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Abstract

The three-dimensional ¯ow ®elds with a central air core in a hydrocyclone are numerically simulated using a k±" turbulence model. The

model constants C1, C2 and C� are modi®ed because of the anisotropic character of the turbulent viscosity in the hydrocyclone.

Experiments show that the predicted velocity pro®les agree well with data measured by laser Doppler anemometry (LDA). Based on this

prediction, the ¯ow ®eld and the pressure ®eld as well as the distribution of the rate of dissipation of the turbulent energy are discussed. The

study shows that an important approach towards reducing energy dissipation in a hydrocyclone is to improve the ¯ow pattern in the

cylindrical part. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

As a simple, easy to operate and effective solid±liquid

separation apparatus, the hydrocyclone has been applied

widely in the chemical, metallurgical and petroleum indus-

tries. Hydrocyclones have usually been designed on the

basis of empirical equations to determine their geometric

and operating parameters. However, because of the wide

number of applications and better operational requirements

for hydrocyclones, it is becoming apparent that the design of

a hydrocyclone using empirical or semi-empirical equations

has many limitations. In addition, model experiments can

consume much time and entail much cost. Several investi-

gators [1±7] have studied the ¯uid ¯ow within a hydro-

cyclone by numerical simulation in order to reveal the

separation mechanism and to determine the total ef®ciency

and the grade ef®ciency. In this paper, the turbulent ¯ow of

the liquid phase in a hydrocyclone is simulated by employ-

ing the k±" turbulence model whose constants had to be

partly revised on the basis of the experimental data measured

by laser Doppler anemometry (LDA). The results predicted

for the velocity ®elds and the pressure ®elds may provide an

important basis for the design and the operation of a

hydrocyclone.

2. Mathematical model

2.1. Basic equations

The liquid ¯ow within a hydrocyclone is a three-dimen-

sional helical movement with a free surface (air core). So, an

accurate description of the ¯ow must include a set of three-

dimensional elliptic equations, i.e. the Navier±Stokes equa-

tions. On the basis of turbulence theory [8], the k±" model

was selected as the computational model because analytical

solutions for Navier±Stokes equations are usually impossi-

ble. It was veri®ed form the measurements obtained by

Hsieh and Rajamani [4] that the ¯ow within a hydrocyclone

is axisymmetric except for that in the inlet part. So, the

governing equation in a cylindrical coordinate system is

expressed as
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Eq. (1) is a partial differential equation in common use

where � represents different variables, ÿ� a diffusion

coef®cient and S� a source term. For the various values

of �, ÿ� and S� have corresponding meanings, as shown in

Table 1.
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For the classical k±" model, the usual values for the

constants in the above equations are: C� � 0:09; C1 �
1:44; C2 � 1:92; �k � 1:0; and �" � 1:3. However, these

constants could not be used to simulate the turbulent ¯ow

within a hydrocyclone because the results of Xu et al. [9]

show that the turbulent ¯ow in a hydrocyclone is strongly

anisotropic. The axial relative turbulence is the strongest of

the three-dimensional velocities. So, the corresponding

eddy viscosity coef®cient may be relatively different. Our

study [10] shows that the turbulent ¯ow in a hydrocyclone is

strongly anisotropic. The corresponding eddy viscosity

coef®cient can be written as follows:

�e;ij � �� �t;ij (3)

where
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wherein C�;wr is equal to C�;v�, which could not be

expressed simply as a constant times C�. However, stress

in an azimuthal direction can be described by the following

formula [5]:
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2.2. Modification to model constants

A preliminary computation showed that there were

large differences between the simulated results obtained

by the standard k±" model and the measured values.

The main reason is that the standard k±" model is

based on an isotropic turbulence assumption. Some

researchers have recently improved the model by using

an anisotropic eddy viscosity to reduce the deviation

of the calculation [11]. However, 10 new coef®cients

have to be determined from the experimental results.

Thus the development of an anisotropic model implies

complicated equations and cannot be commonly used.

Therefore, in this paper, some constants of the standard

k±" model will be modi®ed in order to improve the

computational accuracy.

The constants C1 and C2 in the standard k±" model were

determined from experimental data measured in a wind

tunnel with almost uniform velocity ®elds. These constants

have also been used for liquid ¯ows in pipes. However, it is

apparent that the constants C1 and C2 determined in this way

are not adaptable to the situation wherein there is a large

velocity gradient in a hydrocyclone. It can be seen from the

physical meanings of the terms in the " equation that C1 is

proportional to the turbulence generation term and C2 is

proportional to the turbulence dissipation rate. The genera-

tion term should be enlarged or the dissipation term reduced,

i.e. C1 should be increased or C2 decreased, in order to make

the calculated results possess the characteristics of high

velocity gradients and strong turbulence in a hydrocyclone.

Otherwise, a uniform velocity distribution will result if the

generation term is less than the dissipation term or the

dissipation term is greater than the generation term. In other

words, the ¯ows in a hydrocyclone would not remain

turbulent if the generation term is less than the dissipation

term.

There are certain ways for modifying the model constants

[7,12]. By simply modifying the model constants, it is

possible to overcome the problem successfully and to

save computational time. The authors' measurements

showed that the results would be good if C1 was increased,

and C2 and Cm were decreased. After some trials

C1 � 1:62; C2 � 1:79 and C� � 0:085 were chosen.

Fig. 2 shows that the predicted pro®les of the axial velocity

agree well with the values measured by two-component

LDA.

Table 1

The variables in the partial differential Eq. (1)
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3. Calculation example

The diameter of the hydrocyclone was 80 mm, the cone

angle 158, the length of the cylindrical part 70 mm, the

length of the conical part 250 mm, the diameter of the

tangential inlet 14 mm and the diameters of the under¯ow

ori®ce and the vortex ®nder were both 14 mm. The inlet

pressures were 3 � 104, 6 � 104 and 9 � 104 Pa. The dia-

meter of the air core under these conditions remains con-

stant and was 8.5 mm as per the experimental result [13].

The inlet velocity of the liquid was determined by mass

conservation conditions, i.e.

u0 � 0; v0 � Qin

��Dcdin� ; w0 � 4Q in

��d2
in�

The variables of the control volume near the walls were

modi®ed using the `wall-function method'. Around the free

surface (air core)
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There were 27 (axial) � 17 (radial) grid nodes in the area

for computation. The numerical calculation method was the

same as that used in the literature [14], i.e. the equations

were solved using the SIMPLER computer code. The relative

residual of the velocity components was 1.0 � 10ÿ3, and

that of k and "was 5.0 � 10ÿ2. The number of iterations was

3994.

4. Results and discussion

4.1. Velocity fields

Fig. 1 shows a vector plot in the axisymmetric plane of

the hydrocyclone, i.e. the distribution plots of the resultant

of the axial velocity and the radial velocity. Fig. 2 shows the

pro®les of the axial velocity. Fig. 3 shows the pro®les of the

tangential velocity. Fig. 4 shows a plot of the radial dis-

tribution of the radial velocity under the condition of an inlet

Fig. 1. u±v vector plot.

Fig. 2. Axial velocity comparison: *, �, experimental; ÐÐÐ, calculated.
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pressure of 6 � 104 Pa. It is clear from Fig. 1 that there is a

recirculating movement of the liquid in the cylindrical and

upper parts of the cone. At the same time, a small secondary

eddy is generated near the outer wall of the vortex ®nder.

This eddy makes it possible for a small amount of liquid to

move along the top wall of the hydrocyclone, then down the

outer wall of the vortex ®nder, and ®nally into the over¯ow,

thus forming the so-called `short-circuit' ¯ow. The bulk ¯ow

of liquid moves helically down the inner wall of the cone

and leaves through the under¯ow ori®ce in the apex of the

cone. In the cone part, some of the liquid reverses its ¯ow

direction and moves up, forming the inner helical ¯ow.

Some of the liquid in the inner helical ¯ow will recirculate in

the totoridal region, while the rest would go out through the

vortex ®nder. The velocity distribution obtained in this

article agrees well with Davidson's computational result

[15]. In his article, Rhodes's expression [3] of the eddy

viscosity coef®cient was used to modify the Prandtl mixing-

length model. Fig. 2 shows that the maximum axial velocity

occurs near the air core. The axial velocity is relatively small

between the outer wall of the vortex ®nder and the inner wall

of the cylindrical part. The large discrepancy between the

measured and the computed values near the air-core is due

to the inaccurate measurement of the axial velocity resulting

from the unstable displacement of the air-core. It is shown in

Fig. 3 that the radial distribution of the tangential velocity in

the cylindrical part has a two-peak shape. One peak velocity

is near the air core, and the other is at the inlet of the

hydrocyclone. The reason for this is that there exists a strong

swirl ¯ow at the inlet, while the peak tangential velocity

near the air core results from the sharp decrease in the radial

velocity and the pressure energy in this zone. Fig. 4 shows

the radial velocity pro®les in the hydrocyclone. It can be

seen from Fig. 4 that the radial velocity component within

the cone part decreases with decreasing radius.

4.2. Pressure distributions

Fig. 5 shows a pressure pro®le of the longitudinal half-

part of the hydrocyclone. The inlet pressure is 6 � 104 Pa. It

can be seen from Fig. 5 that the pressure decreases gradu-

ally from the inlet to the spigot and the vortex ®nder. For the

same cross-section, the pressure is greatest at the hydro-

cyclone wall, and it decreases, ®rst gently and then sharply

near the air core. The minimum pressure occurs at the

surface of the air core, and from the computations, it should

be possible to determine whether the gauge pressure is less

than zero at the surface of the air core.

Fig. 3. Tangential velocity profiles.

Fig. 4. Radial velocity profiles.
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4.3. Dissipation rate of turbulent kinetic energy

The pro®les of the turbulent energy dissipation rate

in the hydrocyclone are shown in Fig. 6. Fig. 7 shows

that the kinetic energy pro®les are similar to those of

the dissipation rate. The larger values of the dissipa-

tion rate occur in the zone near the entrance to the

vortex ®nder, as do those of the kinetic energy. It is

found in this zone that the ¯ow pattern is very compli-

cated, the eddies generate and dissipate violently,

and the turbulence is very strong. It is shown that the

turbulent kinetic energy and its dissipation rate in the

hydrocyclone depend closely upon changes in the ¯ow

pattern. The ¯ow pattern in the cylindrical part should

Fig. 5. Pressure distribution.

Fig. 6. Distribution of turbulent energy dissipation rate.
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be improved in order to reduce the energy dissipation

in a hydrocyclone.

5. Conclusions

The modi®ed k±" model presented in this article can be

used to predict the velocity pro®les in a hydrocyclone. The

numerical predictions of the axial velocity pro®les agree

well with the experimental data.

The ¯ows in a hydrocyclone are discussed in detail based

on the computational results. One of the main ways to

reduce the energy dissipation in a hydrocyclone is to

improve the ¯ow pattern in cylindrical part of a hydrocy-

clone.

The results of this study provide an important basis for

further research on the separation mechanism and the

optimal design of a hydrocyclone.

6. Nomenclature

C1 constant of the turbulence model

C2 constant of the turbulence model

C� constant of the turbulence model

din diameter of inlet pipe (m)

k turbulence (m2 sÿ2)

p pressure (Pa)

Qin inlet flow rate (m3 sÿ1)

r radius (m)

rin radius of inlet pipe (m sÿ1)

u axial velocity component (m sÿ1)

v radial velocity component (m sÿ1)

x axial distance (m)

w tangential velocity component (m sÿ1)

Greek letters

ÿ�x diffusion coefficient of � along x direction

ÿ�r diffusion coefficient of � along r direction

" turbulence dissipation rate (m2 sÿ3)

� liquid viscosity (Pa s)

�e total viscosity (Pa s)

�t eddy viscosity (Pa s)

� liquid density (kg mÿ3)

�" constant of turbulence model

�k constant of turbulence model

� general variable

Subscript

0 inlet
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