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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. 

 

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. 
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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.  
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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. 
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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. 
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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. 

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

Typical mist systems have less than 2.5% liquid content. 

3. Foam Two-phase fluid medium with a continuous liquid phase generated 
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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. No slip and no flow pattern consideration. 

ii. Slip considered but no flow pattern consideration. 

iii. 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. 
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 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:  

𝑑𝑝

𝑑𝐿
=  

𝑓𝜌𝑛𝑣𝑚
2

2𝑑
+ 𝜌𝑠𝑔𝑠𝑖𝑛 𝜃

1 − 𝐸𝑘
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In this equation, the mixture density, ρs is given by: 

𝜌𝑠 = 𝜌𝐿𝐻𝐿(𝜃) + 𝜌𝑠 1 − 𝐻𝐿(𝜃)  

 

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

𝐸𝑘 =
𝑣𝑚𝑣𝑆𝑔𝜌𝑛

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. 

 

 

Figure 2.1: Beggs & Brill horizontal-flow patterns – Segregated.
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Figure 2.2: Beggs & Brill horizontal-flow patterns – Intermittent. 

 

 

Figure 2.3: Beggs & Brill horizontal-flow patterns – Distributed. 

 

 

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. 

 

 

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, fn 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.  
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 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 
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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Flow Chart of the Project. 

TOPIC SELECTION 

Problem and objectives identifications 

LITERATURE SURVEY 

Preliminary research about the topic and methods of ECDs 

calculations 

 

IDENTIFICATION OF ECDs CALCULATIONS METHODS 

Choose a most suitable method and understand it. 

 

RESULTS ANALYSIS 

Analyze the results obtained from excel macro and simulation 

and make comparison with experimental data. 

CONCLUSIONS AND RECOMMENDATIONS 

Make conclusions based on the project’s findings and suggests 

future work for expansion and continuation. 

 

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. 
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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. 

 Calculate Froude number, NFr: 

  𝑁𝐹𝑟 =
𝑉𝑚

2

𝑔𝑑
............................................................... (3.1) 

Vm  = mixture velocity (ft/sec) 

g  = gravitational acceleration (32.174 ft/sec
2
) 

d  = hydraulic diameter of annuli (ft) 

 Calculate no-slip liquid holdup, λL: 
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  𝜆𝐿 =
𝑉𝑆𝐿

𝑉𝑆𝐿 +𝑉𝑆𝐺
…………………………………... (3.2) 

VSL = liquid superficial velocity (ft/sec) 

VSG = gas superficial velocity (ft/sec) 

 

 Determine modified flow-pattern transition boundaries: 

    

                                          𝐿1 = 316𝜆𝐿
0.302 ……………………………...… (3.3) 

                                          𝐿2 = 0.000925𝜆𝐿
−2.468 ……………………..... (3.4) 

                                          𝐿3 = 0.10𝜆𝐿
−1.452 ............................................... (3.5) 

                                          and 

                                          𝐿4 = 0.5𝜆𝐿
−6.738 ……………………………….. (3.6) 

 

 From the NFr, λL and flow pattern boundaries, determine the flow 

pattern according to the following inequalities: 

 Segregated. 

  λ L < 0.01 and NFR < L1 

or 

 λ L  ≥ 0.01 and NFR < L2 

Transition. 

 λ L  ≥ 0.01 and  L2 ≤ NFR ≤ L3 

Intermittent. 

 0.01 ≤ λ L  < 0.4 and L3 < NFR ≤ L1 

or 

 λ L  ≥ 0.4 and  L3 < NFR ≤ L4 

Distributed. 

 λ L  < 0.4 and NFR ≥  L1 

or 

 λ L  ≥ 0.4 and NFR >  L4 
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 Step 2: Determination of liquid holdup. 

  

 Calculate liquid holdup HL(0), assuming flow is horizontal: 

                             𝐻𝐿(0) =
𝑎𝜆𝐿

𝑏

𝑁𝐹𝑟
𝑐 …………………………………….(3.7) 

  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(𝜃) = 𝐻𝐿(0)………………………...………… (3.8) 

whereas the factor to correct liquid holdup for the effect of 

inclination is given by: 

𝛹 = 1.0 + 𝐶 𝑠𝑖𝑛 1.8𝜃 − 0.333𝑠𝑖𝑛3 1.8𝜃    

………………………………………………….… (3.9) 

where θ is the actual angle of the flow from horizontal and C 

is defined by: 

  𝐶 =  1.0 − 𝜆𝐿 𝑙𝑛 𝑒𝜆𝐿
𝑓
𝑁𝐿𝑣

𝑔
𝑁𝐹𝑟

  ………..… (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 

uphill 
0.011 -3.7680 3.5390 -1.6140 

Intermittent 

uphill 
2.960 0.3050 -0.4473 0.0978 

Distributed 

uphill 
No correction: C = 0; ψ = 1 

All patterns 

downhill 
4.700 -0.3692 0.1244 -0.5056 

 

 

 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: 

 

                     𝐻𝐿(𝜃)𝑇𝑟 = 𝐴𝐻𝐿(𝜃)𝑆𝑒𝑔 + (1 − 𝐴)𝐻𝐿(𝜃)𝐼𝑛𝑠 .. (3.11) 

  where 

 

                                𝐴 =
𝐿3−𝑁𝐹𝑟

𝐿3−𝐿2
………………………………….… (3.12) 

 

Step 3: Determination of friction factor. 

 

 Calculate mixture density with the below equation: 

  𝜌𝑛 =  𝜌𝐿𝜆𝐿 +  𝜌𝐺  (1 − 𝜆𝐿)……………………… (3.13) 

   𝜌𝑛  = mixture density (lb/ft
3
) 

   𝜌𝐿  = liquid density (lb/ft
3
) 

   𝜌𝐺  = gas density (lb/ft
3
) 
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 Calculate the two-phase viscosity with the below equation: 

𝜇𝑛 = 𝜇𝐿𝜆𝐿 + 𝜇𝐺 1 − 𝜆𝐿 …………………... (3.14) 

   µn = two-phase viscosity (cp) 

   µL = liquid viscosity (cp) 

   µG = gas viscosity (cp) 

 

 Calculate Reynold’s number, NRe: 

                     𝑁𝑅𝑒 =
𝜌𝑛𝑣𝑚 𝑑

𝜇𝑛
………………………………….. (3.15) 

 Calculate normalizing friction factor,  fn: 

  𝑓𝑛 =
1

 2 log  
𝑁𝑅𝑒

4.52231 log  𝑁𝑅𝑒  −3.8215
  

2……………. (3.16) 

 

 Calculate the friction factor with the below equation: 

𝑓 𝑓𝑛 = 𝑒𝑠 ……………………………………... (3.17) 

   where 

                                               𝑠 =
ln 𝑦

−0.0523+3.182 ln 𝑦−0.8725(ln 𝑦)2+0.01853 (ln 𝑦)4
 

    …………………………………………………... (3.18) 

   and 

    

    𝑦 =
𝜆𝐿

 𝐻𝐿(𝜃) 
2……………………………………. (3.19) 

 

  

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

  

 Newtonian model’s frictional pressure loss gradient calculation is 

given by the following equation: 
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    𝜌𝑓 =  

𝑓𝑓𝜌𝑛 𝜈 𝑚
2

2 𝑔  𝑑

144
.................................................... (3.20) 

 

 where 

 ρf = frictional pressure loss (psi/ft) 

 𝑓𝑓  = friction factor obtained from Step 3 

 𝜌𝑛  = mixture density (lbs/ft
3
) 

 𝜈 𝑚  = mixture velocity (ft/sec) 

  

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

 

 ECDs are estimated by using the following equation: 

 

  ECD =  𝜌𝑛  + 
𝜌𝑓

0.052 𝑥  𝐷
........................................ (3.21) 

 

 where 

 𝜌𝑛  = mixture density (lbs/gal) 

 𝜌𝑓  = 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. 

 

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

 Wellpath of the selected well was reviewed. 

 

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”. 

 

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. 

 

 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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Figure 3.6: Fluid Editor in WELLPLAN. 

 

 

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

 

Figure 3.8: ECD vs Depth Chart in WELLPLAN. 

 

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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 Figure 3.10: Well Schematic of Horizontal Well Used for Simulation in WELLPLAN. 

 

 

Figure 3.11: Well Schematic of Inclined 45° Well Used for Simulation in WELLPLAN. 
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Figure 3.12: Well Schematic of Near Vertical Well (Inclined 45°) Used for Simulation in 

WELLPLAN.  
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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. 

 

3.2 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 

 

Figure 3.13: Project Gantt Chart for FYP 1. 

 

 

Final Year Project 2 

 

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

Two main softwares are required in this project: 

 WELLPLAN of Halliburton Landmark. 

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

drilling fluid ECDs. 

 

 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. 

 

Figure 4.1 Comparisons of Observed, Calculated and WELLPLAN Frictional Pressure Loss 

against Mixture Flow Rate in Horizontal Well. 
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Figure 4.2 Comparisons of Calculated and WELLPLAN Frictional Pressure Loss against 

Observed Frictional Pressure Loss in Horizontal Well. 

 

 

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. 

 

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. 

 

 

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. 

 

Figure 4.7 Comparisons of Observed, Calculated and WELLPLAN Frictional Pressure Loss 

against Mixture Flow Rate in Near Vertical Well (Inclined 12.5°). 
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Figure 4.8 Comparisons of Calculated and WELLPLAN Frictional Pressure Loss against 

Observed Frictional Pressure Loss in Near Vertical Well (Inclined 12.5°). 

 

 

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. 

 

 

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. 



43 

 

 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 

 

For i = 1 To 40 

 

'Landa 

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

+ i, 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 + 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" 

         

    ElseIf Cells(16 + i, 7).Value >= 0.01 And Cells(16 + i, 12).Value < Cells(16 + i, 

14) Then 

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

         

    ElseIf 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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    ElseIf 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" 

         

    ElseIf 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" 

         

    ElseIf Cells(16 + i, 7).Value < 0.4 And Cells(16 + i, 12).Value >= Cells(16 + i, 13) 

Then 

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

         

    ElseIf 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) 

     

    ElseIf 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 + i, 

12).Value ^ 0.0173) 

     

    ElseIf 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) 

     

    ElseIf 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 

 

's 

    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 

+ i, 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 

 

For i = 1 To 21 

 

'Landa 

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

+ i, 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" 

         

    ElseIf Cells(16 + i, 7).Value >= 0.01 And Cells(16 + i, 12).Value < Cells(16 + i, 

14) Then 

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

         

    ElseIf 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" 

         

    ElseIf 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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    ElseIf 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" 

         

    ElseIf Cells(16 + i, 7).Value < 0.4 And Cells(16 + i, 12).Value >= Cells(16 + i, 13) 

Then 

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

         

    ElseIf 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 (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) 

     

    ElseIf 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) 

     

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

     

    ElseIf 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).Value ^ 0.0173))) 

         

    Else 

        Cells(16 + i, 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)) 

     

    ElseIf 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)) 

     

    ElseIf Cells(16 + i, 3).Value = "Distributed" Then 

        Cells(16 + i, 24).Value = 0 

         

    ElseIf 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 + i, 19).Value = Cells(16 + i, 7).Value / Cells(16 + i, 22).Value ^ 2 

 

's 

    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 

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

 

'GravPressureLoss 

    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 

 

 


