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Abstract. The present work presents a numerical study on the flow inside the expansion chamber of a hydrocyclone. 
This kind of flow is characterized by the development of a free-surface liquid film under the influence of both 
centrifugal and gravitational effects.  The computational package ANSYS-CFX was employed to solve the problem. 
This program solves the momentum and mass conservation equations and provides a compressive model to deal with 
the interface.  Numerical simulations for different input flow rates were carried out.  Velocities and their axial and 
tangential components along streamlines were evaluated from the results of those simulations. The observed trends 
provided the basis for the development of an algebraic model for calculating the velocity field by approximating the 
streamlines to the pathline of a particle.  The velocities’ field modelling in this work can be used to help in the 
prediction of the flow dynamics inside a hydrocyclone, as well as in the design of an expansion chamber. 
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1. INTRODUCTION 

Crude oil is usually associated with gas and reservoir water, the separation of this kind of mixture into their distinct 
phases at the wellhead is paramount to their transportation, through individual pipes, to a processing unit.  This is done 
to prevent the occurrence of typical operational problems of multiphase flows: intermittent flows, hydrate formation, 
low centrifugal pump efficiency, deficient flow measurement of each individual phase and poor reservoir management.  

The utilization of centrifugal force fields for separating liquid and gas is an emerging technique that presents some 
advantages when compared with the conventional gravity separation, namely: smaller (around 25%) processing unit 
areas, a 70%-85% reduction in the overall equipment load, greater separation efficiency with a fivefold reduction in 
separation times and ease of installation and operation (Nebrensky et al. 1980).  Therefore, centrifugal separation 
became an economically attractive option for several operational scenarios, as it is the case of the offshore production, 
where load and space are critical factors. 

Nowadays, cyclones are used in the design of several production systems.  The present work focuses on the Vertical 
Annular Separation and Pumping System (VASPS) patented by United Kingdom’s British Petroleum (BP) in 1988.  
This concept was designed for the offshore production of oil and gas and its operational specifics have been described 
and detailed by Gregory (1989).  

Notwithstanding its compact design and ease of operation, the VASPS separator is not widely used in the petroleum 
industry, due to the problem posed by the accurate prediction of the flow dynamics inside the separator’s expansion 
chamber.  The combined action of both centrifugal and gravitational forces form a thin liquid film whose dynamics lack 
a reliable modeling, thus making it difficult to design new systems and improve existing ones given the operational 
conditions. 

Levich (1962) published one of the earlier works on the flow of this thin liquid layer, seeking to describe the flow 
regimes as a function of the Reynolds number in the film. Malamatenios et al. (1994) demonstrated that the wall shear 
stress is the sole parameter involved in the balance of the gravitational forces acting on the film; he also showed that the 
liquid film thickness tends to a minimum which, once reached, remains constant.  Rosa et al. (1996) carried out one of 
the first surveying studies on the influence of the centrifugal and gravitational field on a liquid film inside a cylindrical 
chamber and described the basic mechanisms governing the spatial distribution of those films. Morandin (1999) studied 
the behaviour of a liquid film under the combined action of the centrifugal and gravitational fields and came up with a 
mathematical model to predict the liquid flow behaviour.  His model regards the flow as axisymmetric, a condition 
arising from the centrifugal forces tending to zero.  However, the flow inside the separator is characterized by high 
speeds and strong variations in their components; therefore the solution presented by Morandin (1999) is a mere 
idealization of the actual phenomenon. 
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Sant’anna (2010) carried out numerical simulations of flows in the expansion chamber.  He figured out that the flow 
behaviour is dominated by the liquid flow rate, regardless of the presence of gas in the chamber.  The numerical 
simulations were, therefore, similar in nature to those carried out for the single-phase flows. Ofuchi (2012) carried out a 
numerical study aimed to characterize the outflow of the expansion chamber. 

Therefore, the behaviour of the liquid film in an expansion chamber is still an open subject that requires further 
investigation. A better understanding of the flow dynamics in a separator strongly depends upon studies on local liquid 
film velocities and inclination angles.  The gist of the present work is to investigate the behaviour of the streamlines by 
calculating the velocities along a separator’s expansion chamber.  This goal was achieved by means of a numerical 
study based on computational fluid dynamics with the aid of the ANSYS-CFX package.  A mathematical model aimed 
to predict the flow behaviour was developed and is henceforth presented. 

 
2. DESCRIPTION OF THE PROBLEM 

The objective of the present work is to analyze the liquid film velocity in an expansion chamber of a VASPS 
system’s separator.  A sketch of such device under normal operational conditions is shown in Figure 1.  A separator’s 
overall performance depends on the individual performance of each of its three main parts: the expansion chamber, the 
helix channel and the pool. 
 

 

 

Figure 1. Schematics of the VASPS separation module 
 

As Figure 2 illustrates, the liquid-gas mixture is accelerated in the nozzle, and enters the expansion chamber 
tangentially to its wall.  Once inside the expansion chamber, the mixture flows along and close to the wall, forming a 
liquid film containing finely dispersed bubbles. The strong centrifugal field forces the bubbles to move along the radial 
direction in such a way that they may eventually reach the interface.  Hence, as long as the liquid film flows, yet more 
gas separates from the mixture and joins the bulk of gas in the interior of the chamber.  Most of the gas separation takes 
place in this chamber; experiments have determined that 70% of all the gas separates inside this region (Rosa et al. 
2001).  Therefore, a detailed study on the flow inside the expansion chamber becomes of pivotal importance. 
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Figure 2. Liquid-gas separation in an expansion chamber 
 

A better knowledge about the velocity fields within the liquid phase is essential to analyze the phase interaction and 
the liquid-gas separation, inasmuch as the flow field is dominated by the liquid flow rate, whether or not gas bubbles are 
present in the intake (Sant’anna, 2010).  With all that in mind, the present work analyzes the single-phase flow at the 
separator intake, with the objective of studying the complex behaviour of the velocity field in the liquid phase. 
 
3. MATHEMATICAL MODELLING 

Figure 3 shows the flow of the liquid phase as it develops inside the expansion chamber under the influence of the 
centrifugal and gravitational force fields.  Mass and balance conservation equations govern the behaviour of such flow. 
The present work considers single-phase flow at the inlet and the presence of free gas at the free surface condition. 
Therefore, the mathematical modeling uses a non-homogeneous approach based upon the two-fluid model. 

 

 
 

Figure 3. The flow dynamics inside the expansion chamber 
 

3.1 Two-fluid model 

The two-fluid model (Ishii [1975], Ishii and Mishima [1984]) is based on a stationary, Eulerian frame of reference 
and on averaged mass and momentum balances where the phases are treated as continuous and interpenetrating.  This 
model is based on the following equations: 

 

( )ˆk k
k k k kv

t

α ρ α ρ∂
+ ∇ ⋅ = Γ

∂
       (1) 

 

( ) ( ) ( )ˆ
ˆ ˆ ˆTk k k

k k k k k k k k k k k k k

v
v v p g M

t

α ρ α ρ α α τ τ α ρ∂  + ∇ ⋅ = −∇ + ∇ ⋅ + + + ∂
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where k  relates to a phase, kα  is the volumetric fraction of each phase, kρ is the time-averaged phase density, ˆkv is the 

mass-averaged phase velocity, kΓ  is the mass transfer, kM  is the momentum transfer for each phase, kp  is the 

pressure, ˆkg  is the gravity, kτ  is the averaged stress due to viscous forces and ' 'T
k k k kv vτ ρ= −  is the averaged stress due 

to turbulence. 
There is no limitation for the number of phases this model can handle, but in general it is used for two phases only, 

that is, k=2.  Also, the total sum of the volumetric fractions must be equal to unity: 
 

1

1
N

k
k

α
=

=        (3) 

 
The overall interface forces acting between two phases originate from several independent physical effects: 
 

...D L LUB VM TD
kM M M M M M= + + + + +        (4) 

The forces on the right hand side of Equation 4 above are, respectively, the drag, the lift, the wall lubrication, the 
virtual mass and the turbulent dispersion forces.  In this work only the drag force is considered, all the others being 
disregarded due to their negligible influence on the development of the liquid film and for their limited scope (Ofuchi, 
2002). 

The drag force due to the contact between the two phases is modelled as: 
 

( )1 12 12 1 2 1 2ˆ ˆ ˆ ˆD
k DM C A v v v vρ= = − −        (5)                        

 

where DC  is the drag coefficient, 12A  is the interfacial area density per unit volume and 12ρ  is the specific mass of the 

mixture: 
     

12 1A α= ∇        (6) 

 

12 1 1 2 2ρ α ρ α ρ= +        (7)

          
The turbulent stress, T

kτ , is based on the turbulent viscosity and computed by the shear stress transport (SST), which 

combines the k ω−  model for boundary layers with the k ε−  model for regions outside the said layer. A homogeneous 
modeling was assumed, in which the turbulence model equations are solved for a bulk field that comprises both phases, 
instead of separated equations for each phase. 
 
3.2 Algebraic modelling 
 

The present work proposes a computationally inexpensive method for solving the velocity field in an expansion 
chamber.  The fundamental hypothesis behind the method for solving the velocities assumes that a small element of 
fluid could be approximated to the motion of a particle when subjected to the same gravitational and centrifugal field.  
The velocities for a particle at each point on the streamline are therefore obtained.  The forces acting on a fluid element 
at any specific time are the wall forces, Fw, and the force due to its mass: 
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Figure 4. Forces acting on a particle inside the expansion chamber 

 
Figure (4) shows how the velocity relationships expressed by Eq. (8) can be derived. β  is the angle formed by the 

streamline and the horizontal. 
 

cos sin
t zV V

V
β β

−
= =        (8)

  
The wall shear stress, given by Eq. (9) is derived from Darcy’s Law and from Blasius’ Power Law for Reynolds 

number, Reδ , smaller than 105 (Morandin 1999). 

 

2 0.250.24
Re

8w V δτ ρ −=        (9)           

                                                                             
The wall force, wF , is the product of the wall shear stress by the contact area, A : 

 

0.25

2 0.75 0.25 1.75 0.250.24 0.24

8 8w w

V
F A V A A V

ρ δτ ρ ρ μ δ
μ

−
−   = = =   

  
    (10) 

 
Applying Newton’s Second Law to the element depicted in Figure 4, yields: 
 

( ) cost wm V F
t

β∂ = −
∂

     (11) 

 

( )z wm V mg F sen
t

β∂ = − +
∂

     (12) 

 
Equations (13) and (14) are the equations of motion as proposed in the present work.  They were derived from Eqs. 

(10), (11) and (12), considering two source terms, ϕ , which represent the variations in velocity due to the interaction 

between a particle and its surroundings. 
 

( ) 0.75 0.25 1.75 0.250.24 cos

8t tV A V
t m

βρ μ δ ϕ−∂   = − −  ∂   
     (13) 

 

( ) 0.75 0.25 1.75 0.250.24

8z z

sen
V g A V

t m

βρ μ δ ϕ−∂   = − + −  ∂   
     (14) 

 
The liquid film thickness is of pivotal importance in the development of the proposed model.  This thickness is 

reached when the rule of the centrifugal forces on the flow inside the expansion chamber decrease and gravity forces 
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become dominant.  Should the length of the chamber be long enough the wall shear stress wτ balances the gravitational 

force and from this point onwards both the liquid film thickness and velocity remain constant.  This phenomenon is 
illustrated in Figure 5.  

 
 

Figure 5.  Scheme of the problem posed by a falling liquid film 
 

The final values for the liquid film thickness, fδ , and the velocity fV , for a turbulent regime are calculated by the 

following expressions (Morandin, 1999): 
 

( )
1/37/4 0.25

0

/0.24

8 2
l

f

Q

R g

μ ρ
δ

π

  
 =     

     (15) 

 

02f l fV Q Rπ δ=         (16) 

                                                                                                                          
where lQ  is the flow rate at the inlet e 0R  the expansion chamber radius. 

                                                              
4. NUMERICAL MODELLING 

 
In this section the two-fluid model equations will be discretized and solved with the Element-based Finite Volume 

Method (EbFVM) implemented in the software package ANSYS-CFX.  The equations of the proposed model for the 
velocity field will be discretized as well.   

 
4.1 The two-fluid model – discretization 
 

The fluid is contained in a domain that comprises the inlet nozzle, and the cylindrical section of the expansion 
chamber, where the liquid film develops.  The numerical grid/mesh for this domain is shown in Figure 6.  The mesh is 
radially refined from the chamber walls onwards.  That refinement is required as the liquid film is formed in this region.  
The refinement results in more accurate simulation results, and therefore a better determination of the gas-liquid 
interface.  Another mesh refinement in the bordering region between the nozzle and the chamber, for that is a 
discontinuity zone in the chamber where the flow changes direction and undergoes a large variation in its velocity. After 
some tests, it was determined that a 600,000-element mesh is enough to achieve the simulations’ goals. 
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Figure 6. Geometry of the fluid domain under investigation and views of the numerical mesh 

 
The EbFVM approach used in the simulations employs polyhedral control volumes around the vertexes of each of 

the elements of the mesh.  Such a control volume is represented by the gray area shown in Figure 7. 
 

 
 

Figure 7. Element-based finite volume discretization of the spatial domain 
 

The solid lines in Fig. 7 bound the limits of each element, whereas the dashed lines divide the elements into sectors.  
Variables are calculated at each black dot.  Fluxes are evaluated at the hollow circles located between two neighbour 
control volumes.  Integration point quantities, such as pressure and velocity gradients, are obtained from vertex values 
using finite element shape functions, except the volume fraction, which is obtained with a discretization based on the 
well-known Upwind scheme. 

Conservation Equations (1) and (2) are then integrated over each control volume.  The volume integrals are turned 
into surface integrals according to the Gauss divergence theorem.  Time discretization is fully implicit. 

In the following discussion, V is the volume of a control volume, i
ipA is the area of the face corresponding to an 

integration point, tδ is the time step and the superscripts n + 1 and n indicate that a variable is evaluated at a new and 
an old integration time, respectively. 

The discrete representation of the mass and momentum conservation equations are written as follows: 
 

( ) ( ) ( ) 11 ˆ 0
nn n i i

k k k k k k kcvc cvc ip
ip

V t v Aα ρ α ρ δ α ρ
++   − + =    

     (17)
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ip ip

n
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k k k k k k
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V v v t v v A t p A

t V g t A t V M

α ρ α ρ δ α ρ δ α

δ α ρ δ α τ τ δ

+ + +

+

    − + = − +         
 

   + + + +      

 


    (18) 

 
The discrete representation of  Eq. (3) yields the equation for the volume continuity: 
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1

1

1
N

n
k

k

α +

=

=      (19) 

 

The advection scheme used to evaluate the volume fraction, ,k ipα , in terms of neighboring vertex is write in the 

form:  
 

, ,k ip k up k Rα α β α= + ∇ ⋅


     (20) 

 

where ,k upα  is the upwind vertex value and R


 is the vector from the upwind vertex to the integration point and we 

introduce a compressive scheme by allowing 1β > . 

 
The algebraic expressions in Eqs. (17), (18) and (19) are the equations for the volume fraction, velocity and pressure 

fields.  For a two-phase system, these equations represent a coupled, 6x6 system of equations for each control volume 
and are solved simultaneously by means of a fully coupled algorithm.  The supplementary transport equations, such as 
the one for turbulence, are not implicitly coupled to the system of equations for mass and momentum.  The CFD 
package ANSYS-CFX was used to solve the set of equations presented in this section. 
 
4.2  Solution of the algebraic model 
 

This section presents the solution procedure of the proposed model and is explained the approach used to implement 
the source terms into the equations.   
 
4.2.1 Source terms 

 
The purpose of the source terms included in the conservation equations is to represent the adjustments made in the 

dynamics of a particle so as to give it flow attributes.  Figure 8 explains the nature of these terms.  It shows three 
streamlines and P0 is the nozzle outlet.  In this point, the three streamlines accelerate greatly in the axial direction due to 
the swift spread of the liquid over the wall.  The streamlines intercept at points P1 e P2 thence transferring momentum 
in the process. 

 

 
 

Figure 8. Streamlines in the expansion chamber and points where are implemented source terms 
 
As per the previous discussion, it becomes clear that the source terms represent additional acceleration terms in the 

axial direction applied to the points P0, P1 e P2.  Analyses of numerical simulations were required so as to obtain 
information about the strength of these source terms at three aforementioned points.  Figure 9 presents the trend 
achieved for an inlet mass flow of 2 kg/s.  As it can be observed, the acceleration at the nozzle (P0) is a few orders of 
magnitude above those accelerations arising from the intersection of the streamlines (P1 and P2). 
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Figure 9. Source term axially oriented to the velocity (mass flow of 2 kg/s at the inlet) 
 

As for the tangential direction, no source terms were included as it was found that in the selected test range (2-5 kg/s 
at the inlet) the initial equations properly describe the velocity in this direction. For the axial direction, the values 
obtained for the source terms are divided in discrete points and implemented at each timestep in the axial velocity 
component equation. 

The liquid film thickness is assumed to vary linearly in the time interval [0 – t1], reducing its size from a value equal 
to the diameter of the nozzle to its final, constant size.  After t1, the thickness remains constant throughout the 
expansion chamber.  
 

( )
1

b f

b t
t

φ δ
δ φ

−
= −  0 1t −     (21) 

 

fδ δ=  1 ft t −     (22) 

 
δ  is the film thickness as a function of time, fδ  is the final film thickness as per Eq. (15) and bφ  is the diameter of 

the nozzle. 
 

4.2.2 Solution of the system of equations of the algebraic model 
 
The model’s governing equations, Eqs. (13) and (14), describe a system of differential equations which was solved 

using Euler’s integration method. 
The calculation procedure requires the components of the initial velocity at the inlet of the separator.  The tangential 

velocity at start up is approximated to the average velocity in the nozzle.  The axial velocity at start up is zero as the 
nozzle directs the jet horizontally. 

The variation of each component is computed from the initial velocities and therefore the velocity in the next time 
step is calculated by the following equations: 

  

1 0.75 0.25 1.75 0.250.24 cos

8
n n nt

t t t t
n n

V
V V t V A V t

t m

αρ μ δ ϕ+ − ∂     = + Δ = + − − Δ     ∂      
     (23) 

 

1 0.75 0.25 1.75 0.250.24

8
n n nz

z z z z
n n

V sen
V V t V g A V t

t m

αρ μ δ ϕ+ − ∂     = + Δ = + − + − Δ     ∂      
     (24) 

 
where n  is the present time step and 1n +  is the next one. The source term in the tangential direction is considered 
zero, 0tϕ = .  The angle between the components of the velocities is kept updated time-wise: 
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n z
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t

V
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V
α

+
+

+

 −
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 
     (25) 

The velocity field along a streamline from the nozzle to the outlet of the expansion chamber is obtained from 
Equations (23) and (24).  With these results a tridimensional representation of a streamline can be obtained. 

 

1n n tV
t

R
θ θ+ = + Δ      (26) 

 
1 1cos( )n nX R θ+ +=      (27) 

 
1 1sin( )n nY R θ+ +=      (28) 

 
1n n

zZ Z V t+ = + Δ              (29) 

 
where θ  is the angular coordinate of the cylindrical expansion chamber, R  is its radius and ( ), ,X Y Z  are the 

coordinates of each point along the streamline. 
 

5. RESULTS 
 

5.1 Numerical simulations 
 
Let the position  r  be the vertical distance from the nozzle’s centerline to the starting position of a streamline.  Thus, 

to each velocity a correspondent streamline whose trajectory starts at r can be drawn, see Figure 10. 

 

 
 

Figure 10. Definition of the position r at the inlet 

Figure 11 shows the results for the axial velocity.  As shown, the velocity behaviour strongly depends upon the 
chosen streamline.  Bigger initial accelerations correspond to distant r’s, whereas the opposite is observed as for the 
influence of the intersection of streamlines, that is, its strength decreases with increasing r.  All velocities converge to a 
terminal value for points distant from the inlet, as suggested by Morandin (1999), see Equation (16).  This equation 
predicts a terminal velocity of 2.31 m/s for the present case, therefore indicating that the numerical results and the 
theory developed by Morandin (1999) are consistent. 
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Figure 11. Axial velocity in function of time for selected streamlines (mass flow of 2 kg/s at the inlet) 
 

Figure 12 shows the tangential velocity for a few streamlines.  It was found that the behaviour of the velocity does 
not depend on the selected streamline, as all results show a common trend.  Also, as it can be seen, the velocities drop 
rapidly within a quite narrow time interval.  Such a time interval is rather important in the design of a separator, as its 
direct relationship to the centrifugal effects to phase separation plays a relevant role in the efficiency of the equipment.  
It should also be emphasized that regions far from the nozzle all tangential velocities tend to zero. 
 

 
 

Figure 12. Tangential velocity as function of time for selected streamlines (inlet mass flow rate of 2 kg/s) 
 
5.2  Algebraic model: results 

The model herein developed describes the behaviour of the velocity along a streamline that goes from the nozzle to 
the lower part of the expansion chamber. 

To compare the results of the proposed model with the numerical simulations, it was assumed a streamline close to 
the nozzle’s centerline that would be free of numerical fluctuations.  The results showed in this case is for r = 2 mm. 

The model was tested for flows in the 2 – 5 kg/s separator mass flow rate range at its inlet. Such is the range used by 
Morandin (1999) in its experimental expansion chamber and whose dimensions are close to the ones used in the present 
work. 
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Figure 13 shows plots of results from the algebraic model and the numerical simulations so that they can be 
compared.  The variation of the axial velocity in some specific regions can be explained on the grounds of the nature of 
the source terms, as these latter were implemented as pulses over short time intervals when they in fact are forces whose 
distribution spans over time.  The fair trends shown by the tangential velocity curves dispensed the inclusion of 
additional source terms.  However, a source term considering the flow spreading might have been included; that would 
help explaining the swift decrease in the velocity in regions nearby the inlet. 

 

  
 

Figure 13. Axial and tangential velocities of the developed model (mass flow rate of 2 kg/s at the inlet) 
 

Figure 14 shows the development of a streamline along the separator chamber.  It was found out that in the proposed 
model the trajectory of the streamline shows an extra 0.5 spiral vis-à-vis the numerical simulation. This difference is 
due to the errors observed during the prediction of the velocity components. 
 

 
 

 

 
 

 

 
Figure 14. Streamline along the expansion chamber 

 
Figure 15 shows the angles formed by the streamlines with the horizontal at each point along the streamline.  As it 

can be observed, the angle increases very quickly in regions close to the nozzle to gradually and asymptotically tend 
towards a 90 degree angle. 

 

Streamline of the developed model  Streamline of the numerical solution 
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Figure 15. Angle of the streamline 
 

The results obtained with the model proposed in this work agree well with the numerical simulations. The source 
terms provide a better comprehension of the phenomena and give a good estimation for the quantities evaluated in 
respect to the physics of the problem. The model is dependent of the source term values that result from the numerical 
simulations. The behavior of the source terms seems to follow a common trend for the whole range of flow rates 
considered, hence a deeper analysis of this behavior is an important task that is intended to be performed in order to 
derive a more independent and complete model. Also, it is expected that the tendencies here observed can be similarly 
applied for bigger separators by means of proper dimensional analysis. 
 
6. CONCLUSIONS 
 

A numerical study on the flow inside an expansion chamber of a cyclonic separator has been presented.  The goal of 
the present work is to develop an algebraic model to predict the velocity field. 

The results showed that the behaviour of the velocity in a streamline can be better described by means of an analysis 
of the movement of a particle.  In order to obtain more accurate results, the equations of motion can be adjusted by the 
inclusion of a source term representing the interaction of a particle with its surroundings. 

The formulation employed to calculate the shear stress on a wall showed results consistent to the physical principles 
involved in the problem.  It was observed that the terminal velocity in the axial direction, according to the model, 
converges to the numerically calculated velocity. 

The velocity components according to the proposed model were found to be in good agreement with the numerical 
simulations. Therefore, accurate results were obtained for the absolute velocity, the angle at each point of the streamline 
and the residence time of the fluid inside the expansion chamber. The error obtained from the number of turns of the 
streamline is explained by the rapid reduction of tangential velocity near the nozzle and better predictions can be 
obtained with the inclusion of a source term in this direction. 

In general terms, the present work brings forth a fundamental work on the flow dynamics inside an expansion 
chamber. With the algebraic model herein presented, rather accurate predictions of the flow behaviour inside a chamber 
can be obtained, therefore dispensing with costly numerical simulations. 
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