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In thiswork, amethodology for characterizing reservoir pore pressure and permeability during underbalanced drilling of horizontal
wells was presented. The methodology utilizes a transient multiphase wellbore flow model that is extended with a transient well
influx analytical model during underbalanced drilling of horizontal wells. The effects of the density behavior of drilling fluid and
wellbore heat transfer are considered in our wellbore flow model. Based on Kneissl’s methodology, an improved method with a
different testing procedure was used to estimate the reservoir pore pressure by introducing fluctuations in the bottom hole pressure.
To acquire timely basic data for reservoir characterization, a dedicated fully automated control real-time data monitoring system
was established. The methodology is applied to a realistic case, and the results indicate that the estimated reservoir pore pressure
and permeability fit well to the truth values from well test after drilling. The results also show that the real-time data monitoring
system is operational and can provide accurate and complete data set in real time for reservoir characterization. The methodology
can handle reservoir characterization during underbalanced drilling of horizontal wells.

1. Introduction

Underbalanced drilling has been used with increasing fre-
quency in horizontal wells as it has conspicuous technical
superiorities compared to overbalanced drilling in decreas-
ing drilling costs, preventing invasive formation damage,
achieving higher rates of penetration, and reducing drilling
problems such as pressure differential pipe sticking and lost
circulation [1, 2]. During underbalanced drilling the bottom
hole pressure is kept below the reservoir pore pressure.
As a result the reservoir will transport fluids towards the
wellbore, generating a transient well influx during drilling.
The influx behavior of reservoir fluids depends on the
pressure difference between the reservoir pore pressure and
the bottom hole pressure and reservoir permeability and
porosity, in addition to other reservoir parameters such as the
viscosity and compressibility of reservoir fluids.The transient
well influx causes flow behavior variations in the wellbore.
Owing to the changes in well fluid composition and well

fluid flow rates, the transient influx of reservoir fluids cau-
ses variations in the flow in the wellbore. Analogous to well
testing and transient reservoir analysis, the reservoir char-
acteristics close to the well causing the influx might be
identified on site by monitoring some of the fluid flow data
of the well, such as pressure changes and rate changes [3, 4].
This is the principal idea that also is the basis for reservoir
characterization during underbalanced drilling. Estimation
of the near wellbore characteristics of the formation gives
important information for planning well completion design,
well pressure control, and optimizing drilling parameters on
site such as the well’s horizontal length, gas injection volume,
and orientation.

Reservoir characterization during underbalanced drilling
still needs strong theories to be formulatedwith reliable smart
experiments. The complexity of this subject arises from the
fact that the boundary conditions of transient well inflow
change with time during the test and that the rates of trans-
ient well influx are influenced by variation in underbalance.
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Moreover, the exhaustive and reliable monitoring data are
not easy to be acquired in real time. To the best of the
authors’ knowledge, the idea that reservoir characterization
while underbalanced drilling was first presented by Kardolus
and van Kruijsdijk [5] in 1997. In their paper, a transient
reservoir influx model of a vertical well under a constant
underbalance based on the boundary element method was
developed. They compared the model with a transient ana-
lytical reservoir model and demonstrated that the transient
analytical reservoir model could be used for evaluating
characteristic parameters in the reservoir, in particular the
permeability. In a following study, van Kruijsdijk and Cox [6]
developed a method for identifying the permeability profiles
along the well trajectory of a horizontal well considering the
variable underbalance and themore complex outer boundary
conditions of a horizontal well.

Reservoir characterization during underbalanced drilling
has been investigated by several other researchers in recent
years. Larsen and Nilsen [7] proposed a simple quasi-
stationary model for predicting the inflow at various levels
of complexity and accuracy for spreadsheet and calculator
applications based on drilling speed and knowledge of the
ratio of vertical to horizontal permeability. The influx pre-
dictions calculated by their model and a numerical reservoir
simulator were compared, giving a good agreement. Azar-
Nejad [8] presented a model for influx predictions using the
discrete flux element method. In his study, he mentioned
factors affecting influx rates and indicated that the solutions
of model are very sensitive to the reservoir thickness. Hunt
and Rester [9, 10] developed and solved new reservoirmodels
describing the underbalanced drilling problem and charac-
terizing the dynamic changes in single layer andmultilayered
reservoirs. They also presented a history matching method
for predicting the reservoir permeability. Biswas et al. [11]
proposed a genetic search algorithm for identifying the
reservoir characterization, accounting for storage effects in
both the wellbore and reservoir. In a paper by Vefring et al.
[3], a transient reservoir model coupled to a transient
wellbore flow model was used. They estimated the reservoir
properties using novel Levenberg-Marquardt algorithm, a
nonlinear least-squares optimization method. In a follow-
up research [4], the ensemble Kalman filter was also used
to predict reservoir pore pressure and reservoir permeability
while applying active tests and comparedwith the Levenberg-
Marquardt algorithm. A paper by Kneissl [12] presented a
method of simultaneously deriving reservoir pore pressure
and permeability profiles in real time during underbalanced
drilling by introducing fluctuations in the bottom hole
pressure during drilling. However, the variations of fluid flow
behavior in the wellbore might pose difficulties in estimating
the influx rates, which may lead to large uncertainties in
the estimate of reservoir pore pressure [13]. Stewart et al.
[14] proposed an integrated transient model of the formation
and the wellbore based on superposition. The method of
matching the cumulative production data for estimating
permeability using iterative search was also developed in
their paper. However, an assumption that the pore pressure
is known independently was made analogously like most
of above researchers. The problem at hand is complex [11].

Although many models and methods for identifying reser-
voir characterization while underbalanced drilling have been
proposed, the interpretation of reservoir properties is difficult
in real reservoirs, particularly in real time, except for the
simplest cases.

This paper describes a new pursuit of the complex
problem of identifying the reservoir characterization during
underbalanced drilling of horizontal wells. A model of
transient well influx of horizontal wells is used together with
a multiphase wellbore flow model. The effects of the density
behavior of drilling fluid and wellbore heat transfer during
underbalanced drilling are considered in our wellbore flow
model. Based on the Kneissl’s methodology, an improved
method of estimating reservoir pore pressure performed
by introducing fluctuations in the bottom hole pressure by
manipulating the choke valve opening and changing fluid
composition or pump rates is presented in this paper. An
effort is also made to monitor accurately and automatically
measurements required for reservoir characterization in real
time.

The paper is organized by first presenting the real-time
data monitoring. Then the transient wellbore flow model
and transient well influx model are presented, respectively.
Based on the data monitoring and mathematical models,
we then propose the methodology for estimating reservoir
characterization. In this paper, the reservoir pore pressure
and permeability profiles are the main reservoir properties
needed to be characterized.Themethodology is then applied
to a realistic case, and results are discussed. Thereafter, a
conclusion is made.

2. Real-Time Data Monitoring

The accurate and automatic acquisition of basis data in
real time has been a challenge for reservoir characteriza-
tion during drilling of horizontal wells, which is crucial
and is a prerequisite. During a standard underbalanced
drilling operation, lots of indispensable parameters can be
recorded by the compound logging and other measuring
equipment, such as the density and rheology of the drilling
fluid, well depth, penetration rate, pump pressure, outlet
rates, trajectory of the well, and wellbore diameter. However,
these measurements are insufficient and not accurate enough
for reservoir characterization. Being more pivotal, most of
these measurements cannot be acquired in real time, which
is indispensable to identifying reservoir characterization
during drilling. This paper has presented a dedicated fully
automated control real-time data monitoring system, based
on the integration and modification of existing devices or
components and the installation of some more indispensable
sensitive and accurate measuring instruments. In addition to
installing somemeasuring equipment monitoring indispens-
able parameters for reservoir characterization unrecorded
generally in conventional drilling, the data from com-
pound logging and PMWD/MWD are involved in our real-
time monitoring system. It is believed that the integration
is also beneficial for well control and drilling parameter
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optimization in underbalanced operations. The measure-
ments of interest here are as follows:

(i) injection and outlet drilling fluid densities,
(ii) injection and outlet drilling fluid rates,
(iii) drilling fluid viscosity,
(iv) oil outlet rates and density,
(v) penetration rate in the formation,
(vi) injection and outlet gas rates, pressure, and tempera-

ture,
(vii) outlet gas component,
(viii) standpipe and surface casing pressure,
(ix) bottom hole pressure,
(x) measured depth and wellbore diameter,
(xi) BHA and hole trajectory,
(xii) formation porosity.

Schematics of the location of the real-time data moni-
toring system with respect to the well for aerated drilling
and liquid-based underbalanced drilling are illustrated in
Figures 1 and 2, respectively. In order to explain the data
monitoring systems clearly, it is necessary to first introduce
the circulation process for underbalanced drilling. During
aerated drilling operations, drilling fluid from mud pits and
nitrogen from gas injection system consisting of compressor,
nitrogen generator, and booster are mixed and injected into
the drill strings under pressure via a fluid line, as shown in
Figure 1. The gasified drilling fluid is then circulated out with
the produced formation fluid through the annulus into the
primary flow line and enters the separator where gas and oil
are separated. The drilling fluid returns to the mud pits via
a return line after taking out the solids using shale shakers.
Produced oil is sent to an oil shimming tank. Separated gas
is sent to a combustion cell. For liquid-based underbalanced
drilling, the circulation process is somewhat different because
only drilling fluid is injected, as shown in Figure 2. Thus,
the measurements of the gas injection rates, pressure, and
temperature were not involved in the data monitoring system
for liquid-based unbalanced drilling. For the reason that the
attenuation of drilling fluid pulse in multiphase flow restricts
the use of down hole measuring devices with transmission
medium of drilling fluid pulse in aerated drilling [16, 17],
PMWD/MWDdatawere not included in the datamonitoring
system for aerated drilling.

As shown in Figures 1 and 2, the real-time data monitor-
ing systems consist of various kinds measuring instruments,
an incoherent receptor, a signal converser, and a PC. To
acquire various parameters in different types in real time, the
measuring facilities used here include pressure transducers,
temperature transducer, gas and liquid flowmeters, density
measuring unit, and portable gas analyzer. The strong tech-
nology and sophisticated equipment were applied in data
acquisitions in this paper.The pressure transducers used here
have a frequency response of 0.1∼1000Hz and a maximum
full scale output error of 0.75% FSO over the 0 to 70∘C
compensated range.The injection and outlet gas temperature

was measured by the temperature transducers with wide
temperature range from −55∘C to +150∘C and excellent
linearity of ±0.3∘C. In order to assure measurement accuracy,
different types of portable type clip ultrasonic flowmeter were
clamped on to the existing pipeline to acquire, respectively,
the drilling fluid, oil, and gas rates. The density measuring
unit proposed by Carlsen et al. [18], consisting of three
pressure transducers placed along the circulating path from
the pump to the connection to the drill string, was used
to identify automatically the injection drilling fluid density.
An advantage of this method is that it enables automatic
updates of the density. Likewise, the outlet drilling fluid
density can readily be determined. The density of outlet oil
was measured using a common method for the reason that it
is relatively fixed for a particular reservoir. The acquisition of
outlet gas component can be completed using a portable gas
analyzer. One of the technical superiorities of this system is
that a digital microwave transmission technique was used to
transmit the data recorded by various measuring equipment
instead of the use of the cable. All the measuring instruments
shown in Figures 1 and 2 were attached to a wireless radiated
element, respectively. Measurement signals from pressure
transducers, flowmeters, and other instrumentswere received
wirelessly by an incoherent receptor and then analyzed and
recorded using a signal analyzer after being converted into
digital signals. It is noted that the incoherent reception
technique indicated in Spalding and Middleton [19] was
applied here to tackle the reception of signals in the impulsive
interference environment. Data acquisition software called
LabVIEW was used to capture the measurement signals.
These measurements together with compound logging data
and PMWD/MWD data were preprocessed to detect neces-
sary information for reservoir characterization in standard
data formats usingMATLAB on a personal computer. Owing
to the use of wireless transmission technique, the signal
receptor and data processing system no longer have to be
located near the well site, which makes remote supervisory
and technical service possible. The work above in this paper
ensures that the data are accurate, real time and easily
available, which is critical and considerable for reservoir
characterization during drilling.

3. Transient Wellbore Flow Model

The wellbore transients have significant effect on actual
well inflow and therefore should be considered in reservoir
characterization. The real-time data monitoring system can
provide bottom hole pressure in liquid-based underbalanced
drilling. During aerated drilling, the wellbore transients
must be calculated by mathematical means owing to the
serious attenuation of PMWD signals. In this section a one-
dimensional liquid-gas two-phase transient model governing
wellbore flow with thermal effects in aerated drilling is
developed, with variables resolved in the axial direction only.
Besides, the effect of the cutting bed in horizontal sections is
considered. Owing to complexity of the liquid-gas two-phase
flow transient in wellbore, the following assumptions made
for the model development are primarily given.
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Figure 1: A schematic of the placement of the real-time data monitoring system for aerated drilling.
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Figure 2: A schematic of the placement of the real-time data monitoring system for liquid-based underbalanced drilling.

(i) The liquid phase fluids are incompressible and New-
tonian.

(ii) Properties of fluids are uniform and constant.

(iii) The bubbles are spherical in shape having diameter as
the characteristic.

(iv) The transverse lift force is neglected.

(v) The turbulent dispersion force of gas phase is neglec-
ted.

(vi) The effects of breakup and coalescence of droplets and
bubbles are neglected.

(vii) Mass transfer effects are neglected.

3.1. Model Development. In this paper, a transient model of
liquid-gas two-phase flow in wellbore is proposed on the
basis of the three-dimensional model, averaged in time and
space given by Lahey andDrew [20].The governing equations
consist of continuity equations for each component and a
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momentum conservation equation. Such equations can be
written as follows:

gas continuity equation
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liquid continuity equation
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gas momentum conservation equation
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liquid momentum conservation equation
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(4)

where 𝑝 is pressure, 𝑔 is the acceleration due to gravity, 𝜌
is density, 𝑢 is velocity, 𝛼 is the volumetric fraction, 𝜃 is the
deviation angle, 𝑡 and 𝑧 are temporal and spatial coordi-
nates, 𝐹

𝑑
is drag force, 𝐹V𝑚 is virtual mass force, 𝐹

𝑤
is

wall shear force, and the subscripts 𝑔, 𝑙 represent gas and
liquid, respectively. The indispensable closure relationships
appearing in equations above are formulated and described
in Appendix A.

Due to the mixture of gas-liquid two phases, the dis-
tribution relation of two-phase homogeneous fluid can be
normalized as

𝛼

𝑔
+ 𝛼

𝑙
= 1. (5)

In this paper, gas phase can be deemed as the ideal gas and
can be evaluated using the equation of state in the following
manner:

𝑝 = 𝑍𝜌

𝑔
𝑅𝑇, (6)

where 𝑇 is temperature, 𝑅 denotes the gas constant, and 𝑍 is
the real gas deviation factor, which is the function of pressure,
temperature, and the nature of the gas.

In the transient liquid-gas two-phase flow model, the
heat transfer between wellbore and formation is considered
by introducing a wellbore heat transfer model during two-
phase flow presented by Hasan and Kabir [21] based on a
rigorous energy balance equation for two-phase flow [22]. An
expression for fluid temperature in wellbore as a function of
well depth and producing time is primarily given by

𝑇 = 𝑇
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+ 𝜉 [1 − 𝑒
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(𝑇

𝑓𝑏ℎ
− 𝑇

𝑒𝑏ℎ
) ,

(7)

where 𝑇

𝑒𝑖
is undisturbed formation temperature at given

depth, 𝜉 is inverse relaxation distance, 𝐻 is total well
depth from surface, 𝑔

𝑐
and 𝐽 represent conversion factors,

𝐶

𝑝
is the mean heat capacity of the multiphase fluid at

constant pressure, 𝑔
𝑇
is geothermal temperature gradient,

𝜑 is parameter combining the Joule-Thompson and kinetic
energy effects, 𝑇

𝑓𝑏ℎ
is fluid temperature at the bottom hole,

and 𝑇

𝑒𝑏ℎ
is formation temperature at bottom hole. Some

important parameters are discussed in detail in Appendix B.
In the transient wellbore flow model, we consider the

density behavior of drilling fluid under high pressure and
high temperature conditions during underbalanced drilling
operation. A more accurate analytical model for density-
pressure-temperature dependence for drilling fluid in drilling
proposed by Karstad and Aadnoy [23] was presented in the
following manner:

𝜌

𝑙
= 𝜌

𝑙𝑠𝑓
𝑒

𝛾𝑝(𝑝−𝑝𝑠𝑓)+𝛾𝑝𝑝(𝑝−𝑝𝑠𝑓)
2
+𝛾𝑇(𝑇−𝑇𝑠𝑓)+𝛾𝑇𝑇(𝑇−𝑇𝑠𝑓)

2
+𝛾𝑝𝑇(𝑝−𝑝𝑠𝑓)(𝑇−𝑇𝑠𝑓)

,
(8)

where 𝜌

𝑙𝑠𝑓
is the drilling fluid density under standard con-

ditions, 𝑇
𝑠𝑓

is the standard temperature, 𝜌
𝑠𝑓

is the standard
pressure, and the values of 𝛾

𝑝
, 𝛾

𝑝𝑝
, 𝛾

𝑇
, 𝛾

𝑇𝑇
, and 𝛾

𝑝𝑇
are

essentially unknown and must be determined for different
muds from density measurements at elevated pressures and
temperatures.

Though we have made an assumption of gas liquid two-
phase flow in wellbore, the effect of cutting bed in horizontal
well on wellbore flow simulation has to be considered. The
cutting bed existing in the horizontal annulus reduces the
open flow area of gas liquid two-phase fluid, which is a
critical factor in wellbore flow simulation. In this paper, we
consider the effect of cutting bed by evaluating the open flow

area of gas liquid two-phase fluid in horizontal annulus
causing the movement of cutting bed. The cuttings trans-
port in horizontal wellbore has been investigated by many
researchers [24–30]. In this paper, we use a mechanics model
with aerated drilling fluid proposed by Zhou [30] to predict
the movement of cutting bed and the cutting bed height.

3.2. Numerical Solution. In order to solve the model, the
finite difference technique, which is one of the most widely
used numerical methods, is applied in this paper. The
technique is implemented by replacing all derivatives by
difference quotients. Owing to the introduction of analytical
expression of temperature, the model is easier to solve using
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the technique. Discretization of governing equations can be
obtained applying a first order downstream implicit scheme
for time derivations. For the stability of numerical solutions,
the donor cell concept is used. The fluid exit conditions are
assumed to be the same as the fluid conditions in the node
itself. The discretized form of governing equations can be
written in the following matrix form:

D
𝑗
(k0
𝑗

) k𝑡+Δ𝑡
𝑗

= E
𝑗
(k0
𝑗

, k𝑡
𝑗

, k𝑡+Δ𝑡
𝑗−1

) , (9)

whereD is the coefficient matrix, E is the independent vector,
𝑗 is cell number, the superscripts 𝑡 and 𝑡+Δ𝑡 are the dependent
variables calculated at the old and new times, respectively, the
superscript 0 represents the dummy variables for the iterative
method, and v is a column vector of dependent variables
given as follows:

v = (𝑝, 𝛼

𝑔
, 𝑢

𝑔
, 𝑢

𝑙
)

𝑇

,
(10)

where the superscript 𝑇 indicates the transpose.
Mechanistic models for two-phase flow in drill string and

annuli [31–33] are used to provide the necessary information
for numerical calculation about flow patterns, pressure drops,
phase volumetric fractions, and phase velocities in each old
time node. The wellbore fluid temperature at each grid point
can be estimated using (7). In this paper, we use the algorithm
based on the factorization of a matrix using a version of the
Gaussian elimination with partial pivoting.

It is important to note that the numerical solution is
transient due to the fact that almost all the transient terms
are considered in our model. In addition, the numerical
solution of two-phase wellbore flow under constantly chang-
ing flowing environmental can be given easily owing to the
establishment of real-time data monitoring system.

4. Transient Well Influx Model

In underbalanced drilling, the transient well influx can be
deemed as a complex well test. The complexity arises from
the fact that the boundary conditions vary with times in
value and type during the test because the well is con-
tinuously increasing in length. In the drilled part of the
reservoir we have a Dirichlet boundary condition. Instead,
the Neumann boundary condition is dealt with along the
future well trajectory in the reservoir. Also keep in mind
that the transient influx rates are influenced by variation in
underbalance and penetration rate.Therefore, the traditional
well test techniques are not fit for the purpose of modeling
transient well influx during underbalanced drilling. Because
of the complexity of the problems, a realistic model is needed
to predict the transient well inflow while drilling.

4.1. Mathematical Model. Themodel in this paper represents
a simplification of the actual reservoir. It is assumed that
the reservoir is symmetric around the well and possesses
constant reservoir and parameters. During the transient
period, we assume that there is no pressure response from the
border of the reservoir. For transient flow of a single phase,

the governing differential equation can be given in the form
of diffusivity equation:

∇

2

𝑝 =

𝜙𝜇𝑐

𝑘

𝜕𝑝

𝜕𝑡

,
(11)

where 𝜙 is porosity, 𝑐 is reservoir compressibility, 𝜇 is the
viscosity of reservoir fluid, and 𝑘 is the reservoir permeability.

With the above assumption that there is no pressure
response from the border of the reservoir, the outer boundary
is given in the following Neumann manner:

𝜕𝑝

𝜕𝑛

= 0,
(12)

where 𝑛 is the normal of the boundary surfaces.
Essentially, the main difference of transient influx during

drilling with convention well test operations lies in the inner
boundary, which changes with time. For the part of the
reservoir penetrated by a horizontal well, we have a Dirichlet
boundary condition:

𝑝 = 𝑝

𝑤ℎ
, (13)

where 𝑝
𝑤ℎ

is the pressure at bottom hole.
For the undisturbed part of the reservoir, the influx rates

are zero; in other words, the inner boundary conditions
likewise can be captured by the above Neumannmanner. It is
important to note that as a result of the continuous increase
in well length the inner boundary conditions do not only
change in value but in types as well. Every drill step the part
of the reservoir that is dominated by the Neumann condition
decreases, while the zone governed by theDirichlet condition
increases. This means that we have to deal with a new set of
equations with different boundary conditions for every step
drill step.Thus, we are in dire need of new realistic expression
to describe the transient well influx during underbalanced
drilling.

4.2. Approximate Analytical Solution. To allow analytical
solutions of the transient influx problem, some essential
hypotheses are made in this paper. We assume that the
reservoir consists of a number of independent elements or
zones as shown in Figure 3. It is assumed that the fluid
flows along planes perpendicular to the well. During under-
balanced drilling, a new zone is added to the well every
step in time. The size of the time step and the thickness of
drilled zones must conform to the penetration rate, which is
considered to be constant here. It is assumed that production
from new added zone starts at the moment when it is being
penetrated by drilling. The total production rate at a given
time can be obtained by adding the production response of
individual zones that time. Thus, the total production rate as
a function of time can be given by

𝑞

𝑡𝑜𝑡
(𝑡) = ∫

𝑧(𝑡)

0

𝑞

𝑤
(𝑧, 𝑡) 𝑑𝑧,

(14)
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Figure 3: A schematic of a horizontal well drill into the reservoir
consists of a number of independent elements.

where depth, 𝑧, is a function of time, 𝑡, and the penetration
rate, 𝑢

𝑝
, and 𝑞

𝑤
(𝑥, 𝑡) is the well influx from a unit thickness.

Substitution of 𝑑𝑧 = 𝑢

𝑝
𝑑𝑡 yields

𝑞

𝑡𝑜𝑡
(𝑡) = ∫

𝑡

0

𝑞

𝑤
(𝑧, 𝜏) 𝑢

𝑝
𝑑𝜏. (15)

Using Duhamel’s theorem, van Kruijisdijk and Cox [6]
proposed that the transient well influx for a given element
can be rendered to a convolution of the underbalance and
the time derivative of the well influx for a constant and
unit underbalance and rewrote the above equation in the
following manners:

𝑞

𝑡𝑜𝑡
(𝑡) = ∫

𝑡

0

𝑢

𝑝
∫

𝑡

𝜏

𝜕 (𝑝

𝑟𝑒𝑠
− 𝑝

𝑤
(𝜁))

𝜕𝜁

𝑞

𝑤𝑢
(Θ, 𝑡 − 𝜁) 𝑑𝜁 𝑑𝜏,

(16)

where 𝑞

𝑤𝑢
(𝑡) denotes the unit-underbalanced inflow of unit

reservoir segment at the given time, Θ represents the set
of reservoir parameters that define the flow geometry and
properties, 𝑝

𝑟𝑒𝑠
is the reservoir pore pressure, and 𝑝

𝑤
is a

function of time and is defined as

𝑝

𝑤
(𝑡) = {

𝑝

𝑟𝑒𝑠
for 𝑡 ≤ 𝑡open (𝑧) ,

𝑝

𝑤ℎ
(𝑡) for 𝑡 > 𝑡open (𝑧) .

(17)

The function 𝑡open(𝑧) represents the time atwhich the drill
bit penetrates point 𝑧, thereby opening that point along the
well trajectory up to flow.

To obtain an analytical solution of transient well inflow
at any given time, we need a realistic expression of the unit-
underbalance transient inflow of each unit thickness segment
𝑞

𝑤𝑢
(𝑡). Based on the appropriate source functions in Laplace

space, van Kruijisdijik [34] proposed the following analytical
solution:

𝑞

𝑤𝑢
(𝑡) =

2𝜋𝑘ℎ

𝜇𝐵

𝑜

𝑎

1
/ (𝜋𝑟

𝑤
)

𝑆

𝑧
+ 𝑎

2

√𝑘𝑡/𝜙𝜇𝑐𝑟

2

𝑤

, (18)

where ℎ is the reservoir thickness, 𝑟
𝑤
is the radius of the

wellbore,𝐵
𝑜
is the volume factor of the reservoir fluid, 𝑆

𝑧
is the

effective skin due to vertical flow, 𝑎
1
and 𝑎

2
are the coefficient

and have, respectively, the values of 0.611 and 1.083 in the early
time of transient influx.

For gas reservoir, the expression of the transient inflow
is a bit different from (16), the analytical solution for oil
reservoir proposed by van Kruijisdijk and Cox [6]. The
compressibility of gas decides the influx difference between
oil and gas reservoir.We define the pseudopressure as follows:

�̇� = 2∫

𝑝

𝑝0

𝑝

𝜇

𝑔
(𝑝)𝑍 (𝑝)

𝑑𝑝, (19)

where 𝑝

0
is the known pressure for reference, 𝜇

𝑔
is the gas

viscosity, and 𝑍 is the compressibility factor of the gas. Then,
the total influx rates of gas reservoir during underbalanced
drilling can be given:

𝑞

𝑡𝑜𝑡
(𝑡) = ∫

𝑡

0

𝑢

𝑝
∫

𝑡

𝜏

𝜕 (�̇�

𝑟𝑒𝑠
− �̇�

𝑤
(𝜁))

𝜕𝜁

𝑞

𝑤𝑢
(Θ, 𝑡 − 𝜁) 𝑑𝜁 𝑑𝜏.

(20)

Analogously, we rewrite the analytical expression of 𝑞
𝑤𝑢

for
gas reservoir in the following manner:

𝑞

𝑤𝑢
(𝑡) =

𝜋𝑘ℎ

𝐵

𝑔

𝑍

𝑠𝑐
𝑇

𝑠𝑐
𝜌

𝑔𝑠𝑐

𝑝

𝑠𝑐
𝑇

𝑎

1
/ (𝜋𝑟

𝑤
)

𝑆

𝑧
+ 𝑎

2

√𝑘𝑡/𝜙𝜇𝑐𝑟

2

𝑤

, (21)

where the subscript denotes the standard state.

5. Methodology of Estimating
Reservoir Characterization

After establishing datamonitoring system in real time, a tran-
sient liquid-gas two-phase flow model in wellbore and well
influx model during drilling have been derived. Hereunto,
we have reliable data acquisition approach and theoretical
model for reservoir characterization. In this section, let us
focus on specific approach to estimate reservoir properties. At
first we will propose a new methodology to acquire reservoir
pore pressure and then discuss how to extract the reservoir
permeability profiles during drilling.

5.1. Reservoir Pore Pressure. Inspired by the interesting
methodology of identifying reservoir pore pressure proposed
by Kneissl [12], a new improved method of testing reservoir
pore pressure is developed using different testing procedure,
avoiding the uncertainties affected by variations of fluid flow
behavior in the annulus sections and unpredictable inflow
of new added zones. It is noted that the idea of identifying
reservoir pore pressure by actively fluctuating the bottom
hole pressure is still the key kernel thought of our method.
Focusing on the new methodology, a principal assumption
has to be made that the reservoir drilled consists of different
zones with constant formation pressure coefficient, which
corresponds with the most common circumstances. With
the continuous pressure system assumption, it is easy to
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obtain reservoir pore pressure of each zone by extracting the
reservoir pressure coefficient when the reservoir is opened.
This greatly simplifies the procedure of pore pressure test
and avoids complex mathematical computation usually used
in other methods. To eliminate the uncertainties of estimate
results introduced by continuous inflow of new zones, it is
needed to stop drilling but keep circulation to begin the
testing operation when the first reservoir zone was opened,
which is the difference from Kneissl’s method in testing
procedure. Taking into account the fact that only the first zone
was opened in the testing operation, the transient inflow of
well can be given by

𝑞

𝑤
(𝑡) =

2𝜋𝑘ℎ (𝑝

𝑟𝑒𝑠
− 𝑝

𝑤
(𝑡))

𝜇𝐵

𝑜

𝑎

1
/ (𝜋𝑟

𝑤
)

𝑆

𝑧
+ 𝑎

2

√𝑘𝑡/𝜙𝜇𝑐𝑟

2

𝑤

. (22)

It can be rewritten as

𝑞

𝑤
(𝑡)

𝑝

𝑟𝑒𝑠
− 𝑝

𝑤
(𝑡)

=

2𝜋𝑘ℎ

𝜇𝐵

𝑜

𝑎

1
/ (𝜋𝑟

𝑤
)

𝑆

𝑧
+ 𝑎

2

√𝑘𝑡/𝜙𝜇𝑐𝑟

2

𝑤

. (23)

At very short time, the expression reduces to the following
manner:

lim
𝑡→0

𝑞

𝑤
(𝑡)

𝑝

𝑟𝑒𝑠
− 𝑝

𝑤
(𝑡)

= lim
𝑡→0

2𝜋𝑘ℎ

𝜇𝐵

𝑜

𝑎

1
/ (𝜋𝑟

𝑤
)

𝑆

𝑧
+ 𝑎

2

√𝑘𝑡/𝜙𝜇𝑐𝑟

2

𝑤

=

2𝜋𝑘ℎ

𝜇𝐵

𝑜

𝑎

1
/ (𝜋𝑟

𝑤
)

𝑆

𝑧

,

(24)

which is entirely independent of the time and the down
side of the equation can be considered constant for a given
reservoir. It also can be interpreted that the transient inflow
of well has a significant negative linear correlation with the
pressure at bottom hole in the earliest hours of inflow. For
the inflow of well to become zero, the reservoir pore pressure
is approached by the pressure at bottom hole. Thence, we
can identify the reservoir pore pressure by searching for
the linear correlation between the inflow and pressure at
bottom at the early stage of transient inflow. This process
is performed by introducing artificially fluctuations in the
bottom hole pressure and by measuring the inflow rates and
bottom hole pressure based on the real-time data monitoring
system. For aerated drilling, the bottom hole pressure can be
estimated using the transient wellbore flowmodel mentioned
in this paper. Figure 4 illustrates some details concerning
how to extract the reservoir pore pressure. Here, linear fitting
of some measurement points is used to identify the linear
correlation between thewell inflow and bottomhole pressure,
and the reservoir pore pressure can be read at the crossing
of the best-fit regression line and the horizontal axis. For
the reliability of test results, the number of testing points
should not be less than three. Fluctuations of the bottom hole
pressure can be introduced by managing the choke valve,
changing gas injection rates or pump rates. To eliminate
the effects of variations of fluid flow in the wellbore on
the estimated results, it is necessary to leave enough time
to capture relative steady inflow rates for each fluctuating

High

High

Low

0

qw

pw

Testing data
Best-fit regression line

Reservoir pressure

Figure 4: Reservoir pore pressure test by introducing fluctuation at
the bottom hole pressure.

operation, and the time needed lasts for a few minutes or
more than one hour, which depends on well depth, the type
of operations introducing the fluctuation in the bottom hole
pressure, reservoir characteristics such as permeability and
formation fluid properties, and so on.

Having acquired the reservoir pore pressure of the first
zone when the reservoir is opened, the reservoir pressure
coefficient and pressure of subsequent zones can be obtained
during drilling using a simple formula. For the case where
more than one reservoir with different pressure system was
drilled, new testing procedure should be repeated when new
reservoir was opened. The only difference is that the inflow
measurements consist of the transient inflow response of
the former reservoir and the transient well inflow of new
reservoir’s first zone. Here, necessarymathematical treatment
of the inflow measurements is needed.

5.2. Permeability Profiles. To determine the reservoir perme-
ability, we make the simplifying assumption that the perme-
ability is constant in specified zones of the well. Transient
influx from each reservoir zone with different permeability
at the time of interest constitutes the total production rates of
thewell, which can be got from the real-time data acquisitions
system. The analytical expressions of total production rates
and unit-underbalance response of each zone which are
related to the permeability have been established in the last
section of this paper. The reservoir pore pressure of each
reservoir zone can be calculated after testing the reservoir
pressure coefficient just when the reservoir was opened. It
is assumed that the porosity, reservoir height, and other
reservoir parameters apart from permeability are constant
and known. Theoretically, the permeability of each reservoir
zone can be easily determined using (18) and (21). Unfor-
tunately, the analytical expressions of the total production
rates are given in integral form, which results in that they
cannot readily be implemented in spreadsheet and calculator
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applications. To facilitate the calculation, a full discretization
of the total production rates formula is given instead of the
integral form in the following manner:

𝑞

𝑡𝑜𝑡
(𝑡) = 𝑢

𝑝
(𝑝

𝑟𝑒𝑠
− 𝑝

𝑤
)

𝑛=𝑡/Δ𝑡

∑

𝑖=1

𝑞

𝑤𝑢𝑖
(Θ

𝑖
, 𝑡 − 𝑡

𝑖
) Δ𝑡, (25)

where Δ𝑡 represents the time needed to penetrate through
a reservoir element, which is constant with the assumption
of the fixed penetration rate, 𝑞

𝑤𝑢𝑖
(Θ

𝑖
, 𝑡 − 𝑡

𝑖
) denotes unit-

underbalanced inflow of unit reservoir segment from zone 𝑖,
and 𝑡

𝑖
denotes the time the wellbore reaches zone 𝑖. The value

of 𝑞
𝑤𝑢𝑖

(Θ

𝑖
, 𝑡 − 𝑡

𝑖
) for nonpositive arguments is set equal to 0.

The above discretization equation was given on the basis
of a reasonable assumption that we have a constant underbal-
ance, which is realistic and is of engineering significance for
underbalanced drilling of a horizontal well.

First, we discuss how to extract the permeability of the
1st reservoir zone. The total production rates from the real-
time monitoring system at the first time step when reservoir
is opened can be simply considered to be the influx from the
first zone. Then, we have the following formula:

𝑞

𝑡𝑜𝑡
(𝑡

1
) = 𝑞

𝑤1
(𝑡

1
)
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1
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1
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𝑧
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2
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𝑤

.

(26)

Solving the equation above, 𝑘
1
, the permeability of the 1st

reservoir zone can be given as follows:

𝑘

1
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2
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(27)

where

𝑚

1
=
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(28)

Analogously, well influx from the reservoir element 𝑖 can
be given:
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where 𝑞tot(𝑡𝑖) represents the total production rates of the well
at time 𝑡

𝑖
when the reservoir element is opened; 𝑞

𝑤𝑢𝑛
(𝑡

𝑖
− 𝑡

𝑛
)

denotes the unit-underbalance transient influx response of
unit thickness reservoir from reservoir zone 𝑛 at time 𝑡

𝑖
and

can be given using (21).
Then, we can extract the permeability of the reservoir

zone 𝑖 by
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(30)

Using the methodology, the permeability of a set of
reservoir zones can be successively extracted as the reservoir
is being penetrated by a horizontal well. To facilitate the
precise calculation and estimate permeability profiles in time,
a computer procedure was used in this paper. The success of
reservoir permeability estimation profits from reliable real-
time data monitoring system, advanced wellbore flow and
reservoir model, and an innovative reservoir pore pressure
test approach.

6. Results and Discussion

The methodology presented in this paper has been used to
identify the reservoir pore pressure and permeability profiles
of approximately 10 wells during underbalanced drilling in
China. In order to illustrate the above approach in detail, an
actual horizontal well and gas reservoir are considered in this
section. It is appropriate to emphasize that the well picked as
case study is the first successful application of this method-
ology. More exhaustive data and offset information from this
well facilitate the effectiveness evaluation of this method.The
reservoir dealt with here is the Ordovician carbonate gas
reservoir with natural fractures as the dominant gas storage
spaces and flowing channels. To avoid lost circulation and
formation damage, the well is drilled underbalanced using
the aerated clay-free drilling fluid, while this is also beneficial
for well control. Here, nitrogen is used as the injection gas.
The hole geometry and drilling assembly of this well were
illustrated in Figure 5. Some basic parameters for reservoir
and drilling fluid used in reservoir characterization were
shown in Table 1.

6.1. Data Acquisition in Real Time. The real-time data mon-
itoring system for aerated drilling presented in this paper
was used to acquire basic data for reservoir characterization
in real time. The application of this system guarantees
that the indispensable parameters are accurate and timely,
whichmakes it possible to identify reservoir characterization.
During drilling, this system succeed in the integration of the
data from compound logging and our sensitive measuring
instruments, and the digital microwave transmission was
proved to be realizable and reliable to deliver wirelessly
data. Some typical acquired measurements plotted against
time are shown in Figures 6–10. In order to illustrate the
transient behavior for different parameters, the measuring
time for different parameters in figures differs. The standpipe



10 Journal of Applied Mathematics

Drill bit 

Cement

Casing

Drill strings

Wellhead 

Bottom hole
Barefoot interval

Annulus 

Protective casing interval

Drill strings size

Diameter: 0.1524m

Diameter: 0.1524m
Depth: 4000–4960m

Inner diameter: 0.22m

Outside diameter: 0.1397m
Inner diameter: 0.1214m

Outside diameter: 0.0889m
Inner diameter: 0.0702m

Outside diameter: 0.0889m
Inner diameter: 0.0381m

Depth: 0–

Depth: 0–1800m

Depth: 1800–4930m

Depth: 4930–4960m

4000m

Figure 5: The hole geometry and drilling assembly of the well.

Table 1: Basic parameters for reservoir and drilling fluid used in
reservoir characterization.

Depth evaluation of the reservoir, m 4156
Reservoir thickness, m 15
Porosity, % 12
Reservoir fluid volume factor, m3/std.m3 0.008
Reservoir fluid viscosity, mPa⋅s 0.035
Reservoir compressibility, Pa−1 1.16 × 10−9

Reservoir fluid compressibility, Pa−1 11.77 × 10−9

Geothermal temperature, K⋅m−1 0.03
Drilling fluid density at standard conditions, g⋅cm−3 1.04
Drilling fluid viscosity at standard conditions, mPa⋅s 20
Injection gas specific gravity, 1 0.97
Injection gas viscosity at standard conditions, mPa⋅s 0.019

pressure and casing pressure for different time are plotted,
respectively, in Figures 6 and 7. It can be seen that the
transient fluctuations of standpipe pressure are more acute
than that of casing pressure. In general, this difference can
be aroused by unsteady drilling fluid and gas injection, check
calve, measuring apparatus installed along drill string, and
drill string vibration.The casing pressure changing with time
in Figure 7 indicates the different outlet gas rates or varied
choke opening. Figure 8 shows the drilling fluid density as
a function of time for outlet and injection, respectively.
Contrary to the standard drilling operations, more accurate
and automatic measurements of drilling fluid density can be
obtained in real time, utilizing instrumented standpipe and
separator drilling fluid outlet pipe using different pressure
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Figure 6: Data acquisition—standpipe pressure data versus time
(2010-9-27).
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Figure 7: Data acquisition—casing pressure data versus time (2010-
9-27).

transducers, not measured manually in intervals of 15 min-
utes. It is noted that the outlet drilling fluid density is slightly
lower than that of injection fluid and fluctuates wildly. This
transient behavior of outlet drilling fluid density occurs as a
result of varied outlet gas rates and nonthorough degassing of
drilling fluid. In this study, we monitor the total hydrocarbon
content of outlet gas and outlet gas rates to acquire the
reservoir gas inflow rates in real time.Themeasured outlet gas
rates and reservoir gas inflow rates are presented in Figure 9.
The real-time reservoir gas inflow rates, absolutely critical
for reservoir characterization, are calculated using the outlet
gas rates and total hydrocarbon content in time of interest
as shown in Figure 10. In sum, the application of the new
real-time data monitoring system in this well helps drilling
contractor with good underbalanced drilling operations and
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Figure 8: Data acquisition—drilling fluid density data versus time
(2010-9-25).
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Figure 9: Data acquisition—outlet gas rates and gas inflow rates
data versus time (2010-9-25).

provides accurate and more complete data set in real time for
reservoir characterization during drilling.

6.2. Reservoir Characterization. In this paper, the reservoir
characterization we are interested in refers to the reservoir
pore pressure and reservoir permeability. It is assumed that
the reservoir dealt with here consists of a number of different
zones, each 1m in thickness. With each zone, the reservoir
pore pressure and permeability are constant. In this section,
we discuss the details of identifying the reservoir pore
pressure and permeability and their comparison with the
actual data.
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Figure 10: Data acquisition—total hydrocarbon content data versus
time (2010-9-25).

For this well, the reservoir was opened at the well depth
of 4880m when visible gas inflow was detected for the first
time. And then we stopped drilling but kept circulation to
begin the reservoir pore pressure test procedure. Here, the
fluctuations of the bottom hole pressure were introduced by
manually accommodating the choke valve, without drilling
fluid and gas injection changes. After trying for some times,
three testing points with relative steady inflow lasts for more
than one hour were observed and illustrated in Figure 11. For
aerated drilling used in this well, the bottom hole pressure
for three testing points can be estimated using the transient
wellbore flow model. The important input parameters in the
wellbore flow simulation such as surface casing pressure,
outlet gas and drilling fluid rates, and outlet drilling fluid
density were provided by the data monitoring system shown
in Figure 1 in real time. For the three testing points, the
time-averaged gas inflow rates and bottom hole pressure and
their best-fit regression line are plotted in Figure 12. With the
fitted regression equation in Figure 12, it is easy to extract
the reservoir pore pressure for the first zone to be 41.91MPa.
Having known the vertical depth of 4139.7m when the test
was conducted, the reservoir pressure coefficient can be
obtained to be 1.032, whichmeets very closely the actual value
of 1.03 obtained from well-test data after drilling. The mea-
sured inclination at the well depth of 4870 before beginning
underbalance drilling operation is 88.5∘. For aerated drilling,
the hole inclination cannot bemeasured in real-time with the
use ofMWD. It is appropriate tomake the assumption that we
have the same hole inclination for the underbalance drilling
interval with length of 80m. Considering the case here that
the reservoir with consistent pressure system was drilled by a
horizontal well, it is easy to obtain the reservoir pore pressure
profile of thewell, as shown in Figure 13. It is noted thatwe use
the actual reservoir pressure coefficient from well-test data
after drilling. Thus, the good match between the estimated
reservoir pressure and actual data indicates the feasibility
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Figure 11: Three segments of steady inflow obtained by introducing
fluctuation at the bottom hole pressure.
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Figure 12: Gas inflow rates versus pressure at bottom hole and the
best-fit regression line.

and reliability of the reservoir pressure test methodology
presented in this paper.

Having obtained the reservoir pore pressure profile, we
can extract the permeability of every zone from real-time
monitoring data using the methodology presented in this
paper. To be candid, this is not a simple event. For every
zone, complex mathematical computations are required to
identify permeability. Some necessary mathematical equa-
tions needed for computation have been mentioned in the
above section in this paper. Basic parameters for reservoir
and drilling fluid and the hole geometry and drilling assembly
of the well required for reservoir characterization have
been given in Table 1 and Figure 5, respectively. The data
monitoring system provided the real-time data required such
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Figure 13: Reservoir pore pressure profile estimated using the
improved methodology.
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Figure 14: A comparison between estimated and actual permeabil-
ity profiles.

as casing pressure, injection and outlet gas rates, injection and
outlet drilling fluid density, and injection drilling fluid rates,
when performing reservoir characterization for every zone.
The estimated and actual permeability profiles are indicated
in Figure 14 and show a good agreement in magnitude on
the whole. However, we observe that there is a difference
between the estimated and actual values of the permeability
for different zones. In this example, the actual permeability
was obtained using the multi-interval test after drilling
and given in the form of average value for every interval.
To be different from the actual permeability, the separate
permeability of every unit reservoir thickness was estimated
by dividing the reservoir into discrete zones with thickness of
1m, which is an outstanding originality of the methodology
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Figure 15: Underbalance and penetration rates profiles.

presented in this paper. This is the major element causing
the difference between the estimated and actual permeability
profiles in Figure 14. Beyond this, it is also observed that the
quality of the reservoir characterization varies in different
zones. The unconstant underbalance and penetration rate
shown in Figure 15 might result in the difference. In this
paper, the mathematical expressions estimating the reservoir
permeability were derived with the constant underbalance
and penetration rate assumption. The variable penetration
rates and underbalance cause the results that the estimated
permeability are slight less accurate than those obtained with
constant penetration rates and underbalance [6]. Besides, the
estimated results of the near zones opened subsequently are
also affected. However, the quality of the reservoir character-
ization is still acceptable. Low underbalance and penetration
rates are a benefit when performing characterization, which
are also important for thewell control. In the drilling practice,
the penetration rates are easy to control, but it is hard to
keep constant underbalance and penetration rate through all
the process, and the only thing we could do was to restrict
the variation of the underbalance. In order to validate the
reservoir characterizationmethod proposed in this study, the
gas simulated outlet rates at a time when a high permeable
zone was penetrated at a depth of 4907m were compared
in Figure 16 with the monitoring data. The estimated perme-
ability for different reservoir zones at depths from 4880m to
4907m shown in Figure 14 was used to obtain the bottom
hole gas influx rates in the simulation. The real-time surface
casing pressure measured using the data monitoring system
before and after the zone of interest being opened was used
as the outlet boundary condition. Some other important
parameters in the wellbore flow simulation were given in
Table 2. The comparison is good, showing that the estimated
permeability is accurate, and the transient well influx model
and multiphase flow model can be used to simulate the
transient wellbore flow during underbalanced drilling. It is
noted that often there is no need to predict the outlet gas rates
when performing the reservoir characterization.The purpose
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Figure 16: Simulated and actual gas outlet rates when the high
permeable zone at the depth of 4907m was penetrated.

Table 2: Some required parameters used in the wellbore flow
simulation.

Well depth of interest, m 4907
Injection drilling fluid density, g⋅cm−3 1.04
Injection drilling fluid rates, L⋅s−1 18
Injection drilling fluid viscosity 20
Gas injection rates, m3

⋅min−1 20
Gas injection pressure, MPa 15.4
Gas injection temperature, K 307
Surface temperature, K 300

of the outlet gas flow rates estimation in Figure 16 was
to reversely validate the reservoir characterization method
using the estimated permeability profile. In the standard
procedure of reservoir characterization, the real-time outlet
gas rates and casing pressure measured using the data
measuring system are required in the transient wellbore flow
simulation as boundary outlet conditions to estimate the
bottom hole pressure, which is very important for extracting
the permeability of the reservoir zones.

It is noted that a new multiphase flow model was applied
to simulate the wellbore flow behavior for aerated drilling
without PWD data. Effects of drilling fluid density behavior
and wellbore transfer were involved in the new model. The
validity and practicability of new model are verified by
good agreement between simulated and monitoring results
as shown in Figures 16 and 17. Here we discuss the effects of
drilling fluid behavior and wellbore transfer on the wellbore
flow pressure profile in the annulus. During drilling opera-
tions, the annulus fluid, being lower than the formation tem-
perature, receives heat from the formation. In the meantime,
the formation near the wellbore is also cooled by the flowing
fluid in the annulus.The wellbore temperature in the annulus
has a direct bearing on the drilling fluid density and the gas
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Figure 17: Time-averaged measured and estimated standpipe pres-
sure and surface casing pressure when every zone were being
penetrated.

compressibility distributions along the annulus, which are
very important for thewellbore flow simulation. In this paper,
the effects of the drilling fluid density were considered by
invoking the temperature and drilling fluid density using the
analytical models in (7) and (8), respectively. The estimated
wellbore flow pressure profiles in the annulus for different
drilling fluid circulation time were plotted in Figure 18. It
is noted that the drilling fluid circulation time here was
only used for estimating the wellbore temperature profiles
in the annulus. In the simulation, we fixed the well depth at
1960m, outlet drilling fluid rates at 16 L⋅s−1, and the casing
pressure at 1.8MPa, respectively. The outlet gas rates were
assumed at a very low level with 0.01m3⋅s−1 to eliminate
the effect of gas compressibility induced by the different
temperatures. Some important parameters for drilling fluid
can be read in Table 1. In contrast with constant drilling fluid
density in traditional model, the simulated results of wellbore
pressure using new model are observed being slightly less
in the lower part of the wellbore indicated in Figure 18.
The results also show that the wellbore pressure profiles are
different for different circulation time, especially in bottom
hole. We can explain this by inspecting the temperature
profiles change in Figure 19. Table 3 reports the values of the
thermophysical properties used in the wellbore temperature
calculation. Caused by the cooling effect, the rate of wellbore
heat transfer diminishes with increasing circulation time.
Consequently, the temperature in wellbore declines with
circulating and engenders eventually the changes of density
profile in Figure 20, which determines the wellbore pressure
directly. Data of a water-based drilling fluid from Isambourg
et al. [15] reproduced in Table 4 are used here to calculate the
drilling fluid density.

The results of the example show that the methodology
proposed here can estimate the reservoir pore pressure and
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Figure 18: Wellbore pressure profiles simulated using traditional
model and new model for different circulation time.
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Figure 19: Temperature profiles simulated using new wellbore flow
model for different circulation time.

the permeability in real time, and the estimated results
are able to match the actual data to an acceptable level.
However, owing to the complexity of the subject, some
essential facets are necessary to provide to improve the quality
of the reservoir analysis when performing estimation of
permeability and reservoir pore pressure during underbal-
anced drilling. First and most important, the reservoir pore
pressure testing procedure should be initiated immediately
once visible gas flow from the reservoir is detected by the
real-time data monitoring system, which indicates that gas
reservoir has been opened. For the reason that the linear
correlation between the inflow and pressure at bottom exists
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Table 3: The values of the thermophysical properties for the calculation of temperature profile.
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Figure 20: Drilling fluid density profile simulated using new
wellbore flow model for different circulation time.

Table 4: Empirical constants used in the drilling fluid density
calculation (from Isambourg et al. [15]).

𝛾

𝑝

⋅1010

Pa−1
𝛾

𝑝𝑝

⋅1019

Pa−2
𝛾

𝑇

⋅104
K−1

𝛾

𝑇𝑇

⋅107
K−2

𝛾

𝑝𝑇

⋅1013

K−1Pa−1

2.977 −2.293 −1.957 −16.838 0.686

only at the earliest hours of transient inflow, it is hard to
acquire accurate estimation of the pore pressure once the best
opportunity is missed. Moreover, it is important to maintain
the wellbore in underbalance conditions while the reservoir
is being penetrated, and the underbalance should be small
and relatively stable. The fluids can flow into the wellbore
from reservoir and be circulated out from the bottom hole
only when the well is drilled underbalance. This is the
fundamental premise of the reservoir characterization. The
variable underbalance introduces a further complication in
the reservoir analysis and produces less accurate estimated
results of the permeability. Thus, the underbalance should be
kept relatively stable by changing gas, drilling fluid injection
rates, or regulating the choke valve. For better estimation of
the permeability and well control, low underbalance is also
needed. In addition, keeping constant and low penetration
rates is a benefit when performing reservoir characterization
during underbalanced drilling. For drilling operation, the
penetration rates are relatively easy to control by regulating
artificially bit-weight in real time.

7. Conclusion

In this study, a methodology for estimating reservoir charac-
terization during underbalanced drilling of horizontal wells
has been presented. The main reservoir characterization
considered here is the reservoir pore pressure and per-
meability profiles. The methodology is established using a
multiphase wellbore flowmodel merged with a transient well
influx model of a horizontal well on the basis of the real-
time data monitoring system for aerated drilling and liquid-
based underbalanced drilling. The methodology is applied
to estimate reservoir pore pressure and permeability. An
important aspect of themethodology presented is that we use
an improved method to identify the reservoir pore pressure
based on the Kneissl’s methodology using a different testing
procedure.

This methodology has been applied in approximately
10 wells in China. The estimated reservoir pore pressure
and permeability are compared with the actual values from
well test data and show a good agreement. Owing to the
introduction of the models simulating the drilling fluid
density behavior and wellbore heat transfer, the multiphase
wellbore flow model can be used to estimate the wellbore
behavior more accurately, which is very critical for reservoir
characterization during aerated underbalanced drilling.

Appendices

A. Closure Relationships of the Transient
Wellbore Flow Model

A.1. Drag Forces. In this paper, the drag force acting on a
gas particle under steady state conditions can be expressed
as follows:
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where 𝐶

𝑑𝑔
is the drag coefficient, given by Ishii and Mishima

[35] as the following expressions.
For the bubbly flow,
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where 𝑅

𝑝𝑔
is the gas particle ratio and 𝜎

𝑠
is the gas-liquid

interfacial tension, given by Park et al. [31]:

𝜎

𝑠
= −0.3𝜌

𝑙
(𝑢

𝑔
− 𝑢

𝑙
)

2

.
(A.3)



16 Journal of Applied Mathematics

According to the work of Lahey [36], the bubble radius,
𝑅

𝑝𝑔
, is given by
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(A.4)

where 𝑉 is the total volume of every numerical node.
For the slug flow,
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3

.
(A.5)

In this paper, the flow patterns are confirmed using the
flow pattern transition criteria from the work of Barnea [37].

A.2. Virtual Mass Force. The virtual mass force expresses the
momentum exchange caused by relatively accelerated
motion. According to Lahey [36], the most common virtual
mass force terms for gas phase can be expressed as
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where 𝐶V𝑚 denotes the virtual mass coefficient of gas phase,
given by Ishii and Mishima [35]:

for the bubbly flow,
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for the slug flow,
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where 𝑑

𝑡𝑏
and 𝐿

𝑡𝑏
are, respectively, the long bubble diameter

and length of the bubble Taylor, shown in Figure 21. Two
parameters can be calculated according thework ofKaya [38].

A.3. Wall Shear Force. In the present paper, the wall shear
forces in both bubbly flow and slug flow are discussed. For
the bubbly flow, thewall shear force for gas phase is neglected,
and the liquid wall shear stress is presented byWongwised et
al. [39] as follows:
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Then the liquid wall shear force can be given by
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where𝐴 is the cross sectional area of the pipe, 𝑆
𝑙
is the liquid-

wall wetted perimeter, and 𝑑 is the diameter of the pipe.
For the slug flow, the effect of gas wall shear is no longer

neglected. According to the work of Cazarez-Candia et al.
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Figure 21: A schematic of key geometrical parameters in horizontal
slug flow.

[40], the wall shear forces for gas and liquid phase are cal-
culated, respectively, as
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where 𝐴 is the area, 𝑆 is the perimeter, and Γ is the shear
stress. Parameters 𝐿

𝑙𝑠
, 𝐿
𝑠𝑢

are slug and slug unit lengths,
respectively. The parameter 𝜓

1
is used to modify the model

according to the deviation angle. The subscripts 𝑔, 𝑙, 𝑖, and
𝑤 denote gas, liquid, interface, and wall, respectively. In the
same way, the above geometrical parameters according to the
region in Figure 21 can be calculated using the means in the
Kaya’s paper [38].

Shear stresses, for angles from 0

∘ to 45∘, are given by Issa
and Kempf [41]:
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where 𝑓 is friction factor, can be given by:

𝑓

𝑔
=

{

{

{

16

Re
𝑔

for Re
𝑔
≤ 2300

0.046Re
𝑔

−0.2 for Re
𝑔
> 2300,

𝑓

𝑙
=

{

{

{

24

Re
𝑙

for Re
𝑙
≤ 2300

0.0262(𝛼

𝑙
Re
𝑙
)

−0.139 for Re
𝑙
> 2300,

𝑓

𝑖
=

{

{

{

16

Re
𝑔

for Re
𝑖
≤ 2300

0.046Re
𝑖

−0.2 for Re
𝑖
> 2300.

(A.13)



Journal of Applied Mathematics 17

Gas, liquid, and interfacial Reynolds numbers are given,
respectively, by

Re
𝑙
=

𝑑

𝑙
𝑢

𝑙
𝜌

𝑙

𝜇

𝑙

, Re
𝑔
=

𝑑

𝑔
𝑢

𝑔
𝜌

𝑔

𝜇

𝑔

,

Re
𝑖
=

𝑑

𝑔
(𝑢

𝑔
− 𝑢

𝑙
) 𝜌

𝑔

𝜇

𝑔

,

(A.14)

where 𝑑

𝑙
, 𝑑
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are the liquid and gas hydraulic diameter,

respectively, given as follows:
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For deviation angle over 45∘, the liquid wall shear stress is
given by
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where the friction factor is given by the following:
for laminar flow,
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for turbulent flow,
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𝑙

−0.25

, (A.18)

where

Re
𝑙
=

𝑑𝑢

𝑙
𝜌

𝑙

𝜇

𝑙

. (A.19)

B. Parameters of (7)
The inverse relaxation distance 𝜉 is defined by

𝜉 =

𝐶

𝑝
𝑤

2𝜋

(

𝑘

𝑒
+ 𝑟

𝑡𝑜
𝑈

𝑡𝑜
𝑇

𝐷

𝑟

𝑡𝑜
𝑈

𝑡𝑜
𝑘

𝑒

) , (B.1)

where 𝑤 is total mass flow rate, 𝑟

𝑡𝑜
is outside radius of

drill string, 𝑘
𝑒
is formation conductivity, 𝑈

𝑡𝑜
is overall heat

transfer coefficient, and𝑇

𝐷
is dimensionless temperature.The

expression for 𝑈
𝑡𝑜
can be obtained from

𝑈

𝑡𝑜
= [

1

ℎ

𝑐

+

𝑟

𝑡𝑜
ln (𝑟

𝑤𝑏
/𝑟

𝑐𝑜
)

𝑘

𝑐𝑒𝑚

] , (B.2)

where ℎ

𝑐
is convective heat transfer coefficient for annulus

fluid, 𝑟
𝑤𝑏

is outside radius of wellbore, 𝑟
𝑐𝑜
is outside radius

of wellbore, and 𝑘

𝑐𝑒𝑚
is cement conductivity.

The value of dimensionless temperature can be obtained
using the following algebraic approximation presented by
Hasan and Kabir [42]:

𝑇

𝐷
=

{

{

{

{

{

{

{

{

{

{

{

(1.1281√𝑡

𝐷
) × (1 − 0.3√𝑡

𝐷
)

for 10

−10

≤ 𝑡

𝐷
≤ 1.5

(0.4063 + 0.5 ln 𝑡

𝐷
) × (1 +

0.6

𝑡

𝐷

)

for 𝑡

𝐷
> 1.5,

(B.3)

where 𝑡
𝐷
is dimensionless time.

The undisturbed formation temperature, 𝑇
𝑒𝑖
, is generally

assumed to vary linearly with depth, given as follows:

𝑇

𝑒𝑖
= 𝑇

𝑒𝑖𝑏ℎ
− 𝑔

𝑇
𝑧, (B.4)

where 𝑇

𝑒𝑖𝑏ℎ
is undisturbed formation temperature at the

bottom hole, which can be easily obtained by invoking the
undisturbed formation temperature at the wellhead, 𝑇

𝑒𝑖𝑤ℎ
.

In this work, we use the empirical expression developed
by Sagar et al. [43] to estimate the value of 𝜑 as follows:

𝜑 =− 0.002978 + 1.006 × 10

−6

𝑝

𝑤ℎ

+ 1.906 × 10

−4

𝑤 − 1.047 × 10

−6

𝐹

𝑔𝑙

+ 3.229 × 10

−5

𝐴𝑃𝐼 + 0.004009𝛾

𝑔
− 0.3551𝑔

𝑇
,

(B.5)

where 𝐹

𝑔𝑙
is the ratio of gas and liquid and 𝛾

𝑔
is gas specific

gravity.
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