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ABSTRACT: Nowadays, UnderBalanced Drilling (UBD) technology is widely applicable  

in the petroleum industry due to its advantages to an overbalanced drilling operation. UBD success 

depends on maintaining the drilling fluid circulating pressure below the reservoir pore pressure 

during operations. One of the main prerequisites of a successful UBD operation is the correct 

estimation of the pressure profile. In this investigation, the pressure profile was obtained with 

consideration of the influx to the wellbore. A spreadsheet was developed to obtain the pressure 

profile using an analytical solution for aerated mud in UBD operation. Moreover, a numerical 

simulation was employed to simulate the three-phase flow in annulus through the UBD operation 

and the transient Eulerian model flow via the turbulence k-ε model. The effects of solid particle size 

and rotation of the inner pipe were considered on the pressure drop. It was observed that pressure 

drop was significantly increased with increasing solid particle size while it remained almost 

constant with increasing of the inner pipe rotation. The analytical and numerical results  

were compared with published experimental results and showed a good agreement. 
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INTRODUCTION 

Underbalanced drilling (UBD) is the drilling process 

in which the wellbore pressure is intentionally designed 

to be lower than the pressure of the formation being 

drilled. This underbalanced pressure condition allows  

the reservoir fluids to enter the wellbore during drilling, 

thus, several other significant benefits that are superior to 

conventional drilling techniques. These include the increasing 

 

 

 

preventing fluid loss and related causes of formation 

damage. As a result, special additional equipment and 

procedures are required before, during, and after a UBD 

operation. In addition to improving well productivity  

by preventing fluid loss and formation damage, UBD offers 

of penetration rate and bit life, reduced probability  

of sticking the drill string downhole and improving  
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the formation evaluation [1, 2]. UBD advantages and 

disadvantages should be juxtaposed so that an appropriate 

decision can be made in terms of UBD feasibility  

in a specified region. Experience has indicated that  

in the right circumstances, significant technical and economic 

benefits can be obtained when care is taken in the design of 

a UBD program [3, 4]. 

Because of the naturally fractured nature of most 

Iranian reservoirs, such as the Asmari and Bangestan 

formations, UBD technology is more beneficial for these 

depleted reservoirs [4]. Although it is more beneficial  

to use UBD because of these advantages, formation damage 

mitigation is, unfortunately, not the first priority in Iran. 

This is due to imprecise pressure prediction and 

insignificant pressure control.  

Since UBD conditions in subnormal pressure formations 

frequently require the simultaneous injection of a mixture 

of liquid and gas circulating as a two phase flow, multiphase 

flow knowledge is required inside the drill string  

and in the annulus along the circulating path. The flow 

returning to the surface consists of a compressible multiphase 

mixture including the formation and injected fluids  

as well as drilled cuttings [2]. 

During UBD operation, gas and liquid are pumped 

simultaneously from the surface down through the drill 

string, through the bit and then up to the annulus. Based 

on pressure, temperature and geometry variation during 

the circulating flow path, different flow patterns occur. 

Study of the physics of two phase flow in a mud 

circulating path has resulted in several mechanistic 

models for different flow patterns. 

Estimation of Bottom Hole Pressure (BHP) during  

the drilling operation is the most important task in UBD 

design. This task is difficult due to the complex nature of 

the multiphase flow in the UBD system, especially in the 

annulus between the drill pipe, collars and the wellbore 

where water, gas, cuttings and fluid influx from  

the penetrated formations are presented. To accomplish 

this task, the BHP should be calculated. Nonetheless,  

the BHP, fluid influx flow rates, as well as fluid properties 

along the wellbore are interdependent parameters that  

can only be derived through a combination of iterative 

and finite difference methods. 

Computational Fluid Dynamics (CFD) has presented 

an effective tool for accomplishing this objective because 

of its ability to simulate the heat and mass transfer,  

as well as mixing and related phenomena involving 

turbulence [5]. 

Experimental study of cuttings transport with 

 air-water mixtures for horizontal and highly-inclined 

wellbores was conducted by Vieira et al. [6]. His study 

represented that the cuttings were carried by the liquid 

phase only and offered a minimum air-water 

combination required to prevent a stationary bed, 

which developed at the intermittent boundary of the 

flow pattern map [6]. 

Rodriguez (2001) performed an experimental study  

to find the minimum air and water flow rates that effectively 

transport cuttings through highly inclined and horizontal 

wells. The experiments were carried out in a low pressure 

field scale flow loop [7]. 

Minimum air and water flow rates required for 

effective cuttings transport in high angle and horizontal 

wells were studied by Vieira et al. (2002). Extensive 

experiments were performed in a unique field-scale  

low-pressure flow loop. The effects of gas and liquid flow 

rates, drilling rate, inclination angle, pressure drop and 

flow patterns on cuttings transport were investigated [8]. 

The mechanism of cutting transport in UBD through 

the modeling was performed by Doan et al. (2003).  

The model simulated the transport of drill cuttings  

in an annulus of arbitrary eccentricity. Besides, a wide 

range of transport phenomena including cuttings deposition  

as well as re-suspension, formation, and movement of 

cuttings bed were studied. The model consists of conservation 

equations for the fluid and cuttings components in the 

suspension and the cuttings deposit bed [9]. 

A mechanistic model for UBD with aerated muds was 

developed by Zhou et al. (2005). The hydraulic model 

determined the flow pattern and frictional pressure loss  

in a horizontal concentric annulus. The influences of Gas 

Liquid Ratio (GLR) and other flow parameters on frictional 

pressure loss were analyzed using the developed  

model [10]. 

The analysis of two sets of experiments was performed  

at PETROBRAS real scale facility aiming to evaluate  

of solids return times in aerated fluids [11]. Furthermore, 

in this investigation, the effect of liquid and gas injection 

rates, particle diameter, liquid phase viscosity and annular 

back pressure on the transport capacity of solids  

in a vertical well with aerated water and polymer-based 

drilling fluids were studied [11, 12]. 
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A mechanistic model for cuttings transport by 

combining two-phase hydraulic equations, turbulent 

boundary layer theory, and particle transport mechanism 

was developed by Zhou (2008). Effects of temperature, 

bottom hole pressure, liquid flow rate, gas injection rate, 

cuttings size and density, inclination angle, and 

rheological properties of drilling mud on hole cleaning 

were analyzed. The model was validated by available 

experimental data [13]. 

In UBD, the concept of primary good control 

(containing the formation fluids by means of hydrostatic 

columns greater than the formation pressure) is replaced 

by the concept of flow control. In flow control, the BHP 

and influx of formation fluids must be controlled. 

Therefore, in UBD operations the BHP must be 

maintained between two pressure boundaries which 

define the UBD pressure window [14]. 

It is accepted that the success of a UBD operation  

is a function of the ability to maintain underbalanced 

conditions during the entire drilling process. 

Unfortunately, during jointed-pipe drilling, the surface 

injection must be interrupted every time a connection or 

trip is needed. This stopping of injection causes  

the disruption of steady state conditions. 

Besides, if the BHP fluctuations are not properly 

maintained below the formation pressure, the formation  

is exposed to an overbalanced condition every time  

a connection or trip takes place. These periods of 

overbalanced can ruin or reduce the advantages obtained 

after making the efforts and expenses to drill 

the well underbalanced [15]. This problem is often compounded 

by the fact that very thin, low viscosity base fluid systems 

are usually utilized in most UBD operations. 

From a practical engineering point of view, one of  

the major design difficulties in dealing with the multiphase flow 

is that the mass, momentum, and energy transfer rates and 

processes can be quite sensitive to the geometric distribution 

or topology of the components within the flow [16].  

An appropriate starting point is a phenomenological 

description of the geometric distributions or flow patterns 

that are observed in common multiphase flows.  

The definition of the flow regime is a description of 

the morphological arrangement of the components or 

flow pattern [17]. It is important to appreciate that 

different flow regimes occur at different fluid flow rates 

and differences also occur for different materials. 

Multiphase flow regimes can be grouped into four categories: 

gas-liquid or liquid-liquid; gas-solid; liquid-solid and 

three-phase flows [18]. Three-phase flows are combinations 

of the other flow regimes. This means a combination of 

gas-liquid-solid or two solid phases and one gas phase, 

etc. These types of flow can be seen at a petroleum 

refinery, in chemical separation technology or in combustion. 

Modeling and simulation of gas-liquid two-phase 

flow in UBD operation in order to predict the BHP and 

other parameters of two-phase flow were performed. 

Through the one-dimensional steady-state, two-fluid 

model in the Eulerian frame was used to simulate  

the two-phase flow in the UBD operation. The parameters 

such as pressure, volume fraction and velocities of two 

phases at different flow regimes, namely bubbly, slug and 

churn turbulent flow were predicted [19]. Reduced Order 

Modeling (ROM) of transient two-phase flow in the UBD 

operation using Proper Orthogonal Decomposition (POD) 

method in the annulus of the drilling well was applied. 

The employed POD approach reduced the required  

CPU-time as much as 62% [20]. Gas-Liquid-Solid three-phase 

flow in the annulus of a well with industrial dimensions 

was simulated numerically by the multi-fluid approach  

at UBD operations. The comparisons showed that three-

phase numerical simulation gives better accuracy 

compared to two-phase numerical simulation and most of 

the other mechanistic models. Moreover, the effects of 

controlling parameters such as liquid and gas flow rate, 

drilling rate, size of cuttings and choke pressure  

on the BHP were investigated [21]. 

This work presents a CFD simulation to predict 

pressure by coupling drilling and inflow performance 

parameters such as gas injection rates, liquid flow rates 

and fluid production rates for UBD. A concentration  

on both two-phase flow and three-phase flow regimes are 

the objective of this study. 

 

CFD technique 

CFD is the science of predicting fluid flow, heat 

transfer, mass transfer, chemical reactions, and related 

phenomena by solving the mathematical equations which 

govern these processes using numerical methods and 

algorithms [22]. In order to provide easy access to their 

solving power, all commercial CFD packages include 

sophisticated user interfaces to input problem parameters 

and to examine the results. 
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In CFD, equation discretization is usually performed 

using the Finite Difference Method (FDM), the finite 

element method (FEM) or the finite volume method 

(FVM) [23]. Spatial discretization divides the 

computational domain into small sub-domains making up 

the mesh. The fluid flow is described mathematically  

by specifying its velocity at all points in space and time.  

All meshes in CFD comprise nodes at which flow 

parameters are resolved. The three main types of meshes 

commonly used in computational modeling are structured 

unstructured and multi-block structured meshes. 

It is important to include turbulence in the study of 

multiphase flow. Various closure models of turbulence 

are available to describe and solve the effects of turbulent 

fluctuations of velocities and scalar quantities of flow.  

In comparison to single-phase flows, the number of terms 

to be modeled in the momentum equations in multiphase 

flow is large, and this makes the modeling of turbulence 

in multiphase simulations extremely complex [24]. 

In the present work, the Eulerian-Granular approach  

is employed to simulate the three-phase flow (water-gas-

solid) in the annulus. This multiphase model solves  

the momentum and continuity equations for each phase. 

The following continuity equations are utilized to calculate 

the volume fraction of each phase [25]. 

Continuity equation for gas phase: 

   g g g g gV 0
t


     


                                          (1) 

Continuity equation for solid phase: 

   s s s s sV 0
t


     


                                            (2) 

Continuity equation for liquid phase: 

   l l l l lV 0
t


     


                                             (3) 

The momentum equations for gas, solid and liquid 

phase are defined as follows.  

Momentum equation for gas phase: 

   g g g g g g gV V V
t


     


                                   (4) 

   g g g g gs g s gl g lp g K V V K V V           

Momentum equation for solid phase: 

   s s s s s s sV V V
t


     


                                     (5) 

 s s s s s gs g sp p g K V V           

   sl l s s lift.s vm.sK V V F F F     

Momentum equation for liquid phase: 

   l l l l l l lV V V
t


     


                                       (6) 

   l l l l gl g l sl s lp g K V V K V V          

Where s, g and l are the representative indexes for 

solid, gas, and liquid phases, respectively. Moreover, is 

the volume fraction, g is the acceleration of gravity,  is 

the density,  is the stress tensor and V  is the velocity. 

The expression that represented the stress tensor for gas, 

solid and liquid phase, as well as the other related parameters, 

were obtained from references [26-29]. 

In the present work, ANSYS FLUENT 12.1 software 

package was utilized. It provides three methods for modeling 

turbulence in multiphase flows within the context of  

the κ-ε models. In addition, there are two turbulence options 

within the context of the Reynolds Stress Models (RSM).  

 

THEORITICAL SECTION 

Model description 

Three phase flow (Air-Water-Cutting) experiment performed 

by Osgouei 

Fig. 1 shows a two dimensional overview of the 

model (eccentric annulus) in this study. 

Table 1 shows the three phases flow experimental 

data utilized in this simulation. Standard experimental 

procedures adapted for three-phase flow were as follows: 

the liquid was pumped at a constant flow rate using  

a centrifugal pump. Then, the air was introduced  

at the desired rate. Once both the air and liquid flow rates 

were stabilized, the cutting was injected from an injection tank 

into the system. When the cutting, gas and liquid flow 

rates were stable, the data acquisition was activated  

in order to record flow rates, pressures at critical points, 

pressure drop inside the test section, etc. [30]. 

The physical model is an eccentric annulus with  

two ends. One is the entrance of solid-liquid-gas three-phase 

flow, and the other is the outlet. The drillpipe is located 

inside the annulus, and the effect of the joint is neglected. 
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Table 1: Three-phase flow experimental data for an inclined (77.5° from horizontal) eccentric annulus  

Cutting-Gas-Water flow obtained from Ref. [30]. 

Mud Superficial Velocity (m/s) Gas Superficial Velocity (m/s) Pressure Transmitter (psig) ROP (ft/hr) Pressure Gradient (psi/ft) 

1.5338 0.6767 5.162 80 0.461 

1.545 1.2308 5.137 80 0.440 

1.5277 1.8721 5.034 80 0.425 

1.5243 2.592 5.001 80 0.417 

1.5618 3.2275 5.063 80 0.421 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Two dimensional overview of the model. 

 

The inner boundary conditions are set to be rotational one 

and the outer boundaries are the good walls.  

The problem comprises a three-phase flow in an 

annulus in which air and water enter at the bottom of the 

annulus. Table 2 shows the properties of air, water and 

solid used [30]. 

 

Steady state three-phase flow simulation 

In the present work, a Eulerian model has been 

chosen to simulate three-phase flow in an eccentric 

annulus. We have used a steady approach for all 

simulations except one where we used an unsteady 

approach. Brief details of the simulations are as follows: 

Meshing 

Determining a mesh was an important step towards 

solving the three-phase flow problem. ANSYS FLUENT 

was chosen as the solver. Relevance qualitatively defines 

the fineness of the mesh and incorporates additional 

quantitative conditions that need to be specified. 

The sizing category was set with maximum cell  

squish of 0.0876117, the maximum aspect ratio of 19.2143 

and cell numbers of 139656. The advanced sizing 

features added complexity to the problem that  

was not needed and resulted in a less-uniform mesh overall. 

The relevance center was specified as “fine” to increase 

the uniformity overall. Mesh uniformity was important for 

α=77.5 

Length  = 21  ft 

D annulus = 2.91 in 

D string  = 1.85 in 
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Table 2: Properties of air, water, and solid used in the current study. 

Phase Density (kg/m3) Viscosity (kg/m.s.) 

Air 1.225 1.789×10-5 

Water 998.2 1.003×10-3 

Solid 2470 - 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Isometric view of mesh for this model. 

 

this research because meshes with high uniformity can be 

used to lead to more accurate results.  

 

Choosing a general multiphase model 

The first step in solving any problem is to determine 

which of the regimes provides some broad guidelines  

for determining the degree of inter-phase coupling for flows 

involving bubbles, droplets, or particles and the 

appropriate model for different amounts of coupling.  

The appropriate model for flows involving, bubbles, particles 

or droplets are as follows [31]: 

 For bubble, droplet and particle-laden flows  

in which dispersed-phase volume fractions are less than or 

equal to 10% the discrete phase model to be used. 

 For bubble, droplet and particle-laden flows  

in which the phases mix and/or dispersed phase volume 

fractions exceed 10% the mixture model is used. 

 For slug flow, the VOF model is used. 

 For stratified/free-surface flows, the VOF model is used. 

 For the fluidized bed, the Eulerian Model  

for granular flow is used.  

 For slurry flows and hydro transport, the Eulerian or 

mixture model is used.   

A 3D segregated, first order implicit steady state 

solver was used. The standard k-ε dispersed Eulerian 

multiphase model with standard wall functions was used 

for turbulence modeling. Water was taken as the primary 

phase which is the continuous phase, while solid and air 

are as the dispersed phase. Inter-phase interaction 

formulations used for drag coefficient were as follows [32]: 

 Air-Water: Schiller-Naumann  

 Solid-Water: Gidaspow  

 Solid-Air: Gidaspow 

Air velocities ranging from 0.6767 m/s to 3.2275 m/s 

and water velocities from 1.5338 to 1.5618 m/s  

were used, respectively. The inlet air volume fraction  

was obtained as the fraction of air entering in the mixture 

of gas and liquid. It is noteworthy that backflow granular 

temperature specifies temperature for the solids phase and 

is proportional to the kinetic energy of the random motion 

of the particles. 

Pressure outlet boundary conditions: 

Mixture gauge pressure= 0 Pa  

Solid and liquid boundary conditions:  

Backflow granular temperature= 0.0001 m2/s2 

Backflow volume fraction= 0 

 

The solution of steady state three-phase flow 

The under relaxation factor for solution control  

in different flow quantities were taken as; Pressure=0.3, 
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Fig. 3: Plot of residuals for the k-ε solver method as the 

iteration proceeds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Residuals for the k-ε solver method as iteration 

proceeds. 

 
Density=1, Body forces=1, Momentum=0.3, Volume 

fraction=0.5, Granular temperature=0.2, Turbulent kinetic 

energy=0.8, Turbulent dissipation rate=0.8, Turbulent 

viscosity=1. Pressure-velocity coupling was chosen as  

a phase coupled SIMPLE. First order upwind was chosen 

for discretization. The solution has been initialized from 

all zones. For patching a solid volume fraction,  

the volume fraction of the solid in the part of the column 

up to which the solid was fed, was used. Fig. 3 shows  

the residual plot for the k-ε solver method as the iteration 

proceeds. 

 

Transient three-phase flow simulation 

A 3D segregated first order implicit unsteady solver 

was utilized. Air velocity of 0.6767 m/s and water 

velocity of 1.5338 m/s were used.  

Pressure outlet boundary conditions: 

Mixture gauge pressure= 0 Pa 

Solid and liquid boundary conditions: 

Backflow granular temperature= 0.0001 m2/s2 

Backflow volume fraction= 0 

 

The solution of transient three-phase flow simulation 

The under relaxation factor for solution control  

in different flow quantities were taken as; Pressure=0.3, 

Density=1, Body forces=1, Momentum=0.3, Volume 

fraction=0.5, Granular temperature=0.2, Turbulent kinetic 

energy=0.8, Turbulent dissipation rate=0.8, Turbulent 

viscosity=1. The formation of water, oil, and gas influx 

rates were 22.18, 88.72 and 739.34 bbl/h, respectively. 

Pressure-velocity coupling was chosen as a phase coupled 

SIMPLE. First Order Upwind was chosen for 

discretization. The solution has been initialized from  

all zones. Iterations were carried out for the optimal time 

step size of 0.03 second. Fig. 4 shows the residual plot  

for the k-ε solver method as the iteration proceeds. 

 

RESULTS AND DISCUSSION 

Analytical model testing 

This model was tested with pressure measurements 

from a well drilled with aerated fluids. A vertical well  

was drilled in Northern Africa. The borehole profile  

is described by a 9-5/8 in. intermediate casing run from  

the surface to 7632 ft. Below the intermediate casing is a 7 in. 

production liner tied back to the intermediate casing at 

7304 ft. The liner was run from 7304 ft to 8859 ft. An open 

hole was drilled out of the bottom of the liner to a depth of 

9571 ft. Then, aerated fluid was used to reduce the bottom 

hole pressure and allow underbalanced drilling. The open 

hole interval (from 8859 ft to 9571 ft) was drilled with a 6 in. 

Tricone roller cutter drill bit. The drill string, while  

drilling at a depth of approximately 9381 ft, was made up 

of 5 in. drill pipe from the surface to 7361 ft; 3-1/2 in. drill 

pipe from 7361 to 8361 ft; 3-1/2 in. heavyweight drill pipe 

from 8361 to 8841 ft; and 4-3/4 in. collars from 8841 to 

9381 ft. The incompressible fluid was 8.60 ppg treated-

water, which was injected at a rate of 45 gpm. The gas was 

inert atmospheric air with an injection volumetric flow rate 

of approximately 1500 acfm (cubic feet per minute of 

actual air, at surface elevation location of approximately 

3700 ft). The back pressure at the choke manifold was kept 

at about approximately 600 psig. 
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Fig. 5: a) Pressure and b) velocity profiles inside the drill string, annulus and through the bit in the tested well. 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Contours of the volume fraction of solid in the outlet of 

the annulus at an inlet water velocity of 1.5338 m/s and inlet 

air velocity of 0.6767 m/s for ROP of 80 ft/h. 

 

Accurate prediction of a shut-in and flowing bottom 

hole pressures in inclined holes present a challenge  

in UBD. It is highly desirable to develop a simple and 

accurate hydraulics equation for this purpose.  

The analytical Equation (7) was used in this work on the basis 

of Guo et al.’s (2003) work [33]. By applying Eq. (7)  

to borehole segments, the bottom hole pressure was found  

to be 2189 psig. The actual bottom hole pressure was 

approximately 2000 psig. The obtained error through this 

equation was 8.66% in this case. 

2

s 2
s

1 2bM (P M) N
b(P P ) ln

2 (P M) N

  
  

 
                         (7) 

2

1 1 s

b
M N bM

P MP Mc tan tan
N N N

 
 

    
     

    
  

2a(cosθ d e)L   

The trends for the test model, as shown in Fig. 5,  

were used to obtain the pressure and velocity profile  

in the well. 

 

Steady state three phase flow simulation with CFD 

Fig. 6 shows the contours of volume fraction of solid 

in the outlet of the annulus at an inlet water velocity of 

1.5338 m/s and inlet air velocity of 0.6767 m/s for ROP 

of 80 ft/hr after the steady state is achieved. The colour 

scale given to the left of each contour indicates the value 

of volume fraction corresponding to the colour.  

In general, increasing the pipe rotation in the low angle 

wells increases the concentration of cutting in the wells 

and it is not the right way for cutting removal in this type 

of wells. On the other hand, by increasing the inclination, 

pipe rotation is becoming more effective for cutting 

transport in wells. So, the cutting concentration decreases 

with increasing the pipe rotation. Eventually, the pipe 

rotation can be considered as an effective way for hole 

cleaning in the highly inclined wells. In the high angle 

wells, the pipe rotation moves the cutting from the cutting 

bed to the high side of the annulus and put the cutting 

along with the mixture flow. This phenomenon improves  

the cutting transport efficiency in the high angle wells. 

On the other hand, in low inclinations, increasing the pipe 

rotational speed as well as increasing the turbulence 

causes the particles to be trapped in the annulus and 

decreasing the cutting transport efficiency. 

Counters of velocity magnitude of water and air  

in the outlet obtained at an inlet water velocity of 1.5338 m/s 

and inlet air velocity of 0.6767 m/s for ROP of 80 ft/h  

are shown in Fig. 7. 
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Fig. 7: Counters of a) water and b) air velocities magnitude in the outlet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Contour of a) water and b) solid particle axial velocities in an eccentric annulus (0.65 eccentricities, 11 rad/s rotation). 

 

It can be seen from Fig. 8 that the volume fraction of 

solid in the narrow side of the annulus is more than the 

wider side due to the gravity effect. The velocity of water 

and solid show difference in the shape of their velocity 

curves (the velocity profile across any given section of pipe).  

In turbulent flow, the fairly flat velocity distribution of water 

exists across the annulus. However, the velocity 

distribution of solid is not flat. 

Fig. 9 shows the comparison of pressure between  

the predicted data and that measured by Osgouei in 

reference [30]. As this figure shows, the estimated values 

are very close to the experimental value of pressure, 

representing the accuracy of the CFD model. 

The particle size of the solid phase was taken in the 

range of 0.001 m to 0.004 m to investigate the effect of 

particle size on pressure drop. The simulation results 

obtained are shown in Fig. 10. This figure illustrates that 

outlet pressure shows an increasing trend as the particle size 

is increased for a particular air and water velocity. 

The inside pipe rotation was taken in the range of 2 rad/s 

to 11 rad/s to investigate the effect of pipe rotation on 

pressure drop. The obtained simulation results are shown in 

Fig. 11. The figure illustrates that by increasing pipe rotation 

rate, the pressure drop was not considerably changed in this 

simulation, as the cuttings injection, liquid, and gas flow 

rates are kept constant. Amanna and Movaghar (2016) [34] 

investigated the effects drill pipe rotation on cutting 

transport in which increasing in values of flow rate and drill 

pipe rotation was effectively improved the drag effects 

leading to superior cutting removal. In the current 

investigation, the liquid and gas flow rates were kept 

constant so that pressure drop did not change sensibly.  

 

Transient three-phase flow simulation with CFD 

The inlet air velocity was changed from 0.6767 m/s to 

1.5338 m/s to investigate its effect on pressure drop.  

The obtained simulation results are shown in Fig. 12.  

A change in outlet pressure is seen in the annulus during

(a) (b) 

(a) (b) 
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Fig. 9: Comparison of the predicted pressure of eccentric 

annulus data and data measured by Osgouei in Ref. [30]. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 10: Effect of particle size on pressure drop. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: Effect of pipe rotation on pressure drop. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 12: Pressure variations versus time through increasing 

air velocity. 

 

the simulation, but after some time no significant change 

was observed indicating that the quasi steady state  

has been reached. Simulations were carried out until there 

was no change in the pressure drop. From the figure, it is 

very clear that there were pressure changes for the first 10 

sec after which, there was no subsequent change in the 

pressure even though the simulation continued.  

Fig. 12 also illustrates that by increasing air velocity, 

pressure increases suddenly because of a change  

in movement inertia. The pressure, then, decreased 

suddenly, but then reduction was slowly during the next 

10 seconds. After which, there was no subsequent change 

in the pressure even though the simulation went on.  

In this regards, the effects of the solid fraction with time  

was investigated in which firstly increased then, when time 

goes on the solid fraction was decreased. On the other 

hand, in high flow rates of air, escalating the drill pipe 

rotation caused the enhancing of solid fraction. 

CONCLUSIONS 

The success of a UBD operation relies on maintaining  

the wellbore pressure within an optimized window that 

typically depends on a UBD pressure system designed  

by a computer program. Analytical models are used  

for the simple geometry, and some assumptions are 

considered and developed to obtain the solution. 

Numerical simulations for three-phase flow in annulus 

were performed using the transient Eulerian model with 

the CFD packages, ANSYS Fluent 12. The turbulence 

was described using the k-ε model. 

It was observed that pressure drop is significantly 

increased with increasing solid particle size. Simulations 

showed that the pressure drop remains almost constant 

with the rotation of the inner pipe. The results revealed 

that CFD has excellent potential to simulate three-phase 

flow systems. CFD simulations showed that the velocity 

sharply decreased with radius in a region close 
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to the inner pipe, and then gradually dropped to zero  

at the outer casing wall. The axial velocity profile  

for the 0.65 eccentricity annulus showed that most fluid flows 

through the wider gap side. The axial velocity of water 

and solids at the narrow gap side was close to zero, even 

with a high pipe rotary speed. However, in a low 

eccentricity annulus where the narrower side becomes 

wider, pipe rotation can bring more fluid particles 

through the narrow gap during a certain period of time. 

 

Nomenclatures 

Abbreviations 

UBD                                              Underbalanced Drilling 

OBD                                                Overbalanced Drilling 

CFD                                  Computational Fluid Dynamics  

FDM                                           Finite Difference Method  

FEM                                               Finite Element Method  

FVM                                               Finite Volume Method  

E–L                                                    Eulerian-Lagrangian 

k-ε                                                  Reynolds Stress Model 

VOF                                            Volume of Fluid Method  

bbl                                                                             Barrel 

 

English Symbols 

Dp                                                        Outer pipe diameter 

Dw                                                                 Well diameter  

L                                                                Liquid velocity 

G                                                                    Gas velocity  

SL                                              Superficial liquid velocity  

SG                                                 Superficial gas velocity 

m                                                              Mixture velocity  

T                                                                      Temperature 

P2                                                       Bottom hole pressure  

Ql                                                               Liquid flow rate  

Qg                                                                   Gas flow rate  

Re                                                            Reynolds number 

R                                                                     Gas constant 

db                                                                     Bit diameter 

Ss                                      Solid specific gravity, water = 1 

ROP                                         Rate of penetration, ft/hour 

Sg                                        Specific gravity of gas, air = 1 

Sgf                             Specific gravity of gas influx, air = 1 

θ                                                   Inclination angle, degree 

 

Greek letters 

                                                                      Gas fraction  

l                                                                  Liquid density  

g                                                                      Gas density  

m                                                               Mixture density  

m                                                            Mixture viscosity 
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