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ABSTRACT 
Within the framework of the present investigation we per-

form Direct Numerical Simulations to study the role of stream- 
wise dynamics in the jet spreading and mixing, and provide a 
clear understanding about the source of these important vor-
tices in two-step rectangular sudden expansion flows.  The 
present setup is designed to generate higher mass entrainment, 
and the system generated passive forcing provided the nec-
essary impetus for the sustained growth/evolution of the 
streamwise vertices, which played the key role in the mixing 
enhancement.  On the other hand, by suitably placing two tiny 
rectangular ‘tabs’ on the inlet channel walls, the nature of 
growth and the dynamics of the streamwise extended three- 
dimensional vortical rollers could be effectively controlled.  
These vortices through their inflow/outflow type dynamics are 
found to effectively control the downstream jet spreading; and 
the associated physical processes either lead to quick axis 
switching of the jet section, or stop axis switching altogether.  
In addition, an extensive pressure analysis, as presented here, 
suggests that the transverse pressure gradient skewing is 
probably the major source of streamwise vorticity generation 
for the flow. 

I. INTRODUCTION 
Jet control is a major concern in many industrial applica-

tions in order to enhance mixing and improve efficiency.  In 
this context attention has gradually shifted toward using the 
dynamics of the system generated streamwise vortices as a 
tool to suitably control the developed flow.  The experimental 
findings of Breidenthal [3] and Bernal and Roshko [1] display 

the important role of the streamwise extended vortical struc-
tures in the dynamics of turbulent mixing layers.  In addition, 
for a round jet, the predictions by Liepmann and Gharib [11] 
widely demonstrate the important role of streamwise vortices 
in the process of enhancing entrainment.  Their observations 
reveal that the streamwise vortices actively control the sus-
tained inward flow of the ambient fluid, which eventually 
contributes to the continuous lateral spreading of the jet.  
Notably, in the light of observations made by Liepmann and 
Gharib [11], a closer look at the experimental findings con-
cerning rectangular jet flows of Zaman [16] reveals, through 
the inflow type dynamics of streamwise vortices the ambient 
fluid can be effectively entrained into the jet core, and at the 
same time the outflow type of dynamics of the streamwise 
vortices will eject the jet core fluid out to the ambient.  Fur-
thermore, with the introduction of tabs at the nozzle exit [16, 
17], the entrainment in a setup can be greatly enhanced by 
virtue of increased strength of the streamwise vortices.  How- 
ever, much of the associated physically important flow details 
for the class of flows remained virtually un-addressed. 

It has now been experimentally verified that [8, 9] the small 
aspect-ratio (non-circular) nozzles have much higher mass 
entrainment capacity than that of a circular one.  With stream- 
wise evolution the initial shape of these jets is known to ex-
perience gradual azimuthal distortion [4, 9], and at some down- 
stream location the jets switch axes.  To this point, a 45 degree 
rotation of square jets has also been reported [5].  Moreover, 
the recent studies [6, 12] concerning flows through small 
aspect-ratio rectangular sudden expansion channels exhibit 
axis-switching characteristics in such confined geometries as 
well. 

On the issues like physical source of generation of the 
streamwise vortices and their exact role in the jet spreading, 
notably, the existing literature is still lacking sufficient de-
pendable evidences.  It is, however, generally believed that for 
incompressible flows the lateral skewing of pressure gradient 
leads to generation of the streamwise vortices [2].  In a recent 
computational investigation [12] of flows through a channel 
with a suddenly expanded and contracted part, we attempted  
to analyze how spanwise pressure gradient induced lateral 
flow accelerations can control the generation of these techni- 
cally important (streamwise) vortices.  However, there remains  
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Fig. 1.  Schematic of the physical setup. 

 
 

definite need to further extend the applicability of the pro-
posed pressure analysis by checking its validity for different 
flow situations.  Furthermore, an in-depth analysis of the struc- 
tural growth of the flow through a two-step rectangular sudden 
expansion channel, and its proper understanding, particularly 
focusing on the exact roles of the associated streamwise dy-
namics,  are expected to throw enough light, which may help 
to considerably improve the existing knowledge of governing 
physics for much wider class of flows. 

II. THE PHYSICAL PROBLEM 
In the present study incompressible flow simulations are 

conducted in a 2:1 aspect ratio rectangular channel, which 
undergoes two consecutive sudden expansions of uniform step 
heights 0.75 and 0.375 times the minor width of the inlet chan- 
nel (Fig. 1).  The non-dimensional length of the first expansion 
zone is taken as 8.0, and an equal length is considered for the 
second expansion zone.  Suitable streamwise vortices in the 
flow field are introduced by means of symmetrically placing 
two vortex generating ‘tabs’ (protrusions) on the plane of first 
expansion, with their bases fixed on the inlet channel wall.  
The tabs have non-dimensional base width 0.26 and their 
height leading into the channel has non-dimensional length 
0.16.  The area blockage due to each tab on the plane of ex-
pansion is approximately 2.1% of the inlet section area.  
Computations are performed for Reynolds number, 200, based 

on the average inlet velocity and the minor inlet channel 
width. 

III. GOVERNING EQUATIONS AND  
BOUNDARY CONDITIONS 

The predictions for incompressible flow through the rec-
tangular channel are obtained by numerically solving the fol-
lowing non-dimensional 3D equations of mass and momentum 
balance: 

 0u v w
x y z
∂ ∂ ∂

+ + =
∂ ∂ ∂

 (1) 

2 2 2

2 2 21/ Re[ ]u u u u p u u uu v w
t x y z x x y z

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + + = − + + +

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
 (2) 

2 2 2

2 2 21/ Re[ ]v v v v p v v vu v w
t x y z y x y z
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

+ + + = − + + +
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

 (3) 

2 2 2

2 2 21/ Re[ ]w w w w p w w wu v w
t x y z y x y z

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + + = − + + +

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
 

  (4) 

In the equations above, all lengths have been nondimen-
sionalized with respect to the minor channel width h upstream 
of expansion, the velocities are normalized with respect to the 
average incoming velocity W at the channel inlet.  The Rey-
nolds number of the flow is defined as Re = Wh/v. 

At the inlet section of the channel we use fully developed 
axial velocity profile with unit mean.  On the solid surfaces, 
the no-slip wall boundary conditions are used.  At the down-
stream end of the expansion channel, the zero gradient outflow 
conditions were implemented.  Computations are performed in 
a domain with non-dimensional axial lengths 2.125, 1.625 and 
16.0, respectively. 

IV. NUMERICAL METHOD 
Using a finite volume method, Eqs. (1)-(4) have been dis-

cretized to solve for the velocity and pressure. The convective 
terms in the momentum equations are discretized by using a 
third-order accurate upwind (QUICK) scheme, and the viscous 
terms are discretized using a fourth-order accurate central dif-
ference scheme.  Extensive description of the schemes and the 
solution algorithm is presented in [13-15].  An improved ver-
sion of the Marker-and-Cell (MAC) method was implemented 
to solve the discretized system of equations.  Computations 
were carried out on a parallelized system of Pentium 1900 MHz 
processors, in a domain with a spatial resolution of 244 × 101 × 
71 grid points.  Notably, in some of our recent works [12-15] we 
carefully implemented the solution algorithm to study various 
complex flow phenomena associated with jet flows. 
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Fig. 2. Contours of the streamwise velocity (w) in absence of tabs; Re = 

200. 
 

V. RESULTS AND DISCUSSION 
Role of streamwise dynamics in controlling various forms 

of perturbations of the jet is analyzed here.  The Reynolds 
number for the flow is taken as Re = 200.  Fig. 2 displays the 
structural growth of the jet, through different streamwise sta-
tions, in the form of contours of the axial velocity, w, in ab-
sence of tabs.  The dotted contours reveal the structure of the 
recirculating upstream flow.  The sequential distortions of solid 
contours in Fig. 2, starting immediately behind the plane of 
first expansion, demonstrate the azimuthal perturbations the 
jet undergoes during streamwise evolution.  While the jet struc- 
ture is seen to preserve its upstream rectangular shape at z = 
0.05, by the midway (z = 4) of the first expansion zone it took a 
diamond shape because of rapid spreading along the minor 
axis.  The jet in absence of tabs is thereafter seen to gradually 
become circular, as it approached the end (z = 8) of the first 
expansion zone.  Importantly, the presence of the second ex-
pansion in the setup is observed to generate additional passive 
forcing, which initiates further azimuthal jet perturbations. 
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Fig. 3.  Contours of streamwise vorticity  in absence of tabs; Re = 200.  

 
 
Fig. 3 shows the streamwise dynamics that the physical 

system supports. Note that, as soon as flow enters into the first 
expansion zone, there form four pairs of streamwise vortices, 
with each inner corner on the expansion plane producing one 
such pair.  However, by z = 1, we observe two pairs of stream- 
wise vortices to survive, and others get diffused.  These vor-
tices are seen to maintain their ‘outflow’ type nature of dy-
namics between 1 < z < 3; and notably, for z > 4 there takes 
place faster growth of passive forcing induced wall vortices at 
the expense of outflow type core  vortices.  Such wall vortices 
are noted to quickly pick up strength and surround/engulf  
the outflow type core streamwise vortices.  Consequently, for  
z > 6.5, the outflow type core vortices are seen to get diffused, 
and the wall vortices (as observed on z = 1 and z = 4) became 
the dominant streamwise vortices with their ‘inflow’ type 
dynamics.  The vorticity contours on z = 11 reveal one stream- 
wise vortex from each of the four corner pairs (which origi-
nated from the plane of second expansion) upon receiving 
favorable support from the fast growing shear layers along the 
major widths (e.g. see contours on z = 8.1 and 11) of the  
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Fig. 4. Contours of the streamwise (w) velocity in presence of two rec-

tangular tabs placed at the major axis ends; Re = 200.  
 

channel, emerges stronger with streamwise evolution and sub- 
sequently joins (near z = 11) the similar natured neighbouring 
core vortex. 

Fig. 4 shows the flow development associated with two 
rectangular tabs placed symmetrically at the major axis ends 
(Fig. 1) of the inlet section.  Remarkably, by z = 4 the jet is 
now seen to assume another rectangular shape, but with re-
versed axial orientation.  At this position the major and the 
minor axes of the jet have rotated by 90 degrees.  Thereafter, 
such an axis-switched structure of the jet is seen to sustain 
through the entire downstream flow.  Important to note here, 
the flow recirculation in the setup now occurs mostly along the 
minor widths.  Fig. 5 presents the corresponding streamwise 
vorticity dynamics.  Note that, out of four pairs of streamwise 
vortices generated from the tabs, the two inner pairs survive 
until z = 4, and thereafter they became quickly dissipated; 
however, the two outer pairs received strong favorable support 
from the shear induced wall vortices.  For z > 4 these two outer 
vortex pairs played the leading role as the dominant stream-
wise vortices in the setup with their inflow type dynamics.   
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Fig. 5. Contours of streamwise vortices in presence of two rectangular 

tabs placed at the major axis ends; Re = 200.  
 

With the increased strength, and consequently, due to en-
hanced induced inward force (particularly due to amalgama-
tion with the like sign vortices originating from the second 
expansion), the streamwise vortices in this tab configuration 
(Fig. 5) pushed the jet sufficiently  inward from both ends of 
the major axis, leading to it’s quick expansion on the minor 
axis plane and the eventual axis switching, as shown in Fig. 4. 

Fig. 6 shows the detailed spatial growth of the flow in 
presence of two tabs placed at the minor axis ends of the inlet 
section.  Note that, in contrary to the previous cases, the jet in 
the present tab orientation continues to expand along the major 
axis, and the core of the jet exhibits its notable tendency to 
bifurcate.  Fig. 6 further reveals that the azimuthal curvature of 
the jet on x = 0 continues to vary steadily over the two ex-
pansion zones and the process is rather slow.  Notably, in the 
presence of tabs at the minor axis ends the dominant stream-
wise vortices (Fig. 7) over the flow domain are noted to evolve 
in the form of two outflow type pairs.  Through outflow type 
dynamics, the vortices in the present case (Fig. 7) pump the 
core fluid out to the ambient through the major axis ends and  
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Fig. 6. Contours of the streamwise (w) velocity in presence of two rec-

tangular tabs situated at the minor axis ends; Re = 200. 
 
 

they also try to move apart along the major axis, this virtually 
forced the jet to remain expanded along x-axis.  This mecha-
nism is in sharp contrast to the previous two cases (i.e. flow 
without tabs, as shown in Fig. 3, and flow with tabs at the 
major axis (Fig. 5) ends), where the dominant streamwise 
vortices are seen to maintain their inflow type dynamics. 

VI. THE SOURCE OF THE STREAMWISE 
VORTICES 

In Fig. 8 we present the pressure (p) contours on different 
transverse planes for the flow with two tabs placed at the 
major axis ends.  The corresponding jet evolution pattern and 
the governing streamwise dynamics have been presented in 
Figs. 4 and 5, respectively.  Firstly, it may be noted that, the 
depicted iso-contours (Fig. 8) of p reveal formation of several 
symmetrically placed relative high/low pressure regions at 
every cross-stream station, which helps to generate non-uniform  
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Fig. 7. Contours of streamwise vortices in presence of two rectangular 

tabs situated at the minor axis ends of the inlet section on z = 0;  
Re = 200. 

 
 

lateral pressure gradients.  Following Ref. 5, from every rela-
tive high pressure region (Fig. 8) on a channel section we now 
draw curved arrows embracing each of the neighboring low 
pressure regions from both sides, and the same procedure is 
adopted for pressure contours on every streamwise station and 
for all the investigated flow situations.  According to the hy-
pothesis outlined in Ref. 5, the presence of such an arrow in the 
sectional pressure field (Fig. 8) should ensure the development 
of a streamwise vortex in the region, and its clockwise/anti- 
clockwise sense will determine if the generated vortex will be 
of negative/positive strength.  Notably, following Ref. 5, our 
depicted arrows, issuing from the high pressure region and 
embracing the neighboring low pressure regions, with the pres- 
sure contours on different z = constant planes predict growth 
of  streamwise vortices that  matches exactly with the corre-
sponding simulated streamwise dynamics, as shown in Fig. 5. 

Since developed flow in presence of tabs at the minor axis 
ends produce a totally different (outflow type) streamwise  
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Fig. 8. Contours of pressure (p) in presence of tabs at the major axis ends 

of the inlet section on z = 0; Re = 200. 
 
 

dynamics (Fig. 7), it is of interest here to  examine if a similar 
pressure analysis can successfully predict growth of such vor-
tices in this flow configuration.  Fig. 9 reveals the distributions 
of iso-contours of p for the flow.  The corresponding jet evolu-
tion pattern and the associated streamwise dynamics are pre-
sented in Figs. 6-7.  Notably, the contours (Fig. 9) reveal for-
mation of  relative high/low pressure regions on every z-plane, 
and the depicted arrows (Fig. 9) with the pressure contours 
(issuing from the high pressure regions and embracing existing 
neighboring low pressure regions) predict local growth of out-
flow type  streamwise vortices on various z-planes.  Remarkably, 
the simulated streamwise vorticity distribution (Fig. 7) on the 
respective planes matches exactly with the predicted local 
growth/dynamics of the vortices (Fig. 9). Therefore, the pre-
sented pressure analysis is seen to efficiently predict the growth 
of streamwise vortices for the investigated cases. 

VII. CONCLUDING REMARKS 
Our simulated results, particularly for flows with tabs, clearly  

Level
P:

1
-0.0636

2
-0.063

3
-0.0622

4
-0.0609

5
-0.0582

6
-0.0557

Level
P:

1
-0.0363

2
-0.0362

3
-0.0361

4
-0.036

5
-0.0359

6
-0.0358

Level
P:

1
-0.0202

2
-0.0201

3
-0.02

4
-0.0199

5
-0.0198

6
-0.0196

Level
P:

1
-0.002

2
-0.0018

3
-0.0016

4
-0.0014

5
-0.0011

6
-0.0007

Level
P:

1
-0.0756

2
-0.0754

3
-0.0749

4
-0.0743

5
-0.0736

6
-0.0728

Level
P:

1
-0.1055

2
-0.1051

3
-0.1046

4
-0.1039

5
-0.1036

6
-0.1033

Level
P:

1
-0.142

2
-0.1413

3
-0.1406

4
-0.14

5
-0.1398

6
-0.1395

Level
P:

1
-0.1884

2
-0.1849

3
-0.1837

4
-0.181

5
-0.1732

6
-0.15

1.5

1

0.5

0

-0.5

-1

-1.5

1.5

1

0.5

0

-0.5

-1

-1.5

1.5

1

0.5

0

-0.5

-1

-1.5

1.5

1

0.5

0

-0.5

-1

-1.5

1.5

1

0.5

0

-0.5

-1

-1.5

1.5

1

0.5

0

-0.5

-1

-1.5

1.5

1

0.5

0

-0.5

-1

-1.5

1

0 YY

-1

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2-2 -1.5 -1 -0.5 0
XX

0.5 1 1.5 2

z = 8.1

z = 12

z = 14

z = 15.95z = 7.5

z = 6

z = 4

z = 0.05

 
Fig. 9. Contours of pressure (p) in presence of tabs at the minor axis  

ends; Re = 200. 
 
 

reveal that the streamwise dynamics of the vortices effectively 
controls the downstream jet deformation process.  With the 
proper placement of tabs, it has been made possible to allow 
the growth of a particular type of (favorable) streamwise vor-
tices in the setup.  In addition, the presence of the second 
expansion facilitated generation of additional passive forcing 
which helped to enhance mixing in the setup through the in-
creased strength of the streamwise vortices.  Though inflow 
type dynamics the streamwise vortices, situated at the ends of 
the major axis, pushed the jet inward from both sides (forcing 
it to spread more along the minor axis), and consequently the 
jet structure became deformed to an another rectangular shape 
with reversed axial orientation.  On the other hand, the place-
ment of the same tiny tabs at the minor axis ends of the inlet 
channel facilitated the growth of two pairs of outflow type 
dominant  streamwise vortical rollers at the  ends of the major 
axis.  Through the outflow type dynamics, the vortical rollers 
in this case forced the jet to remain spread primarily along the 
major axis.  The pressure contours on different transverse 
planes reveal formation of several relative high/low pressure 
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regions over the flow domain.  The non-uniform local flow 
accelerations from such relative high pressure regions to the 
neighboring low pressure regions have been noted to induce 
the generation of the streamwise vortices in the setup. 
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