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Abstract

The turbulent flow in a tangential inlet / tangential outlet vortex tube is numerically 
simulated using a modified k  turbulence model. The results are compared to 
experimental measurements from literature. The modified model shows better agreement 
with the local tangential velocity measurements compared to the standard and RNG k
turbulence models. The flow structure is also demonstrated using the modified turbulence
model.  
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1. Introduction

The most well established eddy-viscosity turbulence model is the Launder and Spalding k
model [1, 2]. The model has been subjected to rigorous experimental validations along four decades 
in a vast range of engineering and physical applications. The governing equations for the standard 

k turbulence model in tensor notations are:
Equation for the turbulence kinetic energy
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where iU is the mean velocity, ix is the position vector, ij  is the Reynolds stress, T  is the eddy 

viscosity, k  is a closure coefficient that has a unity value, and   is the dissipation rate.

Equation for the dissipation rate of turbulence kinetic energy





































j

T

jj

i
ij

j
j xxk

C
x

U

k
C

x
U










2

21 (2)

The eddy viscosity is expressed as 
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The model constants 1C , 2C , C and   values are 1.44, 1.92, 0.09 and 1.3, respectively, as 

reported in [1, 2]. 
Several modifications has been proposed to adapt the standard k for compressible and 

supersonic flows [3, 4], two phase flow [5], and jet flows [6]. However, for vortex/swirling flows, 
the performance of the standard k model was rather mystifying. In numerous cases the model 
showed excellent predictions for the flow structure and mean flow phenomena, such as recirculation 
zones and adverse pressure gradients [7-15]. On the other hand, several other researches reported 
poor performance of the standard k  model in predicting swirling and vortex flows [16-20]. The 
authors believe that such discrepancy in the reported performance of the model comes from several 
combined reasons. The most important among these reasons are the validation parameters for each 
case and numerical methodology. This of course if the accuracy of the experimental data sets for the 
validation, in each case, is sufficient to consider the measurements for benchmarking. To overcome 
such inconsistency of the standard k  model in predicting swirling flows, few attempts were 
proposed to add a swirl modification to the model. The first was proposed by Chenoweth et al [21]
and it was based on a local value of the flux Richardson number which accounts for the azimuthal 
velocity and its variation. This modification, in fact, neglected the major drawback of the model, 
which lies in the  equation. This equation in the standard model tends to predict higher dissipation 
rate than such physically developed. The second modification was presented by Wang and Liu [22]
and it tended to modify the model based on the algebraic Reynolds stress model and Bradshaw's 
turbulent length scale. An earlier contribution in that field was proposed by Chang and Chen [23]. 
They have also established their modification on the direct expression of the Reynolds stress terms. 
However, the latter two modifications were designated for swirling flow which does not inherit 
recirculation phenomena, which are very common in most of the swirling and vortex flow 
applications.

Yakhot and Orszag presented a k  model based on the application of the Renormalization 
group (RNG) theory [24, 25]. They have used a sophisticated scale elimination procedure to derive 
the two equations model, and its constants. These constants were the topic of some criticism such as 
that presented by Nagano and Itazu [26]. They have proved that all the constants in this model are 
invalid. However, the RNG/ k  model was reported to be successful in modelling different 
configurations of swirling flow [27-30]. Two reasons were given for such prevalence of the 
RNG/ k  model. The first is the swirl modification proposed by FLUENT® Inc. for their 
commercial solver, which is software advantageous modification of the turbulent viscosity 
equation. The essence of such modification is based on empirical correlations which are not 
revealed to users. The second reason is the additional production of dissipation term in the 
 equation, which is the interest of the present paper. 

The R term in the dissipation rate equation produces higher dissipation rates that are able to 

take into account the effect of anisotropic turbulence in such cases where it is dominant. However, 
to examine the performance of such term, the strictly criticized aspects [31-35] of the RNG/ k
model has to be avoided. For this reason, a modified turbulence model, based on the standard 

k was built to include the R  term in its  equation. The modified model has the model 

constants as reported by Launder and Spalding [1, 2] rather than the RNG model. The definition of 
the turbulent viscosity was also maintained as in equation (3), dropping the modifications for the 
turbulent Prandtl number proposed by the RNG model. 

2. Developing the modified Model

By applying the RNG scale elimination procedure, Yakhot and Orszag [24, 25] derived a 
new term that accounts for the production of dissipation in the ε equation. The new term, R , can be 

written in the following form:
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In order to solve the ε equation, the R  term has to be evaluated. It was shown that such 

closure can not be achieved using the methods based on ε expansion procedure, as described in 
[25]. Yakhot and Smith [36] postulated an expression for R  based on the additional expansion 

parameter η which is the ratio of the turbulent to mean strain time scale. The resulting expression is:
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Where   kS  ,   212 ijijSSS   , and .38.40     

The constant β was chosen such as β=0.012 which results in a value for the Von Karman constant of 

In the modified model, the R  term was integrated in the  equation of the standard model, such 

that the modified  equation can be expressed as:
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The addition of the R  term as a source term to the standard  equation was based on the 

demand to damp the dissipation rate predictions by the standard model, in order to take into account 
the effect of elevated strain rates produced by anisotropic turbulence inherited by swirling flows. 
The modified model was used to predict the turbulent swirling flow in a horizontal tangential 
inlet/outlet cylinder, which was investigated numerically and experimentally by Gupta and Kumar 
[37]. Predictions by the modified model are compared to experimental measurements of tangential 
velocity at two radial stations in the cylinder, in addition to standard k  predictions by the 
authors, and RNG predictions from [37]. The flow domain and dimensions of the vortex tube are 
illustrated in figure 1.

Figure 1. Tangential inlet / tangential outlet vortex tube after Gupta and Kumar [37]. 
Dimensions in mm

3. Results and Discussion

Particle tracking velocimetry (PTV) technique was used to measure the tangential 
component of velocity in the cylinder. Details on the experimental methodology and measurement 
locations can be acquired from [37]. Figures 2 and 3 illustrate the predicted and measured tangential 

0.4; a recommended value for turbulent channel flows.  



Numerical Simulation of Confined Vortex Flow Using a Modified k Turbulence Model

90

velocity at two different radial locations on the cylinder. The measurements reported in [37] were 
normalized by the mean velocity and cylinder radius. In order to give more accurate comparison 
with our predictions, the measurements were denormalized to get the absolute values as in figure 2
and 3. 
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Figure 2. Comparison of the tangential velocity distribution on line A.
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Figure 3. Comparison of the tangential velocity distribution on line B.

In figure 2, it is shown that the R  term, with the modified standard model, results in better 

quantitative agreement with the measurements, compared to the standard and RNG k  models. 
However, the latter and the modified model predict negative tangential velocity near to the axis, 
while the standard model maintains its predictions to positive values which agree better with 
measurements. Similar behaviour is also depicted in figure 3, where the modified model yields 
better agreement as well. From both figures, the standard and RNG models produce predictions that 
are similar in qualitative and quantitative aspects. These results suggest that the R  term elevates 

the accuracy of predicting vortex/swirling flows, since it represents, physically, the effect of the 
elevated strain rate in such flows. 

Another important measure of the performance of the modified model is the distribution of 
turbulent viscosity. Figure 3 shows the gradient of turbulent viscosity predicted by the standard, 
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RNG and modified k models. The R term enhances the predictions of turbulent viscosity of the 

standard model (i.e. the modified k model). While such predictions in the R parent model (i.e. 

RNG/ k ) remains at minimum. These results might lead to the formulation of a new two 
equation turbulence model, specifically designed for vortex/swirling flows.
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Figure 4. . Predictions of the turbulent viscosity using three turbulence models

The velocity magnitude is plotted on XY planes over different axial distances from the inlet 
location in figure 5. It is obvious that the vortex core movement around the geometric axis of the 
tube is captured using the modified turbulence model. This agrees with the results obtained by 
Gupta and Kumar [37]. They reported that in such flow, the vortex core revolves around the 
geometrical axis of the tube in a helical locus. The vortex core region is denoted by zero velocity 
magnitude near the centre of the tube.

Figure 5. XY Contours of velocity magnitude at axial distance of (a) 80 mm (b) 160 mm) (c) 240 
mm and (6) 320 mm.
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Conclusion

The vortex flow in a tangential inlet/outlet cylinder was numerically simulated using a modified 
turbulence model. The proposed turbulence model is actually a variant of the standard k  model 
with an additional source term in the dissipation rate equation. This term is adopted from the 
RNG/ k  turbulence model in order to take into account the augmented dissipation rate in highly 
strained flows. The predicted tangential velocity showed good agreement with measurements 
obtained from literature. This agreement is noticeably better than such provided by the predictions 
of standard and RNG k models. The velocity distribution along the cylinder was illustrated and 
the predicted vortex core movement was found to conceptually agrees with the literature. Future 
research shold investigate the capabilities of the proposed turbulence model in simulating 
vortex/swirling flows with different strengths and configurations.
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