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ABSTRACT

Underbalanced drilling (UBD) is a drilling operation where the equivalent mud
weight is maintained below the open hole pore pressure. In meeting the world’s
rising energy demand in a sustainable manner, this technique is one of the best
solutions to access challenging reservoirs and improve the recoverable reserves.
However, performing underbalanced operation is not an easy task and any failure in
it will cause severe damage, in most of the time, worst than conventional drilling.
This project aimed to tackle one of the main challenges in underbalanced drilling
which is obtaining reliable prediction of the downhole pressure or commonly
expressed in terms of Equivalent Circulating Densities (ECDs). Dependable ECDs
prediction method is very important as the operation window in UBD is usually very

small.

The key to acquire ECDs of aerated fluid accurately, which is calculations of
frictional pressure loss of two-phase flow in the annular section was studied and
presented in this paper. Due to the existence of gas phase in its composition, the
prediction of ECDs is much more complex and might not be perfectly done by
existing drilling hydraulics simulators. By using water and air as both phases in the
aerated fluid, a set of experimental pressure drop data was used to make comparisons
against frictional pressure loss calculated with Beggs and Brill method and results
obtained from Landmark WELLPLAN software.

The accuracy of both Beggs and Brill method and Landmark WELLPLAN
software were discussed by taking into considerations effects of slip, flow pattern
and inclination of well towards ECDs of drilling fluid. Results showed that
WELLPLAN underestimated ECDs in all inclination sections while Beggs and Brill

method is accurate for horizontal well section but less accurate for inclined sections.
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CHAPTER 1

PROJECT BACKGROUND

1.1  Background of Study

Underbalanced drilling (UBD) is one of the control pressure drilling methods which
is vital in commercial development of many oil and gas fields around the world. In
this method, density of the drilling fluid is intentionally reduced so that the
hydrostatic pressure in the wellbore is always lower than the pore pressure within the
formation. Fluid flow in both conventional and underbalanced drillings is shown

below.

Drilling
Fines
Migration

Figure 1.1: Fluid flow in conventional overbalanced drilling.
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Figure 1.2: Fluid flow in underbalanced drilling.

Unlike conventional drilling method where the hydrostatic pressure is usually higher
than formation pore pressure and frequently results in influx of drilling fluid into the

formation, UBD offer a lot of benefits such as:

» Improve drilling performance
Avoid fluid loss, increase rate of penetration, less bit wear and tripping

time, and avoid differential sticking.

» Enhancement to the ultimate recovery
Discovery of new zones, reduces formation damage and increase intra-
zone contribution, lower abandonment pressure, increase well drainage

area and accesses challenging reservoirs.

» Allow gathering of valuable data during drilling.
The production while drilling data is vital for proper assessment of
economical value of oil and gas in formation. They can be direct indicator
of content in the formation.



1.2 Problem Statement

Although underbalanced drilling has many advantages, it is not a technique that can
solve problems in all the oil and gas fields. At the same time, poor execution of UBD
will results in failures. One of the main challenges in underbalanced drilling is to
estimate the equivalent circulating densities (ECDs) accurately as the margin of error
for this kind of operation is very small due to the narrow window between pore

pressure and fracture pressure in the formation.

Kicks and blow-outs might occur if the actual ECDs of drilling fluid are
lower than planned. On the other hand, higher actual ECDs of drilling fluid will
results in lost circulation and formation damage. The high ECDs or drilling fluid will
probably results in bottomhole pressure higher than the formation pore pressure, thus,
allowing drilling fluid loss to the formation as illustrated in Figure 1.1. In the case of
underbalanced drilling, this is much more severe than conventional overbalanced
drilling as the drilling fluid is not designed to form mud cake around the open hole to
prevent the loss. Therefore, good prediction technique of ECDs is very important to

ensure the operation’s success.

However, the prediction of ECDs in multiphase-flow is much more complex
than single fluid flow. Heterogeneous characteristics of the flow have made the
prediction of frictional pressure loss in multiphase flow more complicated. Currently,
there is no hydraulic simulator that can predict the pressure gradient in two-phase

flow perfectly.



1.3 Objectives and Scope of Study

» To study methods of calculating frictional pressure loss of two-phase drilling
fluid in annuli and determine the most suitable method to be used to predict

ECDs in underbalanced drilling.
» To develop an excel macro to calculate ECDs.

» To make comparisons between values of ECDs obtained from calculations

and Landmark WELLPLAN simulation with experimental results.

Scope of study will take into considerations two important factors, slip and flow
pattern which affect the two-phase-flow of Newtonian fluid in underbalanced drilling.
This is important as this two-phase flow is usually heterogeneous mixture of gas and
liquid. Gas in the mixture usually flows faster than the liquid, causing slippage
between phases. Besides that, inclination of wells will be taken into consideration as
well during the study. Inclination is another important factor as it will affect the

liquid holdup and directly affect the slippage between phases.

1.4 The Relevancy of Project

This project will evaluate the best way to predict the ECDs of two-phase drilling
fluid, taking into consideration the related parameters. From the results obtained, the
accuracy and dependency of WELLPLAN software can be known. A good method
of determining the drilling fluid ECDs will be very helpful in designing hydraulics in

underbalanced drilling.



1.5  Feasibility of the Project

The project is expected to be feasible after much considerations based on the points

below:

» The software needed for drilling simulation, WELLPLAN of

Halliburton Landmark is readily available in the university lab.

> Research review sources such as textbooks, technical papers and

journals can be obtained from university library and online sources.

» The duration of eight months in total will be sufficient to study on this
subject matter.



CHAPTER 2

LITERATURE REVIEW

In the past, the world’s demand for oil and gas is met by the production from easily
accessible reservoirs. Currently, the oil and gas industry is facing a situation whereby
exploration is difficult, the production cost is increasing, most of the existing
reservoirs are pressure depleted and at the same time, oil prices fluctuating from time
to time (Babajan & Qutob, 2010). Therefore, usage of new technologies is important
in order to add reserves, enhance recovery, reduce cost and of course, increasing
revenue. Aligned with this, underbalanced drilling is adopted in many oil and gas
fields with the objectives of preventing formation damage, improving reservoir
benefits, improving drilling performance and preventing conventional drilling
problems (Babajan & Qutob, 2010).

Underbalanced drilling is defined as drilling operation where the drilling fluid
pressure is less than the pore pressure in the formation rock in the open-hole section
(Guo & Ghalambor, 2002). According to IADC Well Classification System for
Underbalanced Operations and Managed Pressure Drilling, underbalanced operations
(UBO) is performing operations with returns to surface using an equivalent mud
weight that is maintained below the open-hole pore pressure. In this kind of
operation, there are 5 type of fluid systems as classified by IADC. The descriptions
are shown in the table below:

Table 2.1: IADC Classification of Fluid Systems in Underbalanced Operations

No. Fluid System Descriptions

1. Gas Gas as the fluid medium. No liquid intentionally added.

) Mist Fluid medium with liquid entrained in a continuous gaseous phase.
. is

Typical mist systems have less than 2.5% liquid content.

3. Foam Two-phase fluid medium with a continuous liquid phase generated




from the addition of liquid, surfactant, and gas. Typical foams range
from 55% to 97.5% gas.

4, Gasified Liquid Fluid medium with a gas entrained in a liquid phase.

5. Liquid Fluid medium with a single liquid phase.

On the bright side, underbalanced drilling (UBD) provides many benefits
such as increases penetration rate, minimizes lost circulation, prolongs bit life,
minimizes differential sticking, improves formation evaluation, reduces formation
damage, earlier oil production, discovery of new zones and accessing challenging
reservoirs. Although this method of drilling is so beneficial, Alajmi and Schubert
(2003) said that UBD is not a solution for all formation damage problems. Indeed,
damage caused by poorly designed and/or executed UBD programs can exceed that

which may occur with a well-designed conventional overbalanced drilling program.

Both of them also mentioned that it is generally accepted that the success of
UBD operations is dependent on maintaining the wellbore pressure between the
boundaries defined by the designed UBD pressure window. Therefore, the ability to
accurately predict wellbore pressure is critically important for both designing the
UBD operation and predicting the effect of changes in the actual operation. In this
part, the ability to calculate the ECDs of drilling fluid in the wellbore accurately is
very important. Any discrepancies between the ECDs calculated and the ECDs in
real-time operations will lead to failure in predicting the wellbore pressure, thus,
might cause operations failure. As stated earlier, underestimation of ECDs will cause
problems such as formation damage and massive drilling fluid loss while

overestimation of ECD will result in kick and blowout.

The equivalent circulating density of a drilling fluid can be defined as the
sum of the equivalent static density (ESD) of the fluid and the pressure loss in the
annulus due to fluid flow (Harris & Osisanya, 2005). In underbalanced drilling, gas
is injected into the liquid at different rates to reduce the density of the resulting
drilling fluid. Any of the five fluid systems as classified by IADC can be chosen,
depending on the requirement of the operation. The presence of gas and liquid phases
in the drilling fluid has made estimation of ECDs more difficult as we have to take

into consideration the compressibility of the fluid when gas is being injected at
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different rates into it. Aside from that, the effects of fluid rheology, pressure and
temperature have to be thought as well.

Till today, there is no method that can perfectly calculate the ECDs of drilling
fluid. The complexity in simulating real borehole conditions has made it difficult to
develop a perfect method. Nevertheless, there are many available methods that can
be used to predict pressure-gradient in pipe flows. By assuming that the flow of
drilling fluid in the annulus between drillstring and borehole is the same as flow of
the fluid in pipe, these methods can be incorporated into the calculations of ECDs.
The main guiding principles behind all these methods are the principles of

conservation of mass and linear momentum.

According to Brill and Mukherjee (1999) in the book Multiphase Flow in
Wells, early investigators treated multiphase flow as a homogeneous mixture of gas
and liquid. This approach did not recognize that gas normally flows faster than liquid.
The pressure drop predicted is usually lower because nonslip approach was used and
as a result, volume of liquid predicted to exist in the well was too small. To improve
this condition, empirical liquid-hold-up correlations were used to consider the
slippage between the phases. In this case, the liquid holdup and friction effects
usually rely on the flow patterns predicted by empirical flow-pattern maps. However,

most of these methods still treat the fluids as a homogeneous mixture.

Brill and Mukherjee had further categorized these methods into three as

stated below:
i.  Noslip and no flow pattern consideration.
ii.  Slip considered but no flow pattern consideration.
ii.  Slip and flow pattern considered.

In the first category, “no slip and no flow pattern consideration”, there are three
methods, namely Poetmann and Carpenter, Baxendell and Thomas, and Fancher and
Brown. In these three, the mixture density is calculated based on the input gas/liquid
ratio by assuming both the phases travel at the same velocity and there is no
difference between flow patterns. The only variation between the individual methods
Is the friction factor correlation used.



In the second -category, “slip considered but no flow pattern
consideration”, there are another three methods available namely, Hagedorn and
Brown, Gray, and Asheim method. In order to take into account the slippage effect, a
correlation is required for both liquid holdup and friction factor. Hagedorn and
Brown is a generalized method developed for broad range of vertical two-phase-flow
conditions while the Gray method is for vertical wells which produce condensate
fluids or water. Although slip is considered, Hagedorn and Brown did not measure
the liquid holdup. Instead, they developed a pressure-gradient equation by assuming

a friction-factor correlation.

In the third category, “slip and flow pattern considered”, all the methods
take into account that both gas and liquid phases have different velocities and
different flow patterns exist. There are six methods available, namely the Dun and
Ros, Orkiszewski, Aziz et. al., Chierici et. al., Beggs & Brill, and Mukherjee and
Brill. Each method is different in terms of flow patterns prediction and for each flow
pattern, how the prediction of liquid holdup, friction and acceleration pressure-
gradient component is done. Compared to the other four methods, Beggs & Brill and
Mukherjee and Brill is the more complete and practicable ones because they were

developed for variation in angles instead of vertical upward flow only.

Brill and Mukherjee (1999) stated that Beggs & Brill method was the first
one to predict flow behavior at all inclination angles, including directional well. By
using 90 feet long, 1-inch and 1.5-inch acrylic pipes; air and water as the fluid and
also variation of liquid and gas rates, Beggs & Brill experimented the flow patterns.
After establishing a set of flow rates, both of them further inclined the pipes at
various angles to observe the effect of angle on liquid holdup and pressure gradient.
As a result from 584 measured tests at inclination of £0°, +5°, £10°, +15°, +20°,
+35°, £55°, £75° and £90°, a set of correlations were developed by Beggs & Brill. In
order to calculate the pressure-gradient in inclined pipe, they proposed the following
equation:

2
dp _ fpzn(;m + pygsin 6

dL 1—E,




In this equation, the mixture density, ps IS given by:

ps = pLHyey + ps[1 — Hye)

and the dimensionless kinetic-energy pressure gradient, Ey is given by:

VUV U
Ek __m Sgpn
p

In the equations, Beggs & Brill considered the flow pattern, liquid holdup and also
friction factor. Flow patterns were actually observed in horizontal flow and a map
was prepared to predict them. Figures 2.1, 2.2, 2.3 and 2.4 are the horizontal flow

patterns and horizontal flow pattern map as according to Beggs & Brill.

Segregated

Figure 2.1: Beggs & Brill horizontal-flow patterns — Segregated.
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Intermittent

Figure 2.2: Beggs & Brill horizontal-flow patterns — Intermittent.

Distributed

Figure 2.3: Beggs & Brill horizontal-flow patterns — Distributed.
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Figure 2.4: Beggs & Brill horizontal flow-pattern-map.
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As the flow patterns were only considered for horizontal flow, correction has
to be made when liquid holdup is predicted using Beggs & Brill method in inclined
flow. From tests performed, it was found out that liquid holdup was maximum at
about +50° and minimum at about -50° from horizontal. Besides that, liquid holdup
was found out to be independent of the inclination angle at high flow rate, which is
called the dispersed-bubble flow. Figure 2.5 shows the effect of inclination angle on

liquid holdup.
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Figure 2.5: Effect of inclination angle on liquid holdup.

Although Beggs & Brill method is very practicable in predicting the pressure-
gradient in vertical and inclined multiphase flows, Payne et al. through their
experiment found out that the method underpredicted friction factors and
overpredicted liquid holdup in both uphill and downhill flow. Therefore, they
recommended that the normalizing friction factor, f, be obtained from the Moody
diagram for an appropriate value of relative roughness. In addition to that, they

suggested few constant correction factors to improve the liquid holdup values.

12



In the work by Guo et al. (2003), they developed a closed form hydraulics
equation based on experiments on multiphase flow in an inclined well model. Then,
they compared the equation with two commercial software packages (S1 and S2)
using measured bottomhole pressure from another well. S2 is a simulator built with
multiple correlations for two-phase flow, including Beggs & Brill methods (standard,
no-slip and modified), Hagedorn and Brown methods (standard and modified),
modified Dun and Ros, Dukler-Easton-Flanigan, Francher and Brown, and Gray
methods. The comparison was done using measurement from a borehole with 6.13”
diameter and 2,600ft deep. 3.5” drill pipe string was used and the ambient
temperature was 80°F with geothermal gradient of 0.015°F/ft. During the
measurement taking, there are no cuttings in the hole and water/polymer was injected
at rate of 80gpm while nitrogen as the gas phase was injected at 350 scfm. A flowing

bottomhole pressure of 800 psig was measured against choke pressure of 100 psig.

Comparing with the measured bottomhole pressure, the model developed by
Guo et al. gave a pressure of 831 psig which is 3.79% higher and Simulator S1 gave
a result of 766 psig which is 4.25% lower. In Simulator S2, Dukler-Eaton-Flanigan
gave the nearest result which is 704 psig or 13.59% lower while Francher and Brown
gave the most inaccurate result of 47.10% lower. Standard Beggs & Brill method
produced the most accurate result of -17.52% as compared to modified Beggs & Brill
(-38.87%) and Beggs & Brill without slip consideration (-46.24%). These results
showed that the considerations of slip and flow pattern in the correlations are very
important. Fancher and Brown method which has no slip and no flow pattern
consideration gave the most inaccurate result. On top of that, the standard Beggs &
Brill correlation was proven to be better than modified Beggs & Brill correlation in

predicting the pressure gradient.

In addition to that, Ettehadi (2010) in his work entitled Determination of
Cutting Transport Properties of Gasified Drilling Fluids found out that the original
Beggs & Brill method cannot predict the pressure loss and liquid hold up in the
annuli accurately. Beggs & Brill (1973) and Lockhart & Martinelli (1949) liquid
holdup methods were used to determine liquid holdup in the annuli and the results
were compared with identified liquid holdup during experiments performed. It was

discovered that there is considerable difference between estimated liquid holdup by

13



Beggs & Brill (1973) model and observed liquid holdup. This is because Beggs &
Brill (1973) model was developed for two-phase flow through pipes and not for flow

through annuli.
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CHAPTER 3

METHODOLOGY

3.1  Research Methodology

TOPIC SELECTION
Problem and objectives identifications

J

LITERATURE SURVEY

Preliminary research about the topic and methods of ECDs
calculations

g

IDENTIFICATION OF ECDs CALCULATIONS METHODS
Choose a most suitable method and understand it.

d

PROJECT WORK

Firstly, a set of results obtained from air-water two-phase flow
experiment was chosen as base data for comparison. Then, an
excel macro was developed to calculate ECDs using the chosen
method and at the same time, perform simulation using
WELLPLAN software.

g

RESULTS ANALYSIS

Analyze the results obtained from excel macro and simulation
and make comparison with experimental data.

d

CONCLUSIONS AND RECOMMENDATIONS

Make conclusions based on the project’s findings and suggests
future work for expansion and continuation.

Figure 3.1: Flow Chart of the Project.
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In doing this project, different methods to calculate pressure-gradient in two-phase
flow had been studied. Good prediction of fluid pressure loss in the annuli is
essential to acquire accurate values of ECDs. Beggs and Brill method in predicting
the pressure-gradient was chosen and using this method, an excel macro to calculate
ECDs in underbalanced drilling was developed. Meanwhile, a set of results from air-
water two-phase flow experiment was chosen as base data for comparison. Using the
same parameters as in the experiment, calculations and simulations were carried out
using the excel macro and Landmark WELLPLAN respectively to obtain the

pressure-gradient and equivalent circulating densities.

3.1.1 Experiment Setup

The pressure loss values of two-phase flow in annuli were obtained from
experiments carried out with the Middle East Technical University Petroleum
and Natural Gas Engineering Department Cutting Transport Facility (METU-
PETE-CT). The facility which consists of pumps, compressor, control valves,
flow meters, pressure transducers, annular test section, separator and storage
tanks, high speed camera and data acquisition system was modified to include
gas-liquid two-phase flow. The 21 ft. long annular test section is built-up of
2.91 inch I.D. transparent acrylic casing with 1.85 inch O.D. inner drill pipe.
It can be inclined at any angle from 90° (horizontal) to 10° (near vertical). In
the experiments, water was first pumped at a constant flow rate into the
annular test section using a centrifugal pump of 250 gpm flow capacity. The
flow rate was measured and controlled using a magnetic flowmeter and a
pneumatic controller respectively. Then, air was introduced with the desired
rate using a compressor of 120 scfm. The rate was also measured and
controlled by a mass flowmeter and a pneumatic flow controller respectively.
Once both the air and water flow rates were stabilized, data such as flow rates,
pressure at critical points and pressure drop inside the test section were
collected. Pressure drop was measured using digital pressure transducer. At

the same time, flow in the test section was recorded using high-speed camera
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for analysis of flow patterns and identification of gas and liquid volume

fractions in dynamic conditions.

Table 3.1: Test Matrix for Gas-Liquid Two Phase Flow Tests

Minimum Maximum
Average Water Annular Velocity (ft/s) 1 10
Average Gas Annular Velocity (ft/s) 1 120
Average Annular Pressure (Psig) 1 13
Temperature (°C) 25 35
Eccentricity Ratio 0.623 0.623

3.1.1 Developing Excel Macro Using Beggs & Brill Method for

Frictional Pressure Loss

An excel macro was developed for ECDs calculations in this project. In order

to obtain the ECDs of drilling fluid in underbalanced drilling, determination

of the fluid hydrostatic pressure and frictional pressure loss is very important.

Beggs & Brill method is used in calculating the complex frictional pressure

loss of this multiphase flow. Below are the few important steps required to

obtain the pressure-gradient and then, the ECD:

Step 1: Determination of flow pattern.

e Calculate Froude number, Ng:

Via
Ng, = G
Vi = mixture velocity (ft/sec)
g = gravitational acceleration (32.174 ft/sec?)
d = hydraulic diameter of annuli (ft)

e Calculate no-slip liquid holdup, A_:
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VSL
VSG

= liquid superficial velocity (ft/sec)

= gas superficial velocity (ft/sec)

Determine modified flow-pattern transition boundaries:

Ly = 316293092 (3.3)
L, = 0.000925A72468 ... (3.4)
Ly = 0104712 e (3.5)
and

Ly = 05278738 (3.6)

From the Ng, A and flow pattern boundaries, determine the flow

pattern according to the following inequalities:

Segregated.

or

A1L<0.01and Ngg < L4

AL >0.01and Ner< L,

Transition.

AL >0.01and Lo <Npr<Ls

Intermittent.

001 <A <04andL3<Ng<Lg

or

AL >04and L3<Npr<Ll4
Distributed.

AL <0.4and Ngr> Ly
or

AL >0.4and Npr> Ly

18



Step 2: Determination of liquid holdup.

e Calculate liquid holdup Hy (), assuming flow is horizontal:

aAlL’
N

Hy ) =

r

a, b and c are obtained from the Table 2, depending on flow pattern.

Table 3.2: Beggs & Brill Empirical Coefficients for Horizontal Liquid Holdup.

Flow Pattern a b c
Segregated 0.980 0.4846 0.0868
Intermittent 0.845 0.5351 0.0173
Distributed 1.065 0.5824 0.0609

For the effect of inclination, the liquid holdup is corrected with the

following formula:

HL(G) = HL(O) .......................................... (38)

whereas the factor to correct liquid holdup for the effect of

inclination is given by:
¥ = 1.0 + C[sin(1.86 — 0.333sin3(1.86))]
where 0 is the actual angle of the flow from horizontal and C
is defined by:
C=(1.0—2A)n(eNINE)............. (3.10)

with the restriction that C > 0. e, f, g and h are obtained from Table 3,

for the appropriate horizontal flow pattern.
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Table 3.3: Beggs & Brill Empirical Coefficient for C.

Flow Pattern e f g h
Segregated 0.011 -3.7680 3.5390 -1.6140
uphill
Interm!ttent 2.960 0.3050 -0.4473 0.0978
uphill
Distributed S~ = —
uphill No correction: C=0; y =1
All patterns 4.700 -0.3692 0.1244 -0.5056
downhill

e When the flow pattern falls in the transition region, the liquid holdup
must be interpolated between the segregated and intermittent liquid

holdup values using following formula:

Hyy,, = AHuo)s,, + (1= AHy ), - 311

where

Step 3: Determination of friction factor.

e Calculate mixture density with the below equation:

Pn = PL/lL + p¢ (1 - /1L) ........................... (313)
p, = mixture density (Ib/ft®)

p. = liquid density (Ib/ft})

pec = gas density (Ib/ft})
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e Calculate the two-phase viscosity with the below equation:

Uy = ‘LLLAL + [16(1 - /’lL) ........................ (314)

Hn = two-phase viscosity (cp)
ML = liquid viscosity (cp)

Hg = gas viscosity (cp)

e (alculate Reynold’s number, Nge:

e Calculate normalizing friction factor, fy:
1

o= (3.16)

Z
Npe
[2 log <4.52231 log (N ge )—38215 )]

e Calculate the friction factor with the below equation:

Iny
S =
—0.0523+3.182 In y—0.8725 (In y)2+0.01853 (In y)*

and

Step 4: Determine frictional pressure loss gradient (Newtonian Model).

e Newtonian model’s frictional pressure loss gradient calculation is

given by the following equation:
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ffpnvm2
2gd

Pf = T (3.20)
where
D = frictional pressure loss (psi/ft)
fr = friction factor obtained from Step 3
p, = mixture density (Ibs/ft°)
Uy = mixture velocity (ft/sec)

Step 5: Estimation of Equivalent Circulating Densities (ECDs).

e ECDs are estimated by using the following equation:

= + —
ECD = p, S05g L s (3.21)
where
Pn = mixture density (Ibs/gal)
Py = frictional pressure loss gradient (psi/ft)
D = true depth (ft)
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3.1.2 Predictions of ECDs Using Landmark WELLPLAN.

Among all the Landmark software, WELLPLAN is the one that is used for
operation modelling and optimizations. In total, there are seven modules in
this software, namely Torque Drag, Hydraulics, Surge Swab, Well Control,
Critical Speed, Bottomhole Assembly and Stuck Pipe Analysis. For meeting
the goals of this project, the Hydraulics Analysis module in the WELLPLAN

software is used.

Prior to carrying out simulation to obtain ECDs in WELLPLAN, three
well trajectories were designed using the COMPASS software (also one of
the Landmark software). These three wells have different maximum
inclination from vertical of 90°, 45° and 12.5° respectively. The purpose of
having three different wells was to study the effect of inclination towards the
predictions of ECDs. In addition to that, another case study well trajectory
was designed, with combination of these three inclinations to predict the

ECDs throughout the whole well.

After the well trajectories were designed, operation modelling was
carried using Hydraulic Analysis module of WELLPLAN. All the parameters
required to acquire prediction of ECDs were input on by one and they are

shown in the following figures:

Step 1: Creating a new case.

A new case is created for the well that was earlier designed using COMPASS.

Well Explorer
) FYP Case - Deviated 12,5 A
="' PP Design - Deviated 30
2 FYF Case - Deviated 30
= Il' FYp Design - Deviated 45
=) FYP Case - Deviated 45
- JJ][ll FYP Design - Horizonkal
= FYP Case 2

Fera

aza
£ ¥

b

Figure 3.2: Well Explorer in WELLPLAN.
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Step 2: Review Wellpath

Wellpath of the selected well was reviewed.

|dentification WSection Definition
Mame: | Optiohz.. Origin N: ft
Description: | OriginE: ft
‘wiell Diepth [MD): ft [ Generate with Actual Stations | Azimuth: *

WD ‘ N ‘ A7 ‘ VD DLS [ AbsTort | RelTort | VSect ‘ Marth East Build Walk ‘ -~

[ft] [l 1) [ [*#100f) | [*41008) | [*/100H) 3] 1] (K] [*A1008) | [*A1008)
17 1500.0 20,94 45.00| 14881 388 1.40 0.00 976 ES.0 E3.0 3.88 0.00
18 1600.0 24.82 45.00) 1580.2 3.88 1.55 0.00 136.5 96.5 96.5 3.88 0.00
19 1700.0 2869 45.00)  16E3.4 388 1.69 0.00 181.5 128.4 125.4 388 0.00
20 1800.0 3257 45.00) 17555 388 1.81 0.00 2325 164.4 164.4 388 0.00
21 1900.0 3E.44 4500 18379 388 1.92 0.00 2891 204.4 204.4 3.88 0.00
22 2000.0 4032 4500, 19162 388 202 0.00 3812 2483 2483 3.88 0.00
23 2100.0 44.20 45.00)  1930.2 388 210 0.00 418.4 295.9 295.9 388 0.00
24 2120.8 45.00 45.00)  2005.0 388 212 0.00 433.0 305.2 305.2 388 0.00
25 2200.0 45.00 45.00) 20811 0.00 2.05 0.00 433.0 345.8 345.8 0.00 0.00
2E 2300.0 45.00 4500, 21318 0.00 1.96 0.00 559, 7 395.8 3958 0.00 0.00
27 2400.0 45.00 45.00) 22025 0.00 1.87 0.00 530.4 445.8 4458 0.00 0.00
28 2500.0 45.00 45.00) 22732 0.00 1.80 0.00 7011 455.8 455.8 0.00 0.00
29 2600.0 45.00 45.00) 23439 0.00 1.73 0.00 7719 545.8 545.8 0.00 0.00
30 2700.0 45.00 4500, 24145 0.00 1.67 0.00 8426 595.8 5958 0.00 0.00
il 2800.0 45.00 45.00 24853 0.00 1.61 0.00 9133 645.8 545.8 0.00 0.00
32 2820.8 45.00 45.00)  2500.0 0.00 1.60 0.00 328.0 B5E.2 B56.2 0.00 0.00

v
[« Tr [ Schem ywWellpath £ Hole_string AEGD A Pore_Frac ATab? 4|4 [ v |

Figure 3.3: Wellpath Editor in WELLPLAN.

Step 3: Set hole and drillstring configuration.

Hole and drillstring configuration were set to be the same as it is in the
experimental setup. Hole inner diameter was 2.91” with the drillstring outer

diameter of 1.85”” and inner diameter of 1.55”.

Hale Name: [Hole Section Import Hole Sectian

|»

Hole Section Depth (MD): | 2820.8 ft V' sdditional Colurmns
Shoe Effective -
Section T M%a:ﬁﬁd Length T 47 Measured 1] Dorift Hole Friction Clramggi[t Excess
ection Type P it et | Diepth fin) fin] | Diameter| Factor DSV i
[ft) it] linl [bbl/ft)
1 Caszing 21208 212080 21208, 2910 29100 24910 0.25 0.0082 3
2 Open Hale 28208 700.00 = 2910 2910 0.30 0.0082 0.00
3 r
< 3| -
String Initialization Library —
String Mame |Assemb|y Export

String (MD]:  |2820.8 ft Specify: | Top to Bottom Irnpart String Import

Measured .
. Length ao [[n] ‘wigight L
Section Type iy DFFF]th finl fin] onf] Item Drescription
1 Drill Fipe 282080, 28208 1.880) 1.580 6.00 Drill Fipe 1.55 in, & ppf, G, NCS0<H). P
2
[« Tv £ Schern £ wellpath AHole_String AECD £ Pore_Frac ATab7 j |4 [+ ]

Figure 3.4: Hole Section Editor and String Editor in WELLPLAN.
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Step 4: Key in pore pressure and fracture pressure.

A set of formation pore and fracture pressure were entered. Both sets of the

pressure actually do not affect the values of resulting ECDs.

Wertical Depth

Pare Pressure
[psi]

EMw
[ppa)

350.0
1476.0
1804.0
1363.0
2297.0
28208

o [~ [ o= [ra] =

111.63
62350
78251
860.22
1013.07
128951

E14
.21
835
a4
243
a.80

[psi)

[pRal

Yertical Depth Fracture Pressure EMw/ ]
[ft) i

350.0
1476.0
1804.0
1363.0
2297.0
2820.8

o [ [ [eo]ra]—

16364
861.83
1068.34
118242
14139.96
1800.92

3.00
11.24
11.40
11.56
11.90
1229

[T [# 5chem £ wellpath £ Hale_String £ECD }Pore_Frac ATab7 j |4

-

=

Figure 3.5: Pore Pressure and Fracture Gradient Editor in WELLPLAN.

Step 5: Adjust the density and flow rate of fluid.

Density and flow rate of fluid were varied according to records from the

experimental data to study the resulting ECDs at different flow rate. As

WELLPLAN limits its user to only one liquid input, the mixture densities of

air-water at different velocities were used.
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4 Fluid Editor

Hew M Activate

& -FYP Fluid Tep ’W‘
Mud Base Type | Water -
Base Fluid ’—_| I
Rheology Mode! ’W‘
Rheology Data m

Rheology Tests

Temperature Pressure “Base Density Ref. Fluid Plastic Viscosity
['F) [psi] Properties [ep)
70.00 14.70 413 [ 24.00
2 r
Fluid Plat Fann Data
1 ST
I|
- Speed Dial |
z o G
@ 1 300
5 z
@ 000 —
=
2
@
0.0000
o 100 200 300 <400 500 G0
Shear Rate (1fsec)

Figure 3.6: Fluid Editor in WELLPLAN.

Pump Data Guick Look

Pump Rate: Stand Pipe Prezzure:
Mawimunm Surface Pressure: 5000.00
P aximurm Purnp Power: 1000.00 hp Bit Pressure Loss:
t aximum Allowable Pump Rate: gpm T
Obtain from Circulating System Bit Hydraulic Pawer:
Oz Percent Power at Bit:
Fipe Annulus
. g HSI:
[ Use Roughness | in | in

[™ Include Taool Joint Pressure Losses Bit Nozzle Welocily:

Back Pressure: psi |

[ Include Back Pressure Total Bit Flow Area(local):

414.58 3
P

Surface Equip. Pressure Logs: (100,00 psi

016 psi
0E b
0.0a hp

0.04 %

0.0 hpire
B.E ftds

[ i

™ Include Mud Temperature Effects /

P Fate:
Time of Circulation: hr Hmp nate

39.0 apm

[ Returns at Sea Floor J
Seawater Densiyp ppg

[ Include Cuttings Laading
[+ Use Sting Editor Bit Mozzles

Ok | Cancel

Help

Figure 3.7: Rate Editor in WELLPLAN.
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Step 6: Record ECDs predicted.

LEGEMND
—%— Annulus 0 — Wean Ses Level = 1000t
T b Line = 3500 #
1000
=y |
= |
= |
8 |
S 2000
3 |
5 |
]
i |
§ 1T
3000 T Brevious Casing Shoe = 32000 ft
] M‘\‘-—-x
4 h‘_‘—\—\x\_\_\_‘_\-—_\_
4000
10.00 1050 11.00 11.50 12.00 12.50
ECD (ppg)
Figure 3.8: ECD vs Depth Chart in WELLPLAN.
ump Rate Fized - EC
Annulus Pare Frac |
ECDIppal |_Measured Depthiit] | ECD[ppal |_Measured Depthiit] | ECDIppal |_Measued Depthift) |  —
1 543 0o E14 3500 9.00 k0.0
2 543 11.3 E.22 3559 9.08 /89
3 5.43 225 E.29 3698 916 369.8
4 5.43 338 E.3E 3798 923 3798
5 5.43 451 E.42 3897 9.30 389.7
B 5.43 56.4 6.43 3996 9.36 3996
7 5.43 B7.7 6.54 409.5 9.43 4085
8 5.43 3.0 653 4155 9.43 4155
9 543 90.3 E.E4 4254 9.54 1254
10 543 101.5 E.E3 438.3 9.60 4393
11 543 1128 E.74 4452 9.65 4452
12 543 1241 E73 4558.2 9.70 455.2
13 5.43 135.4 E.83 4691 9.75 4651
14 5.43 1467 E.87 473.0 9.79 479.0
15 5.43 158.0 E.91 4889 983 4889
16 5.43 163.2 695 438.8 9.88 438.8
17 5.43 1805 693 h08.8 9.92 508.8
18 543 191.8 w02 187 9.95 187
19 543 2031 .06 B28.6 9.99 5286
20 543 214.4 703 b385 10.03 5385
2 543 2287 712 F485 10.08 548.5
22 5.43 236.9 715 B84 10.10 5584
23 5.43 2482 718 BES.3 10.13 BEE.3
24 5.43 2595 7.2 5782 1016 A78.2
25 5.43 270.8 724 5881 10,19 5e8.1
26 5.43 2821 27 5381 10.22 538.1
27 5.43 2934 723 EOS.0 10.25 B08.0 | -
[T i wiork £ Schern £iwellpath £ Hole_String AECD 4 Pare_Frac , |4 »

Figure 3.9: ECD vs Depth Grid in WELLPLAN.

From the ECDs grid, frictional pressure loss can be calculated by comparing

two ECDs at different point in the annulus.
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Mean Sea Level (100.0 ft)

Wellhead (100.0 ft)

Mudline (350.0 ft)

3.11in, 8 ppf, C-110, , 3200.00 ft

OH 2910 in, 715.50 ft

3200.0 ft
3915.5 ft
Figure 3.10: Well Schematic of Horizontal Well Used for Simulation in WELLPLAN.
Mean Sea Level (100.0 ft)
Wellhead (100.0 ft)
Mudiine (350.0 ft)
3.11in, 8 ppf, C-110, , 2120.80 ft
21208 ft
OH 2,910 in, 700,00 ft
28208 fi

Figure 3.11: Well Schematic of Inclined 45° Well Used for Simulation in WELLPLAN.
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Mean Sea Level (100.0 ft)
Wellhead (100.0 ft)
Mudline (350.0 ft)

3.11in, 8 ppf, C-110, , 2334.70 ft

I
1
I
1

!

I

1
1
]

1

1

I
i
i
H

23347 ft

OH 2.910in, 700.00 ft

30347 ft

Figure 3.12: Well Schematic of Near Vertical Well (Inclined 45°) Used for Simulation in
WELLPLAN.
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3.2

3.2

Project Activities

Research on the role of ECDs in underbalanced drilling.
Research on theory and definition of ECDs.

Research on different types of calculations method for frictional pressure loss

in two-phase flow.

Identify most suitable calculation method to be used in this project and

develop an excel macro based on it.
Familiarization with Landmark WELLPLAN software.
Perform ECDs calculations using the excel macro.

Perform simulation using Landmark WELLPLAN to obtain the ECDs of the
specified drilling fluid.

Compare and analyze results obtained from the excel macro and modelling in
Landmark WELLPLAN with the experimental results.

Make conclusions on the findings and also make appropriate

recommendations.

Key Milestone
1) Completion of problems identification and preliminary research work.

2) Completion of detailed research work and development of

methodology.
3) Completion of excel macro.
4) Completion of simulation using WELLPLAN.

5) Completion of results analysis and final report.
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3.3 Gantt Chart

Final Year Project 1

NO DETAIL/WEEK 1

(5]
w
e
th
(=)

10

11

13

14

1 |Selection of Project Topic

2 |Preliminary Research Work

Submission of Extended Proposal

Defence

4 |Proposal Defence

Detailed Research Work and Development of
Methodology for Problem Solving

6 |Submission of Interim Draft Report

MID SEMESTER BREAK

7 |Submission of Interim Report

Figure 3.13: Project Gantt Chart for FYP 1.

Final Year Project 2

NO. DETAIL/WEEK 1

(]
w
Eae
t
(=)

10

13

15

Developing excel macro and calculations of
ECDs using the developed excel macro

2 |Operation modelling using WELLPLAN

Submission of Progress Report
Defence

Comparison and analysis of results

Pre-EDX

Submission of Dissertation
(Soft Bound)

Submission of Technical Paper

MID SEMESTER BREAK

3
4
5
6 |Submission of Draft Report
~
8
9

Oral Presentation

Submission of Dissertation
(Hard Bound)

Figure 3.14: Project Gantt Chart for FYP 2.
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34 Tools

Two main softwares are required in this project:

e WELLPLAN of Halliburton Landmark.

This software will be used for drilling operation modelling to obtain the
drilling fluid ECDs.

e Microsoft Office 2007
Microsoft Office Word 2007 — To be used in preparing reports.
Microsoft Office Excel 2007 — To be used in developing excel macro for
calculations as well as to plot graphs.
Microsoft Office Power Point 2007 — To be used to prepare presentation
slides.
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, the results and findings of the project will be discussed. The project’s
main aim is to determine the best method of calculating equivalent circulating
densities (ECDs) of two-phase flow in underbalanced drilling. As discussed earlier,
accurate frictional pressure loss calculations of two-phase flow is the key to good

prediction of ECDs in aerated mud drilling.

Study carried out in this project showed that there were limited researches on
multiphase-flow in annuli. Instead, the work and findings on multiphase-flow in pipe
are more established. Generally, there are three main category of methods to predict
pressure-gradient in multiphase flows in pipe, with the first one not considering slip
and flow pattern, second one considers slip but not flow pattern and third one
considers both slip and flow pattern. Beggs and Brill method under the third category
has been chosen to be used in this project as it consider both the slip and flow pattern,
and at the same time can be used for multiphase flow in inclined wells. In fact, it is
one of the only two methods available that can be used in inclined wells. By

choosing this method, first objective of this project was achieved.

Next, the second objective of the project was met. An excel macro was
developed to calculate ECDs in underbalanced drilling. Beggs and Brill method was

used to calculate the frictional pressure loss part in the ECDs calculations.

Lastly, the results of frictional pressure loss and ECDs obtained from the
excel macro and Landmark WELLPLAN were compared with experimental results
to determine the accuracy of each method. Comparisons were carried out separately

according to the well inclinations.
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4.1  Frictional Pressure Loss and Equivalent Circulating Densities in
Horizontal Well Section.

In terms of frictional pressure loss, all three set of values obtained from experiment
observation, excel macro calculations and WELLPLAN modelling show increasing
trend with mixture flow rate (Figure 4.1). As mixture flow rate is higher, the

frictional pressure loss experienced is more.

Figure 4.2 shows the comparisons of calculated and WELLPLAN frictional
pressure loss against observed frictional pressure loss. The calculated results match
the observed results, with less than 5% deviation but the results obtained from
WELLPLAN were deviated in around -40%.

Figure 4.3 shows the comparisons of calculated and WELLPLAN ECDs
against observed ECDs. The excel macro calculated ECDs have mean error of
0.0261 ppg as compared to the observed ECDs and the standard deviation is 0.2058
ppg. However, the ECDs as modelled by WELLPLAN were more than -20%
deviated from the observed values. WELLPLAN ECDs mean error is -1.1848 ppg
while its standard deviation is 1.0768 ppg.

0.30

0.25 -{{MCalculated
WELLPLAN g ‘

1 0.20 l

0.15

@ Observed '

0.10 l!

MRV 2

0.00 - o BB @
0 50 100 150 200

Frictional Pressure Drop, Ap (psi/ft)
[ |

Mixture Flow Rate, Q,,, (gpm)

Figure 4.1 Comparisons of Observed, Calculated and WELLPLAN Frictional Pressure Loss
against Mixture Flow Rate in Horizontal Well.
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Calculated Ap / WELLPLAN Ap

0.35

0.30

0.25

0.20

(psi/ft)

0.15

0.10

0.05

0.00

0.

i # Calculated 0%
EWELLPLAN 0
e ¢ -1-20%
/‘9@0
‘/90' _.-1-40%
i I.'_,.—i—-
,9’, B 4
e
00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Observed Ap (psi/ft)

Figure 4.2 Comparisons of Calculated and WELLPLAN Frictional Pressure Loss against

Observed Frictional Pressure Loss in Horizontal Well.

16 I I
g # Calculated ECD
S 14 e0%
3 EWellplan ECD ~ ¢
I - P
§ 12 | w9
= ,ﬂ - @ W g
3 10 1 4 ml [ |
: W
3 ofEn Fui
O 8 e
(1] _ - -
= .,j" f'-]. m
3 -
< 6
3 r'
S 4 "".

4 5 6 7 9 10 11 12 13 14 15

Observed ECD (ppg)

Figure 4.3 Comparisons of Calculated and WELLPLAN ECDs against Observed ECDs in

Horizontal Well.
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4.2  Frictional Pressure Loss and Equivalent Circulating Densities in
Inclined 45° Well Section

Figure 4.4 shows all three set of values of frictional pressure loss obtained from
experiment observation excel macro calculations and WELLPLAN modelling, as
plotted against mixture flow rates. As mixture flow rates increase, the frictional
pressure losses experienced are higher. Both observed and WELLPLAN increment
can be seen to be in same trend of different magnitude but the calculated frictional

pressure loss increases a little exponentially with increment in mixture flow rates.

Figure 4.5 shows the comparisons of calculated and WELLPLAN frictional
pressure loss against observed frictional pressure loss. The calculated pressure losses
are lower than the observed pressure losses and at the same time, WELLPLAN

pressure losses are the lowest.

Figure 4.6 shows the comparisons of calculated and WELLPLAN ECDs
against observed ECDs. The excel macro calculated ECDs have mean error of
-1.5581 ppg as compared to the observed ECDs and the standard deviation is 0.9359
ppg. As the frictional pressure losses in WELLPLAN are much lesser, its ECDs
mean error is -3.8348 ppg while its standard deviation is 0.7221 ppg.

0.30 .
= @ Observed :
B 0.25 | mCalculated S o &
o WELLPLAN *
<
g 0.20 < ¥ % =
5 ¢ o3 | n
s ¢ m
® 015
= ¢ x
§ 0.10 ¢ = m "
© [ n
5 [
S 0.05 '—I
- 0.00 , & T
0 50 100 150 200 250 300

Mixture Flow Rate, Q,,, (gpm)

Figure 4.4 Comparisons of Observed, Calculated and WELLPLAN Frictional Pressure Loss

against Mixture Flow Rate in Inclined 45° Well.
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Figure 4.5 Comparisons of Calculated and WELLPLAN Frictional Pressure Loss against

Observed Frictional Pressure Loss in Inclined 45° Well.
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Figure 4.6 Comparisons of Calculated and WELLPLAN ECDs against Observed ECDs in
Inclined 45° Well.
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4.3  Frictional Pressure Loss and Equivalent Circulating Densities in
Inclined Near Vertical Well Section (Inclined 12.5°)

In terms of frictional pressure loss, only values obtained from experiment
observation and excel macro calculations show increasing trend with mixture flow
rate (Figure 4.7). As mixture flow rate is higher, the frictional pressure loss
experienced is more. However, the frictional pressure losses modelled by

WELLPLAN is very small and do not show any significant trend.

Figure 4.8 shows the comparisons of calculated and WELLPLAN frictional
pressure loss against observed frictional pressure loss. The calculated pressure losses
are lower than the observed pressure losses and at the same time, WELLPLAN

pressure losses are the lowest.

Figure 4.9 shows the comparisons of calculated and WELLPLAN ECDs
against observed ECDs. The excel macro calculated ECDs have mean error of
-2.0731 ppg as compared to the observed ECDs and the standard deviation is 0.5042
ppg. As the frictional pressure losses in WELLPLAN are much lesser, its ECDs
mean error is -4.2578 ppg while its standard deviation is 0.8633 ppg.
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Figure 4.7 Comparisons of Observed, Calculated and WELLPLAN Frictional Pressure Loss

against Mixture Flow Rate in Near Vertical Well (Inclined 12.5°).

38



0.35 : -
o =
2 030 L Calculated 0%
> : BWELLPLAN
z
J 025 e et
5 T &Y 209
ﬁf 0.20 1
2z T T e T -a0%
5& 015 o EASY P 2
< " .- -
9 P o A <
= 0.10 PR ISP T e o
s 005 e
¢22221——— ’
0.00 +== - BT —
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Observed Ap (psi/ft)

Figure 4.8 Comparisons of Calculated and WELLPLAN Frictional Pressure Loss against

Observed Frictional Pressure Loss in Near Vertical Well (Inclined 12.5°).
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Figure 4.9 Comparisons of Calculated and WELLPLAN ECDs against Observed ECDs in Near
Vertical Well (Inclined 12.5°).
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4.4  Frictional Pressure Loss and Equivalent Circulating Densities in
Case Study Well (Combination of Near Vertical, Inclined 45° and

Horizontal Section)

Table 4.1 shows the average absolute errors and standard deviation of the calculated
and WELLPLAN simulated ECDs values as compared to experiment observed
values. Calculated ECDs using the excel macro developed gave the lowest average
absolute error in all three well sections and lowest standard deviation in horizontal
and near vertical sections. However, in inclined 45° section, the standard deviation of
ECDs obtained from WELLPLAN is smaller than the calculated one.

Comparisons between the three sections prove that the results obtained for
horizontal section are most accurate, followed by inclined 45° section and the near
vertical section. The developed excel macro can be used in horizontal well section

with very small absolute error and standard deviation.

Table 4.1 ECDs Error Statistics.

Horizontal Section

Method Average Absolute Error (ppg) Standard Deviation (ppg)
Excel Macro Calculations 0.0261 0.2058
WELLPLAN -1.1848 1.0768

Inclined 45° Section

Method Average Absolute Error (ppg) Standard Deviation (ppg)
Excel Macro Calculations -1.5581 0.9359
WELLPLAN -3.8348 0.7221

Near Vertical Section (Inclined 12.5°)

Method Average Absolute Error (ppg) Standard Deviation (ppg)
Excel Macro Calculations -2.0731 0.5042
WELLPLAN -4.2578 0.8633
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Figure 4.10 shows the ECDs in case study well from experimental results,
calculations and WELLPLAN. Calculated ECD is less than the observed ECD and
WELLPLAN ECD recorded the least value among the three.
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Figure 4.10 Comparisons of Calculated and WELLPLAN ECDs against Observed ECDs in Case

Study Well (Combination of Near Vertical, Inclined 45° and Horizontal Section).
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The project’s main aim is to make comparison between calculations method and
WELLPLAN modelling with experiment observations in predicting ECDs of aerated
mud in underbalanced drilling. Study have been carried out and the literature
findings showed that Beggs and Brill method is most suitable to be used to calculate
frictional pressure loss of two-phase flow, hence, to predict the ECDs of aerated mud.
The excel macro developed using the Beggs and Brill method was proved to be able
to calculate the ECDs of aerated mud in underbalanced drilling.

Comparisons of the ECDs values between excel macro, WELLPLAN and
experiment observation showed that WELLPLAN has underestimated ECDs in all
three well sections (horizontal, inclined 45° and inclined 12.5°). This is most likely
caused by the fact that WELLPLAN only allows its user to use single fluid input. In
order to simulate the density in two-phase flow, the mixture density was used during
the operation modelling, assuming both the phases are homogeneous with each other.
However, this assumption has ignored slippage and flow pattern effects of the two-
phase flow. Two-phase flow such as air-water is not homogeneous in reality and they
do travel at different velocity due to the differences in fluid properties, notably, the
densities. Therefore, slippage effect and different flow patterns were created. With
slippage effect and higher liquid holdup, the frictional pressure loss is definitely
higher, hence, resulting in higher ECDs.
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In addition to that, it was also noted that Beggs and Brill method is only
accurate in predicting ECDs in horizontal well section. In inclined well sections, the
method also underestimated the ECDs as compared to experimental observation, but
better than WELLPLAN results. This might be due to the fact that Beggs and Brill
method was originally developed to predict pressure loss in pipe. It might not be as
accurate when used to predict pressure loss in annuli. Furthermore, this method was
initially developed using observation of liquid holdup in horizontal section.
Correlations were made in later stage for multiphase flow in inclined sections. The

correlations made for multiphase flow in pipe might not be suitable for flow in annuli.

In conclusions, the objectives of the project were met. The results of this
study proved that Landmark WELLPLAN is not able to predict equivalent
circulating densities in underbalanced drilling accurately. The ECDs predicted are
lower than the observed ECDs. This difference should be considered by the software

users when using it to simulate underbalanced drilling operation using aerated mud.
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5.2 Recommendations
Based on the study and results, the following recommendations were made:

» Landmark WELLPLAN software should be enhanced to allow multi-fluid
input in the hydraulics module. In doing this, the slippage, flow pattern and
inclination effects on the multiphase-flow should be considered.

» The Beggs and Brill method correlations should be modified for multiphase-
flow in annuli. The current correlations are not suitable for predicting
pressure-gradient in annuli.

» Further comparisons can be done using field data instead of experimental
results. The scale of annuli in experiment are not the same as the real
borehole, thus, might not be the most suitable to be used as database for
comparisons.

» Comparisons done in this project is based on Newtonian fluid model. Further
work shall include rheological parameters of non-Newtonian fluid.
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APPENDICES
DEVELOPED MACRO EXCEL

Appendix 1 Developed Excel Macro to Calculated Frictional Pressure Loss
and Equivalent Circulating Densities in Horizontal Well Section.

Sub BeggsBrill()

Application.ScreenUpdating = False
Sheets("Beggs & Brill™).Select

Fori=1To 40

‘Landa
Cells(16 + i, 7).Value = Cells(16 + i, 1).Value / (Cells(16 + i, 1).Value + Cells(16
+1, 2).Value)

‘Mixture Density
Cells(16 + i, 8).Value = (Cells(4, 2).Value * Cells(16 + i, 7).Value) + (Cells(5,
2).Value * (1 - Cells(16 + i, 7).Value))

‘Mixture Velocity
Cells(16 + i, 9).Value = Cells(16 + i, 1).Value + Cells(16 + i, 2).Value

‘Mixture Flow Rate
Cells(16 + i, 10).Value = Cells(16 + i, 9).Value * (2.448 * ((Cells(9, 2).Value " 2)
- (Cells(8, 2).Value " 2)))

‘Mixture Viscosity
Cells(16 + i, 11).Value = (Cells(6, 2).Value * Cells(16 + i, 7).Value) + (Cells(7,

2).Value * (1 - Cells(16 + i, 7).Value))
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'Froude Number
Cells(16 + i, 12).Value = (Cells(16 + i, 9).Value * 2) / ((Cells(10, 2).Value / 12) *
Cells(12, 2).Value)

L1
Cells(16 + i, 13).Value = 316 * Cells(16 + i, 7).Value ” 0.302

L2
Cells(16 + i, 14).Value = 0.000925 * Cells(16 + i, 7).Value  -2.469

‘L3
Cells(16 + 1, 15).Value = 0.1 * Cells(16 + i, 7).Value " -1.452

‘L4
Cells(16 + i, 16).Value = 0.5 * Cells(16 + i, 7).Value ™ -6.738

‘Reynold's Number
Cells(16 + i, 17).Value = (1488 * Cells(16 + i, 8).Value * Cells(16 + i, 9).Value *
(Cells(10, 2).Value) / 12) / Cells(16 + i, 11).Value

'Flow Pattern
If Cells(16 + i, 7).Value < 0.01 And Cells(16 + i, 12).Value < Cells(16 + i, 13)
Then
Cells(16 + i, 3).Value = "Segregated"

Elself Cells(16 + i, 7).Value >= 0.01 And Cells(16 + i, 12).Value < Cells(16 + i,
14) Then
Cells(16 + i, 3).Value = "Segregated"

Elself Cells(16 + i, 7).Value >= 0.01 And Cells(16 + i, 14) <= Cells(16 + i,
12).Value And Cells(16 + i, 12).Value <= Cells(16 + i, 15) Then
Cells(16 + i, 3).Value = "Transition"
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Elself Cells(16 + i, 7).Value >= 0.01 And Cells(16 + i, 7).Value < 0.4 And
Cells(16 + i, 15) < Cells(16 + i, 12).Value And Cells(16 + i, 12).Value <= Cells(16 +
i, 13) Then

Cells(16 + i, 3).Value = "Intermittent"

Elself Cells(16 + i, 7).Value >= 0.4 And Cells(16 + i, 15) < Cells(16 + i,
12).Value And Cells(16 + i, 12).Value <= Cells(16 + i, 16) Then
Cells(16 + i, 3).Value = "Intermittent"

Elself Cells(16 + i, 7).Value < 0.4 And Cells(16 + i, 12).Value >= Cells(16 + i, 13)
Then
Cells(16 + i, 3).Value = "Distributed"

Elself Cells(16 + i, 7).Value >= 0.4 And Cells(16 + i, 12).Value > Cells(16 + i, 16)
Then
Cells(16 + i, 3).Value = "Distributed"

Else
Cells(16 + i, 3).Value = "Not Defined"

End If

‘A
Cells(16 + i, 18) = (Cells(16 + i, 15) - Cells(16 + i, 12)) / (Cells(16 + i, 15) -
Cells(16 + i, 14))

‘Liquid Holdup
If Cells(16 + i, 3).Value = "Segregated"” Then
Cells(16 + i, 4).Value = (0.98 * Cells(16 + i, 7).Value ~ 0.4846) / (Cells(16 + i,
12).Value " 0.0868)

Elself Cells(16 + i, 3).Value = "Intermittent” Then
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Cells(16 + i, 4).Value = (0.845 * Cells(16 + i, 7).Value ~ 0.5351) / (Cells(16 + 1,
12).Value " 0.0173)

Elself Cells(16 + i, 3).Value = "Distributed” Then
Cells(16 + i, 4).Value = (1.065 * Cells(16 + i, 7).Value ~ 0.5824) / (Cells(16 + i,
12).Value " 0.0609)

Elself Cells(16 + i, 3).Value = "Transition" Then
Cells(16 + i, 4).Value = (Cells(16 + i, 18).Value * ((0.98 * Cells(16 + i,
7).Value ™ 0.4846) / (Cells(16 + i, 12).Value " 0.0868))) + ((1 - Cells(16 + i, 18)) *
((0.845 * Cells(16 + i, 7).Value ~ 0.5351) / (Cells(16 + i, 12).Value ~ 0.0173)))

Else
Cells(16 + i, 4).Value = "Not Defined"

End If

y
Cells(16 + i, 19).Value = Cells(16 + i, 7).Value / Cells(16 + i, 4).Value " 2

Cells(16 + i, 20).Value = Log(Cells(16 + i, 19).Value) / (-0.0523 + (3.182 *
Log(Cells(16 + i, 19).Value)) - (0.8725 * (Log(Cells(16 + i, 19).Value)) " 2) +
(0.01853 * (Log(Cells(16 + i, 19).Value) ~ 4)))

'Fn

Cells(16 + i, 21).Value =1/ (2 * Application.WorksheetFunction.Log(Cells(16 + i,
17).Value / ((4.5223 * Application.WorksheetFunction.Log(Cells(16 + i, 17).Value))
-3.8215))) "2

'Friction Factor
Cells(16 + i, 5).Value = (Exp(Cells(16 + i, 20).Value)) * Cells(16 + i, 21).Value
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'Frictional Pressure Loss - Calculated
Cells(16 + i, 6).Value = ((Cells(16 + i, 5).Value * Cells(16 + i, 8).Value * Cells(16
+1,9).Value * 2) / (2 * Cells(12, 2).Value * (Cells(10, 2).Value / 12))) / 144

‘Calculated ECD

Cells(16 + i, 26).Value = ((Cells(16 + i, 6).Value * 3915.5) / (2500 * 0.052)) +
Cells(16 + i, 23).Value
'‘Observed ECD

Cells(16 + i, 27).Value = ((Cells(16 + i, 24).Value * 3915.5) / (2500 * 0.052)) +
Cells(16 + i, 23).Value
'WELLPLAN ECD

Cells(16 + i, 28).Value = ((Cells(16 + i, 25).Value * 3915.5) / (2500 * 0.052)) +
Cells(16 + i, 23).Value

Next i

Application.ScreenUpdating = True

End Sub
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Appendix 2 Developed Excel Macro to Calculated Frictional Pressure Loss
and Equivalent Circulating Densities in Inclined Well Section.

Sub BeggsBrill()

Application.ScreenUpdating = False
Sheets("Beggs & Brill - 45").Select

Fori=1To21

‘Landa
Cells(16 + i, 7).Value = Cells(16 + i, 1).Value / (Cells(16 + i, 1).Value + Cells(16
+1, 2).Value)

‘Mixture Density
Cells(16 + i, 8).Value = (Cells(4, 2).Value * Cells(16 + i, 7).Value) + (Cells(5,
2).Value * (1 - Cells(16 + i, 7).Value))

‘Mixture Velocity
Cells(16 + i, 9).Value = Cells(16 + i, 1).Value + Cells(16 + i, 2).Value

‘Mixture Flow Rate
Cells(16 + i, 10).Value = Cells(16 + i, 9).Value * (2.448 * ((Cells(9, 2).Value " 2)
- (Cells(8, 2).Value * 2)))

‘Mixture Viscosity
Cells(16 + i, 11).Value = (Cells(6, 2).Value * Cells(16 + i, 7).Value) + (Cells(7,
2).Value * (1 - Cells(16 + i, 7).Value))

'Froude Number
Cells(16 + i, 12).Value = (Cells(16 + i, 9).Value ~ 2) / ((Cells(10, 2).Value / 12) *

Cells(12, 2).Value)
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L1
Cells(16 + i, 13).Value = 316 * Cells(16 + i, 7).Value * 0.302

L2
Cells(16 + i, 14).Value = 0.000925 * Cells(16 + i, 7).Value * -2.469

‘L3
Cells(16 + i, 15).Value = 0.1 * Cells(16 + i, 7).Value " -1.452

L4
Cells(16 + i, 16).Value = 0.5 * Cells(16 + i, 7).Value * -6.738

‘Reynold's Number
Cells(16 + i, 17).Value = (1488 * Cells(16 + i, 8).Value * Cells(16 + i, 9).Value *
(Cells(10, 2).Value) / 12) / Cells(16 + i, 11).Value

'Flow Pattern
If Cells(16 + i, 7).Value < 0.01 And Cells(16 + i, 12).Value < Cells(16 + i, 13)
Then
Cells(16 + i, 3).Value = "Segregated"

Elself Cells(16 + i, 7).Value >= 0.01 And Cells(16 + i, 12).Value < Cells(16 + i,
14) Then
Cells(16 + i, 3).Value = "Segregated"

Elself Cells(16 + i, 7).Value >= 0.01 And Cells(16 + i, 14) <= Cells(16 + i,
12).Value And Cells(16 + i, 12).Value <= Cells(16 + i, 15) Then
Cells(16 + i, 3).Value = "Transition"

Elself Cells(16 + i, 7).Value >= 0.01 And Cells(16 + i, 7).Value < 0.4 And
Cells(16 + i, 15) < Cells(16 + i, 12).Value And Cells(16 + i, 12).Value <= Cells(16 +
i, 13) Then

Cells(16 + i, 3).Value = "Intermittent"
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Elself Cells(16 + i, 7).Value >= 0.4 And Cells(16 + i, 15) < Cells(16 + i,
12).Value And Cells(16 + i, 12).Value <= Cells(16 + i, 16) Then
Cells(16 + i, 3).Value = "Intermittent"

Elself Cells(16 + i, 7).Value < 0.4 And Cells(16 + i, 12).Value >= Cells(16 + i, 13)
Then
Cells(16 + i, 3).Value = "Distributed"

Elself Cells(16 + i, 7).Value >= 0.4 And Cells(16 + i, 12).Value > Cells(16 + i, 16)
Then
Cells(16 + i, 3).Value = "Distributed"

Else
Cells(16 + i, 3).Value = "Not Defined"

End If

‘A
Cells(16 + i, 18) = (Cells(16 + i, 15) - Cells(16 + i, 12)) / (Cells(16 + i, 15) -
Cells(16 +1, 14))

‘Liquid Holdup (0)
If Cells(16 + i, 3).Value = "Segregated"” Then
Cells(16 + i, 22).Value = (0.98 * Cells(16 + i, 7).Value " 0.4846) / (Cells(16 + i,
12).Value " 0.0868)

Elself Cells(16 + i, 3).Value = "Intermittent™ Then
Cells(16 + i, 22).Value = (0.845 * Cells(16 + i, 7).Value ~ 0.5351) / (Cells(16 +
i, 12).Value ~ 0.0173)

Elself Cells(16 + i, 3).VValue = "Distributed” Then
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Cells(16 + i, 22).Value = (1.065 * Cells(16 + i, 7).Value * 0.5824) / (Cells(16 +
i, 12).Value ~ 0.0609)

Elself Cells(16 + i, 3).Value = "Transition" Then
Cells(16 + i, 22).Value = (Cells(16 + i, 18).Value * ((0.98 * Cells(16 + i,
7).Value ™ 0.4846) / (Cells(16 + i, 12).Value " 0.0868))) + ((1 - Cells(16 + i, 18)) *
((0.845 * Cells(16 + i, 7).Value ~ 0.5351) / (Cells(16 + i, 12).VValue ~ 0.0173)))

Else
Cells(16 + 1, 22).Value = "Not Defined"

End If

'‘NLV
Cells(16 + i, 23).Value = 1.938 * Cells(16 + i, 1).Value * (Cells(4, 2).Value /
Cells(11, 2).Value) ~ 0.25

'C
If Cells(16 + i, 3).Value = "Segregated"” Then
Cells(16 + i, 24).Value = (1 - Cells(16 + i, 7).Value) * Log(0.011 * (Cells(16 + i,
7).Value ~ -3.768) * (Cells(16 + i, 23).Value ~ 3.539) * (Cells(16 + i, 12).Value " -
1.614))

Elself Cells(16 + i, 3).Value = "Intermittent” Then
Cells(16 + i, 24).Value = (1 - Cells(16 + i, 7).Value) * Log(2.96 * (Cells(16 + i,
7).Value ~ 0.305) * (Cells(16 + i, 23).Value ~ -0.4473) * (Cells(16 + i, 12).Value "

0.0978))

Elself Cells(16 + i, 3).VValue = "Distributed” Then
Cells(16 + 1, 24).Value = 0

Elself Cells(16 + i, 3).Value = "Transition" Then
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Cells(16 + i, 24).Value = (1 - Cells(16 + i, 7).Value) * Log(2.96 * (Cells(16 + i,
7).Value ™ 0.305) * (Cells(16 + i, 23).Value " -0.4473) * (Cells(16 + i, 12).Value »
0.0978))

Else
Cells(16 + i, 24).Value = "Not Defined"

End If

Psi
Cells(16 + i, 25).Value = 1 + (Cells(16 + i, 24).Value * ((Sin(1.8 * Cells(13,
2).Value)) - (0.333 * (Sin(1.8 * Cells(13, 2).Value)) " 3)))

'Liquid Holdup(Inclined)
Cells(16 + i, 4).Value = Cells(16 + i, 25).Value * Cells(16 + i, 22).Value

y
Cells(16 + 1, 19).Value = Cells(16 + i, 7).Value / Cells(16 + i, 22).Value " 2

Cells(16 + i, 20).Value = Log(Cells(16 + i, 19).Value) / (-0.0523 + (3.182 *
Log(Cells(16 + i, 19).Value)) - (0.8725 * (Log(Cells(16 + i, 19).Value)) ~ 2) +
(0.01853 * (Log(Cells(16 + i, 19).Value) ~ 4)))

'Fn

Cells(16 + i, 21).Value =1/ (2 * Application.WorksheetFunction.Log(Cells(16 + i,
17).Value / ((4.5223 * Application.WorksheetFunction.Log(Cells(16 + i, 17).Value))
- 3.8215))) "~ 2

'Friction Factor
Cells(16 + i, 5).Value = (Exp(Cells(16 + i, 20).Value)) * Cells(16 + i, 21).Value

'‘Mixture Density (Ps)
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Cells(16 + i, 26).Value = (Cells(4, 2).Value * Cells(16 + i, 4).Value) + (Cells(5,
2).Value * (1 - Cells(16 + i, 4).Value))

'Frictional Pressure Loss
Cells(16 + i, 6).Value = ((Cells(16 + i, 5).Value * Cells(16 + i, 8).Value * Cells(16

+1,9).Value * 2) / (2 * Cells(12, 2).Value * (Cells(10, 2).Value / 12))) / 144

'‘GravPressurelLLoss
Cells(16 + i, 28).Value = (Cells(16 + i, 26).Value * Sin(Cells(13, 2).Value)) / 144

'‘Observed FricLoss
Cells(16 + i, 30).Value = Cells(16 + i, 29).Value - Cells(16 + i, 28).Value

‘Calculated ECD

Cells(16 + i, 32).Value = ((Cells(16 + i, 6).Value * 2820.8) / (2500 * 0.052)) +
Cells(16 + i, 27).Value
'‘Observed ECD

Cells(16 + i, 33).Value = ((Cells(16 + i, 30).Value * 2820.8) / (2500 * 0.052)) +
Cells(16 + i, 27).Value
'WELLPLAN ECD

Cells(16 + i, 34).Value = ((Cells(16 + i, 31).Value * 2820.8) / (2500 * 0.052)) +
Cells(16 + i, 27).Value
Next i

Application.ScreenUpdating = True

End Sub
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