic fracture with infinite conductivity, Eq. (2) will
take the following form:

s ¼ ln
2rw

xf

" #
(3)

Equation (2) neglects the damage formed on the fracture faces.
Mather et al. [23] developed a model to calculate the fracture skin
taking in consideration the damage around the wellbore and frac-
ture faces

s ¼ pk

2

rsksksd

rs � dð Þksd þ dks
þ

xf � rsð Þkkd

rs � dð Þkd þ dks

" #�1

� prs

2xf
(4)

Here, CfD is the dimensionless fracture conductivity, d is the depth
of the fracture face damage, kd is the fracture face damage perme-
ability, ksd is the permeability in the region with near wellbore
damage and fracture face damage, and xf is the fracture half-
length.

To apply Eq. (4) in actual field cases, fracture simulator will be
needed to predict the fracture propagation rate with time at differ-
ent injection flow rates. Also, lab work is needed to determine the
damage parameters d, kd, and ksd; these parameters are strongly
dependent on the properties of the solid content in the water (solid
loading and particle size distribution) and on the pore throat size.
For water disposal wells (especially commercial ones), water
properties cannot be controlled since water comes from several
sources. It is not practical to run for each water truck a complete
water analysis to measure the solid contents, core analysis to
define the damage parameters, and fracture simulator to predict
the fracture propagation with time and flow rate.

Based on these facts, the development of a simple equation to
predict the evolution of the skin factor with time is important in
order to better predict the well behavior over long-term water
injection. The developed equation idea is similar to the equation
used for gas producer that states that the skin factor is linearly
depend on the production flow rate. However, the problem that
occurs during water injection is different than that observed dur-
ing gas production since the skin factor in water injectors is time
dependent as well as gas dependent. That said, running an SRT is
all that is needed in order to develop and calibrate the new skin
factor equation.

1.3 Rate-Dependent Skin. The term rate-dependent skin was
originally used in association with high rate gas producing wells
to describe the increase in skin factor at higher flow rates due to
turbulent flow [24]

s0 ¼ sþ Dqg (5)

Here, D is the non-Darcy coefficient, s0 is the flow rate-dependent
skin, and qg is the gas flow rate.

In water-injection wells when injection is conducted through an
unpropped hydraulic fracture, the fracture dimensions are differ-
ent at different injection flow rates. A larger fracture will be
developed at a higher flow rate to handle the lager water volume
injected, and smaller fracture will be formed at lower injection
flow rates. Based on Eqs. (3) and (4), the skin factor decreases
with an increasing injection flow rate because of the longer frac-
ture formed at higher injection rates.

Beside the injection flow rate effect, the fracture dimensions
are function of time as well. At a constant injection flow rate, the
fracture propagation continues with time until reaching a point
where the fracture leak-off volume equals to the injection flow
rate. After this point, the fracture will not propagate further unless
the injected water damages the fracture faces which reduces leak-
off and causes the fracture to propagate to handle the injected vol-
umes. Usually, fracture propagation can be predicted by using a
fracture simulation package [25,26]. However, geomechanical
analysis is always needed to prepare the input data for the fracture
simulators, which might consume time to prepare it.

The objective of this paper is to use injection test data to de-
velop a simple equation to estimate the skin factor as a function of
time and injection flow rate for a water injector well. A general
form of the relationship is presented as well as a specific equation
for a well in the Eagle Ford Shale basin in Texas, U.S.

2 Well Details

Data from a salt water disposal well located in Texas and used
to dispose of produced water, flow back water, and drilling fluid
water were analyzed in order to develop the targeted equation.
The well is perforated through Escondido sands formation
(Fig. 1).
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The permeability of this formation was estimated to be very
low (around 5 mD). Also, from the geomechanical analysis run
using Advantek’s @LOG software, the formation fracture pressure
ranges between 2100 and 2450 psi (Fig. 2). Based on the perme-
ability and fracture pressure value, successful injection requires
the presence of a hydraulic fracture in this tight formation. The
maximum allowable surface injection pressure (MASIP) for this
well is between 1500 and 1600 psi.

Figure 3 shows the inflow and well performance curves. The
curves show that under matrix injection and assuming no damage
around the wellbore (skin¼ 0), the maximum injection rate that
could be achieved at MASIP is less than 0.5 bpm. To achieve
injection flow rate higher than 4 bpm at MASIP, the formation
should have a skin factor less than �6.5. From Eq. (3), the forma-
tion should have a hydraulic fracture with half-length more than
460 ft.

The well was treated using 120 bbls of 20% HCl at injection
flow rate ranges from 2 bpm to 8 bpm. The well performance
during the acid job is shown in Fig. 4. This figure shows the rate-
dependent skin phenomenon due to the hydraulic fracture propa-
gation: the skin factor at injection rate of 2 bpm was around �4,
and at 8 bpm was less than �6.8. This reduction in the skin factor
conforms to the interpretation of the development of increasing
fracture length at higher injection flow rates.

3 Well Testing

Two injection tests (an SRT and pressure fall-off test (PFOT))
were conducted to evaluate the well performance and the fracture
geometry. Figure 5 shows the pressure and rate data for the injec-
tion tests, while the injection schedule is given in Table 1.

Analyzing the SRT showed that for the three injection rates
used in the test, the injection was always conducted under a
hydraulic fracture flow regime. The three points on the
pressure–rate plot lay on the same straight line (no change in the

slope), and the pressure was always higher than the minimum hor-
izontal stress (MHS) value (Fig. 6) that has been calculated by
using @LOG software as shown in Fig. 2.

Pressure fall-off data were analyzed to calculate the formation
permeability and fracture dimensions. From the log–log diagnos-
tic plot (Fig. 7), the different flow regimes were clearly identified:
the early unity slope region identifies the wellbore storage inter-
val; the fracture linear flow was identified by the half-slope line;
the 3/2 slope line identifies the fracture closure; and finally, the
pseudoradial flow region was identified by the zero slope
line [27].

G-function is a time function that mainly used to estimate the
closure time of fracture. This technique is dependent on fluid
leak-off rate, and hence, it is considered as a preclosure analysis.
The form of G-function used in this paper assumes high fluid effi-
ciency in low permeability formation (which is true for water),
and this validates the assumption of linear variation of fracture
surface area with time during fracture propagation [28].

From the plot of G-function versus bottom-hole pressure and
G-function versus its derivative (Fig. 8), the fracture closure pres-
sure was identified to be 2480 psi. This value agrees with the value
of MHS calculated from the well log using Advantek’s @LOG soft-
ware, which was 2450 psi. This result was expected as the closure
pressure is equivalent to the MHS [29]. Summary of the fall-off
test analysis is given in Table 2.

4 Development of the Rate-Dependent Skin Equation

The injection tests data were used to develop the new equation
assuming that pseudoradial flow has been established. The skin
factor for each flow rate was calculated using the following
equation [30]:

BHP� Pi ¼
70:6qlB

kh

� �
Ei
�948/lctr

2
w

kt

� �
þ 2s

� �
(6)

Fig. 1 The disposal well has four perforation intervals through
Escondido formation (60 ft net perforations) Fig. 2 Stress analysis of the Escondido formation
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Solving Eq. (6) for skin factor yields

s ¼ 1

2

BHP� Pi

70:6qlB

kh

� �� Ei
�948/lctr

2
w

kt

� �0
B@

1
CA (7)

Here, B is the formation volume factor, BHP is the bottom-hole
pressure, ct is the total compressibility, q is the injection flow rate,
h is the formation thickness, Pi is the formation pressure (pore
pressure), t is the injection duration, / is the formation porosity,
and l is the fluid viscosity.

The skin factor was calculated at the end of each injection step,
and the results obtained showed that the skin value decreased with
increasing injection flow rate (Fig. 9). The following equation
governs the change in the skin factor at different flow rates:

s ¼ �0:3406
q

1440

� �
� 4:2999 (8)

This equation can be generalized to be

s ¼ a
q

1440

� �
þ b (9)

where a and b are constants which depend on the well and fluid
properties, s is the skin factor, and q is the injection flow rate in
BPD.

The time factor is not considered in Eq. (9). This equation
assumes that the fracture is developed to its maximum length at
the time we start injecting, and it does not propagate after that.
However, we know that the hydraulic fracture is propagating with
time due to damage induced by the injection.

In order to include the injection time effect in the developed
equation, the skin factor was calculated every 5 min of injection
for each flow rate. Different skin development trends were noted
for each flow rate as shown in Fig. 10. In general, a logarithmic
relationship between the skin factor and injection time was cap-
tured and covered by the following equation:

s ¼ �Aln
t

60

� �
� B (10)

Fig. 3 Inflow and well performance curves

Fig. 4 Well performance during the well acidizing

Fig. 5 Pressure and rate data for the SRT and PFOT

052906-4 / Vol. 138, SEPTEMBER 2016 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/energyresources/article-pdf/138/5/052906/6150184/jert_138_05_052906.pdf by John M

oltz on 06 M
ay 2022



In the above equation, A and B are the fitting parameters and were
controlled by the injection flow rate (Fig. 11) and can be calcu-
lated using the following equations:

A ¼ CeD q
1440ð Þ (11)

B ¼ E eF q
1440ð Þ (12)

where C, D, E, and F are the fitting parameters on the A and B ver-
sus q plots. They depend on the damage building rate, which is a
function of the formation and fluid properties. The values of these
constants for the current case are listed in Table 3.

The general rate-dependent skin equation for an unpropped
hydraulically fractured injection well is as follows:

s ¼ �CeD q
1440ð Þln t

60

� �
� EeF q

1440ð Þ (13)

The above equation can be developed for any injector by using
the following steps:

Table 1 Injection tests schedule

Injection
duration (min)

Injection flow
rate (BPM)

Volume
injected (bbl) Test

20 1.8 36 SRT
15 3.8 57
15 5 75
106 0 0
100 3.8 380 PFOT
500 0 0
Cumulative volume (bbl) 548

Fig. 6 Pressure–rate plot (SRT analysis). MHS is the formation
minimum horizontal stress.

Fig. 7 Log–log diagnostic plot for the water disposal well

Fig. 8 G-function analysis of the pressure fall-off data

Table 2 Fall-off test analysis results

Parameter Value

Permeability (k), mD 8.4
Transmissibility (kh/l), mD ft/cP 508
Closure pressure (Pc), psi 2480
Closure time (tc), hr 3.6
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(1) SRT should be conducted using the same fluid that will be
used in the ongoing injection operations.

(2) For each step, the skin factor to be calculated using Eq. (7)
at multiple time steps.

(3) For each flow, plot of skin factor versus injection time
should be fitted to obtain the constants A and B in Eq. (10).

(4) A relationship between A’s and B’s and the injection flow
rate can be obtained as shown in Fig. 11.

(5) C and D are the fitting parameters in the exponential rela-
tionship between A and q as shown in Fig. 11 and Eq. (11).

(6) E and F are the fitting parameters in the exponential rela-
tionship between A and q as shown in Fig. 11 and Eq. (12).

(7) Substitute A and B in Eq. (10) by Eqs. (11) and (12) to get
the general skin expression (Eq. (13)).

5 Validations and Case Study

The PFOT data were used to check the validity of Eq. (13). The
PFOT was conducted by injecting water at 3.8 bpm for 100 min.
A 3D fracture simulation was conducted using Advantek’s
@FRAC3D simulator to monitor the fracture propagation. The
simulator estimated fracture length of 239 ft at the end of the
PFOT (Fig. 12). Using Eq. (3), the skin factor equivalent to this

Fig. 9 The relationship between the skin factor and injection
flow rate

Fig. 10 The relationship between the skin factor and injection
time

Fig. 11 The calculations of the C, D, E, and F constants

Table 3 Summary of the developed equation constants

Constant C D E F

Value 0.1991 0.302 4.0141 �0.059

Fig. 12 Hydraulic fracture dimensions calculated by
@FRAC3D

Fig. 13 A good match between the actual and calculated BHP
was obtained for the PFOT
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simulated fracture length is �5.82. The skin factor calculated
from the field data at the end of the PFOT using the rate-
dependent skin equation Eq. (13) is �5.9, which agrees very
closely to the skin calculated from fracture simulator results.

The skin factor was calculated at several time steps, and using
Eq. (6), the BHP was also calculated. A good match between the
calculated and actual BHP during the PFOT was obtained as
shown in Fig. 13. Using Eq. (13), the initial skin factor calculated
to be �3.8, which indicates that the fracture opens up as soon as
the injection initiated. As the fracture is propagating with time,
the calculated skin is decreasing to reach �5.4 after 1.8 hrs of
injection as shown in Fig. 14.

The pressure is calculated assuming constant skin factor to
highlight the significance of using the new model to predict the
skin development and its impact on pressure calculations. Figure
15 shows that at high value skin factor (higher than �4) which is

used in the calculations, the injection pressure was overestimated,
and at low skin factor (less than �6), the pressure was underesti-
mated. However, when the average skin factor was used (�5), the
calculated pressure was initially less than the actual pressure, and
after some time, the calculated pressure increased to be higher
than the actual pressure. The match was only obtained when
change in skin factor with time has been taken into consideration
as shown in Fig. 14.

For the ongoing injection operations, the injection time before
the pressure reaches the MASIP at each injection flow rate is
shown in Table 4. The actual injection operation was conducted at
5 bpm, and the injection lasted for 87 min before the MASIP was
reached, while the calculations showed that 89 min of injection
would be accommodated at rate of 5 bpm before reaching the
MASIP. This difference between the calculated time to reach
MASIP and the actual time to reach MASIP of less than 2 min
represents an error of less than 3%.

6 Conclusions

In this paper, a flow rate-dependent skin correlation was devel-
oped based on the data of and injection test from a water-injection
well located in Texas, U.S. Based on the results of this study, the
following conclusions can be drawn:

(1) Using the developed equation can save the time and effort
needed to use other complex formula and lab analysis that

Fig. 14 Skin factor calculated using Eq. (13)

Fig. 15 Comparison between the injection pressures calculated using the skin-dependent
flow rate model and constant skin values

Table 4 Injection time and volume to reach MASIP

Injection flow
rate (BPM)

Injection duration
to reach MASIP (min)

Volume to be
injected (bbl)

1 554 554
2 116 232
4 95 380
5 89 445
6 86 518
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is needed to obtain the damage parameters. To use the
developed equation, all that is needed is an SRT using the
water that will be used for ongoing injection.

(2) A good match was obtained between the field data and the
results obtained from the developed correlation. The devel-
opment equation helped in predicting the ongoing injection
operations with an error of less than 3%.

(3) The constants shown in this paper are only valid to the
injector well shown in this paper. To apply Eq. (13) gener-
ally, an injection test should be conducted first to calculate
the constants E, C, D, and F as Illustrated in this paper.

(4) For water injection in an unpropped fracture, the skin factor
depends on two factors: the injection flow rate and injection
time.

(5) The skin factor development rate is higher at higher injec-
tion rates (due to fracture propagation).

Nomenclature

a and b ¼ flow rate-dependent skin constants
B ¼ formation volume factor

BHP ¼ bottom-hole pressure (psi)
C, D, E, and F ¼ time and Flow rate-dependent skin constants

ct ¼ total compressibility (psi)�1

CfD ¼ dimensionless fracture conductivity
d ¼ depth of the fracture face damage (ft)
D ¼ the non-Darcy coefficient (MSCF/d)�1

h ¼ formation thickness (ft)
k ¼ native formation permeability (mD)

kd ¼ fracture face damage permeability (mD)
ks ¼ skin zone permeability (mD)

ksd ¼ permeability in the region with near wellbore
damage and fracture face damage (mD)

Pi ¼ formation pressure (psi)
q ¼ injection flow rate (BPD)

qg ¼ gas flow rate (MSCF/d)
rs ¼ skin zone radius (ft)
rw ¼ wellbore radius (ft)
s ¼ skin factor
s0 ¼ flow rate-dependent skin
t ¼ injection time (hr)

xf ¼ fracture half-length (ft)
l ¼ fluid viscosity (cP)
/ ¼ formation porosity
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