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ABSTRACT  
 
This paper provides a holistic view ofinto the development and progression of multiphase gas-liquid 
annular flow in gas wells. With the help of a momentum balance, the stability of a fully developed annular 
flow is defined. The Euler-Euler model was used to model the multiphase flow system, while the 
Reynolds-Averaged Navier–Stokes (RANS) model was used to depict a time-dependent solution for a 
vertical fluid flow system, consideringwith acceleration due to gravity and fluid 
compressibilityconsiderations. The resultant flow regime is wastested for stability by gradually reducing 
the field velocity of flow and observing the effects using a computational fluid dynamics (CFD) software. 
The principal parameters considered are the superficial gas velocity and liquid film flow rate. The 
properties of the region of where the flow becomes unstable is aredocumented and related to the 
incidence of liquid loading in a typical gas well. The effect is arecritically observed and compared to flow 
regimes at lower superficial gas velocity. The resultant flow regime configurations are analyzed and 
compared to the annular flow system. 
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1. INTRODUCTION  
 
At the initial stage of producing a gas well production, entrained liquid is carried along the production tubing to the surface 
by the gas. As the well ages, gas velocity drops, and entrained liquid tends to fall back into the wellbore, thereby loading 
liquid at the wellbore and the gas flow will approach laminar flow [1]. According to Skopich et al. [2], unpredictable gas 
production and decreased produced liquid are caused by liquid loading. The flow in gas wells areis for the most part 
annular flow during the life of the well [3]. The transition of the annular flow regime to other flow regimes is usually 
gradual[4]. The consequence of a sudden change in the flow regime, especially when the gas velocity drops, is usually 
negative.,thus pProblems such as liquid loading and flow reliability at the well head may be some of the major issues 
encountered when a sudden transition in flow regime occurs. Liquid loading usually occurs when the natural energy 
(reservoir pressure) of the well is insufficient to guarantee the evacuation of produced liquids from the wellbore to the 
surface. Similarly, the flow reliability is usually not guaranteed when there is a sudden disturbance or change in flow 
parameters of the well. For example, Aa sudden transition into slug flow for example may result in erratic deliverability of 
the well. Though these problems are planned for in the well development program, it is imperative to predict the probable 
time of these eventsmay occur using established models to analyze the flow pattern of the well. As noted by Adaze et al. 
[1], the interfacial structure and droplet entrainment mechanisms makesthe modelling of annular flow complex, and no 
exact analytical solution exists. Jayanti and Hewitt [5], analyzed a typical liquid film flow in annular flow by fixed liquid film 
configuration. The film configuration was obtained directly from experimental observation. The analysis was subjected to 
both inlet and outlet boundaries at the interface, and it was observed that laminar flow exists in the liquid sub-layer. 
 
Although several models have been developed to predict the occurrence of liquid loading, none has the capability of 
accurately predicting its occurrence. The most viable ones considered modelling annular flow patterns to predict liquid 
loading and justify well interventions prior to the development of the problembefore the problem arises. Due to the 
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uniqueness of wells around the world, it is imperative to properly identify the point at which the problem develops and 
propose a generalized model depending basedon observed peculiaritiesy. 
 
To properly establish the stability of annular flows, the components of a typical annular flow must be studied. A typical 
annular flow in a conduit must consist of a core of gas with a dispersed tiny liquid droplets and a thin film of liquid at the 
periphery. The film thickness, film velocity and pressure gradient of the regime have a triangular relationship [6]. This 
implies that evaluation of one of the parameters is easier if the other two are known. Skopich et al. [2], experimentally 
investigated the impact of pipe internal diameter on liquid hold-up using critical gas flow rate. Two phase fluid flow system 
were used. 
 
Turner et al [7] extensively carried out studies on the annular core in relation to the minimum velocity that guarantees the 
evacuation of liquid from a gas well and reported the first attempt to predict the onset of liquid loading. Coleman et al [8] 
did same but at reservoir pressures lesser than 500 psi. At Underthis condition, the annular flow may start to behave in an 
erratic fashion as the gas velocity of the gas will be lower than that for higher reservoir pressures. Similarly, other 
researchers focused on the film thickness, flowrate and direction to support the behavior of annular flow. Luo et al. [9] 
showed that the variation observed in the liquid film may serve as an additional factor in understanding the stability of 
annular flow. 
 
The film thickness of annular flow in a liquid-gas multiphase system is not exactly uniform across the entire section [10]. 
For ease of representation, a fully developed annular flow can be assumed to have a fairly uniform film thickness which is 
necessarily an average of the film thicknesses at each point in the wave surface [11]. Since, the gas flow rate and 
pressure gradient across the section inadvertently determines the movement of the film, this study aims to generate 
predictive equations for a therelationship between the superficial gas flow rate and the film flowrate at varying superficial 
liquid velocitiesy. Due to the paucity of data for this study, it is imperative to use a Computational Fluid Dynamic (CFD) 
software to simulate the multiphase flow dynamics for annular flow by inputting actual well conditions into an already 
established annular flow model. This provides instantaneous values of the minimum film velocity as the parameters are 
evaluated. 
 
In this study, the conditions for the stability of annular flow in vertical gas wells was investigated using computational Fluid 
Dynamics software to give insight into the accumulation of liquids in the wellbore. This was achieved by simulating the 
annular flow pattern in a typical gas well and changing the boundary conditions to observe the resultant effect. 
 
 

2. METHODOLOGY 
 
Simulating of annular flow 
 
Owing to the multivariate nature of annular flow, the Euler-Euler model was used to model the multiphase flow system and 
the Reynolds-Averaged Navier–Stokes (RANS) model was used to model the turbulent flow system. 
The Euler-Euler model is characterized by a two-phase (or multiphase) mixture having a continuous phase and a 
dispersed phase,just likesimilar to a typical fully developed annular flow where the gas is the continuous phase and the 
liquid is the dispersed phase. The Eulerian (Euler-Euler) multi-phase model is widely used in multi-phase flow system and 
is capable of modelling gas-liquid phase system [1], through independent conservation of mass and momentum equations 
(Equations 1 and 2) 
 
Conservation of mass 

∂

∂t
 αiρj + ∇.  αiρiVi

     =   m ji − m ij + Si

n

p=1

 (1) 

Conservation of momentum 
∂

∂t
 αiρi + ∇.  αiρiVi

    V   i 

= αi∇j + ∇. τ i + αiρig  +   R   ji + m ji V   ji − m ij V   ij 

n

p=1

+  F  i + F  lift ,i + F  wl ,i + F  vw ,i + F  td ,i                                         (2) 

Whereρi is the density of phase I,Vi
     is the velocity of phase i; m ji  is the mass transfer from phase j to phase i;  m ij  is the 

mass transfer from phase i to phase j; Si  is a source term; αi is the volume fraction of phase i; F  i is an external body force; 

F  lift ,i is a lift force; F  wl ,i is a wall lubrication force; F  vw ,i is a virtual mass force; F  td ,i is a turbulent dispersion force; R   ji  is an 
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interaction between phases; p is the pressure shared by all the phases; V   ji  and V   ij  represent the interphase velocities 

defined in Equations 3 and 4. 

for m ji > 0, V   ji = V   j ,     for m ji < 0, V   ji = V   i  (3) 

for m ij > 0, V   ij = V   i ,     for m ij < 0, V   ij = V   j(4) 

τ q  is the stress-strain tensor in phase i, given as: 

τ i = αiμi ∇V   i + ∇V   i
T + αi  λi −

2

3
μi ∇. V   iI  (5) 

αi is the shear viscosity of phase i; λi is the bulk viscosity of phase i. 
The above model uses the Navier-Stokes equations to solve for the velocity field. The resultant velocity was then used 
comparatively comparedwith the momentum balance expression.  
Reynolds number defines the type of flow,;whether laminar or turbulent. The Reynolds number in this study indicates that 
flow is turbulent even though the fluid assumes a streamlined formation. Similarly, the liquid film is believed to have a 
laminar flow form [11], while the gas core may be ‘laminarized’ by the degree of entrainment of liquid in the gas phase [6].  
 
A typical multiphase system flowing in the annular region may be conditioned to function operateunder the Reynolds-
Averaged Navier–Stokes (RANS) model. Equations 6 and 7 are the Cartesian coordinates of the RANS continuity for 
mass and momentum equations for the flow. 
Continuity equation: 

∂P

∂t
+

∂

∂xi

 ρUi = 0 (6) 

Momentum equation: 

∂

∂t
 ρUi +

∂

∂xj

 ρUiUj = −Pi +
∂

∂xj

 μ  
∂Ui

∂xj

+
∂Uj

∂xi

  −
∂

∂xj

 ρui
′uj

′        (7) 

ρui
′uj

′     = ut  
∂Ui

∂xj

+
∂Uj

∂xi

 −
2

3
ρδij k(8) 

where 
k is the turbulent kinetic energy, given as: 

k =
1

2
ui
′uj

′     (9) 

and ut is the turbulent Eddy viscosity which is a function of k and ε turbulent model. The k − ε model is defined in 
Equation 10 and 11. 

∂

∂t
 ρk +

∂

∂xi

 ρUik =
∂

∂xj

  μ +
μt

σk

 
∂k

∂xj

 + Gk + Gb − ρε − Ym + Sk  (10) 

and 

∂

∂t
 ρε +

∂

∂xi

 ρUiε =
∂

∂xj

  μ +
μt

σε
 
∂ε

∂xj

 + C1ε(Gk + C3εGb ) + C2ερ
ε2

k
+ Sε(11) 

where Gk  is the turbulence kinetic energy generation term; Gb  is the turbulence kinetic energy generation; Ym  is the 

contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate; C1ε , C2ε  and C3ε  are 
constants; σk  and σε  are the turbulent Prandtl numbers for k and ε, respectively. TheSk  and Sε  are user-defined source 

terms. In the k and ε model, the turbulent viscosity is calculated from Equation 12: 

μt = ρCμ

k2

ε
(12) 

where Cμ  is a constant. 

The k-ε model suites the annular flow model and the only assumption is that the flow is anisotropic for the entire length of 
the well. The aim of utilizing the CFD software is usually to solve the Partial Differential Equations (PDEs) of the flow’s 
multivariate function. The majorwork donetask is to control the properties of the fluids in a user-defined environment to 
suit matchthe selected flow and geometry selected. 
 
It is imperative to define the boundary conditions to limit constrainthe probable solutions of the flow function. The definition 
of the geometry, fluid characteristics, inlet and outlet conditions should mimic resemblereal life situations as best possible. 
The focus will be to defineon defining the necessary parameters and allowing the interacting fluid to take the form 
ofconform the geometry based on the RANS model. The typical features of the annular flow are clearevident; and the 
liquid section of the flow will form a thin film on the periphery of the pipe (Bruno 2005), while there is a core containing tiny 
dispersed molecules of liquid in the gas phase as a result of the strong turbulence energy of the flow. 
 

Geometry of flow 



 

 

 
The flow is represented in a 2-dimensional configuration to limit restrictthe number of iterations and the degree of freedom 
of the resultant PDEs.Itwhich constitutes one rectangle with a dimension of 2” x  3”, and 10 rectangles with dimensions of 
0.05” x 0.1”. Thehypothetical orientation of the geometry is shown in Figure 1. 
 

 
Figure 1: 2D Rectangular Dimensions 

Material selection 
 
Methane Ggas and transformer oil were the selected as the fluids since their average properties are similar towhat is 
obtainable in a typical gas wellthose typical found in a gas well. Due to the phase concentration of the gas relative to the 
liquid in this flow pattern, the compressibility of the fluid is considered as the Mach number is less than 0.3. The most 
sensitive property in this case is the density,and itwhich is defined by the software for each fluid species. AlsoAdditionally, 
it is assumed that there is no evident chemical reaction between the fluids. 
 

Inlet conditions for gas: 
 
a). Instead of a normal inflow velocity, a velocity field is selected with direction restricted to the y-axis. It is assumed that 
there is no x-axis movement of gas at the inlet condition. 
b). The field velocity was selected to increase progressively as follows: 0.1m/s, 0.5m/s, 1m/s, 2m/s, 3m/s, 4m/s, 5m/s, and 
6m/s respectively.  
c). The differential equation form of the CFD is solved using the discretization model of the interacting fluids. 
Inlet Cconditions for liquid: 
a). Normal inflow velocity is used for the liquid component and the velocity is fixed at 0.01m/s, 0.05m/s and 0.1m/s for all 
the varying inlet gas conditions. 
b). The density of the liquid is assumed constant based on the temperature of reference. Although, the density may vary 
slightly as the temperature in the well changes and at different mixing conditions with the gas in the annular model 
 

Wellbore conditions 
 
The condition of any well is not static; however, to properly display the annular flow pattern and possible instance of liquid 
loading, certain conditions have been set for temperature and pressure.  
It was assumed that the bottomhole flowing pressure is 5MPa while the temperature range is 353.15 - 373.15K. These 
values were keyed into the input point of the geometry’s space domain to cover the entire flowing area of the gas and 
liquid interacting in the well. 
 

Liquid and Gas domain 
 
In order to establish the annular flow model on inthe software, the liquid and gas must have unique domains at t = 0 sec. 
This changes as the steady state fluid flow progresses. The domains are shown in Figure 2. The selection is typical of the 
nature of annular flows. The gas domain for the gas occupies a larger percentage of the geometry than that for the liquid 
domain. Overall, the choice is made depending basedon the nature of the flow regime. The phase fraction of the gas in 
annular flow is always greater than that of the liquid since the gas is the continuous phase; this is characteristic of 2-phase 
annular flows.    
 

Theory of stability  
 
The theory of stability of the annular flow is hingedrelies on the momentum balance of the interacting fluids. The film 
reversal theory still comes into play, with the film reversal theory also being a factor. At high gas velocities, a full profile of 
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the annular flow is developed as shown in Figure 3. To establish a stable 2-phase annular flow, a steady state flow must 
exist with a defined gas core and liquid film on the walls of the conduit.  

 

 
(a)                                                             (b) 

Figure 2: 2D Fluid Domain (a) gas-methane and (b)  liquid- Transformer Oil 
 

The point of liquid loading,which can be assumed to be the point where a typical annular flow becomes unstable, will be 
the point where by examiningthe momentum balance of the interacting fluid is taken. The effect of this can be properly 
understood by comparing the velocity of the gas stream with the velocity of the liquid film. The destabilization of the 
annular flow can then be studied with great in-depth since the momentum balance is hinged basedon the reversal theory. 

 

 
Figure 3: 2D Annular Flow Development in a 2-Phase System 

 

Mesh Selection and Justification 
 
The Mmesh used is the free triangle model which consists of a total of 653 triangles for the considered geometry 
considered (Table 1 and Figure 4). The selection, though considered an extremely coarse framework, makes the solution 
quicker to solve. A fine framework was also selected and the time step solution graph was similar with very minute errors. 
The total degree of freedom (DOF) solved for in the time dependent solution is 4869 which includes 2613 internal DOFs. 
 

Table 1: Mesh Data 

Description Values 

Minimum Element Quality 0.7514 
Average Element Quality 0.9445 
Number of Triangle 653 
Number of Edge Element 117 
Number of Vertex Element 43 
Calibrated for  Fluid Mechanics 
Maximum Element Size 0.26 
Minimum Element Size 0.01 
Curvature Factor 0.8 
Maximum Element Growth Rate 1.3 
Predefined Size Extremely Coarse 

(Selected to ease 
calculation) 
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Figure 4: 2D Triangular Mesh Framework of the Annular Flow System 

 

3. RESULTS AND DISCUSSION 
 
3.1 Relationship between Gas velocity and Minimum film thickness Velocity 

 
The velocity of the liquid film is of great significance because it is an offshoot of the superficial gas velocity. Figure 5 
shows the relationship between gas velocity and minimum film velocity for Vsl  of 0.01 m/s. The curve shows a polynomial 
relationship between the two parameters in the annular flow regime. As the gas velocity increases, it reaches a point 
where the minimum film velocity remains constant. This can be seen observedto occur at Vsg = 4 m/sec and beyond. 

Another critical point in this curve is the lowest point,on the curve which occurs at Vsg = 0.5 m/sec with an equivalent 

minimum film velocity of 0.000228m/s. This appears strange because at a much lower Vsg = 0.1 m/sec, the minimum film 

velocity is 0.000583m/s. The phenomenon is better explained if by consideringa frame-by-frame solution of the 
computational fluid dynamics is considered for elemental increases in parameters. It is clear evidentthat at very low Vsg  

and Vsl , it is difficult to ascertainaccurately determining the exact minimum film velocity with great accuracyis challenging. 
On the contrary, at high gas velocity, the velocity of the film appears stable and defined. 

 

 
Figure 5: Relationship between minimum film velocity and superficial gas velocity at Vsl = 0.01m/s 

 
For Vsl = 0.01 m/s, Figure 5 was fitted with a polynomial of degree 4 with a best fit of 0.9937 best fit. However, for 
Vsl = 0.05 m/sec, Figure 6, which exhibitshaving similar curve, was fitted with a polynomial of degree 5 with a best fit of 

0.9988 best fit. At increasing Vsg , the minimum film velocity stabilizes (beyond Vsl = 6 m/sec). The lowest point in the curve 

also depicts the uncertainty of estimating parameters at low Vsg  and Vsl  in an annular flow system.  

 
For Figure 7 which has a higher Vsl  when compared to Figures 5 and 6, a similar trend was observed but with a 
polynomial of degree 6 with a best fit of 0.9995 best fit. Cumulatively, the observed trend depicts an important relationship 
existing between gas velocity and liquid film velocity in an annular flow system. 
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Figure 6: Relationship between minimum film velocity and superficial gas velocity at Vsl = 0.05m/s 

 
 

 
Figure 7: Relationship between minimum film velocity and superficial gas velocity at Vsl = 0.05 m/s 

 
Sustaining an annular flow regime in a multiphase domain is important for the deliverability of a gas well. However, Tthis 
cannot be guaranteed at low well pressures and velocity. The domain of the instability of a multiphase annular flow is very 
broad because several factors contribute to this. To properly establish this fact, a simple simulation of multiphase annular 
flow is established by imposing a disturbance into the matrix of an already developing flow. This disturbance will take 
different forms and the effect is expressed by the last recorded time step for time dependent solution of the PDEs whether 
they converge or not. 
 

Incursion of Liquid into a Developing Annular Multiphase Flow 
A Ssudden increase inof liquid inflow into a developing annular system can disrupt the nature of the flow regime. This was 
achieved by increasing the contribution of the liquid phase by as low as 0.1% for initial conditions of 𝑉𝑠𝑙 = 0.05 m/s and 

𝑉𝑠𝑙 = 3 m/s. The resultant effect is shown in Figure 8b. Comparing it to Figure 8a with the exact same initial condition but 
with only the stated variations, huge significanrdisparities can be noted. Most importantly, the direction of the resultant 
movement of particles in Figure 8a suggest that the gas well is producing against the acceleration due to gravity, indicated 
byi.e. the red arrows pointing upwards to show the direction of flow. On the contrary, Figure 8b shows that there is indeed 
no production in the gas well and the annular multiphase flow sequence have hasbeen destroyed. There is Nno liquid film 
is observed and the flow is difficult to characterize. Furthermore, the developing annular flow shows that the time 
dependent solution converged at the input time of t = 1 second, while the other shows t = 0.0032866 second, confirming 
the solution was inconclusive and did not converge. 
 

Sudden Drop in Superficial Gas Velocity 
 
The dual-phase annular flow continues to exist as long as no parameter is altered in the system. If the superficial gas 
velocity were to be reduced abruptly as against gradually, the disturbance in the system leads to accumulation of liquid in 
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the wellbore. This is shown in Figure 9a. At the superior upperportion of this diagram, it is clear that the gas velocity was 
sufficiently high to sustain the annular flow, especially when compared to Figure 9b. However, a sudden drop in the 
superficial gas velocity results in the accumulation of liquid close to the inlet of the annular system, thereby impeding gas 
flow. Similarly, the flow direction arrow shows the downward movement of fluid in the system when compared to a flow at 
constant superficial gas velocity.  
 

 
(a)                                                               (b) 

Figure 8: Simulation of annular flow regime at varying initial inlet conditions 
 
 

 
(a)                                                                  (b) 

Figure 9: Simulation of annular flow regime at a drop in Velocity of the Gas 
 

4. CONCLUSION 
A dynamic simulation is developed to study the stability of multiphase annular flow in a gas well. A new consideration to 
include the minimum film velocity as an important parameter in this study was established. The components of a 
developed multiphase annular flow is expressed with the quality of the film taking center stage. A destruction of the liquid 
film profile inadvertently destroys the annular flow regime. Certain factors may be attributed to the disruption of this prof ile. 
These factors were itemized with the help of a computational fluid dynamic simulation of the flow regime at varying 
boundary conditions. The actual setup of the model put into account the Reynolds-Averaged Navier–Stokes (RANS) 
model with Mach Number > 0.3, confirming a compressible flow due to the gas component of the multiphase flow. The 
results of the simulation are observed to buttress the following conclusions: 
 
i. The stability of a vertical/inclined multiphase annular flow system is guaranteed when there is a gas core with 

dispersed liquid dispersed and a liquid film along the wall of the flow path moving in the same direction against the 
gravitational pull of the environment. 

ii. The minimum film velocity gives providesbetter insight into the region of instability of a fully developed multiphase 
annular flow. 

iii. The disruption of the annular profile can be achieved if there is a sudden variation in flow parameters that distorts the 
pressure profile of the flow system.  
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iv. Any occurrence that disrupts the stability of the annular flow at low pressure leads to a temporary or permanent liquid 
loading of the system. 

 
 

Nomenclature 
 
ρi= density of phase i 

Vi
    = velocity of phase i;  
m ji= mass transfer from phase j to phase i;  

m ij = mass transfer from phase i to phase j;  

Si= source term;  

αi= volume fraction phase i;  

F  i= external body force;  

F  lift ,i=  lift force;  

F  wl ,i= wall lubrication force;  

F  vw ,i= virtual mass force;  

F  td ,i= turbulent dispersion force;  

R   ji= interaction between phases; 

 p = pressure shared by all the phases;  

V   ji  and V   ij  represent the interphase velocities 

Ui= the mean velocity,  

ui
′ is the fluctuating velocity components,  

Pi is the pressure gradient;  
µ and ρ are the dynamic viscosity and density of the fluid; 

ρui
′uj

′        is the Reynolds stress tensor which represents the effects of the turbulence and is referred to as the Reynolds 

stress tensor, 
Gk  = turbulence kinetic energy generation term;  

Gb  is turbulence kinetic energy generation;  
Ym  is the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate;  

C1ε , C2ε  and C3ε  are constants;  

σk  and σε  are the turbulent Prandtl numbers for k and ε.  
Sk  and Sε  are user-defined source terms.  

Vsl  = superficial liquid velocity 

Vsg  = superficial gas velocity 
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