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The intent of the present work is to investigate the nature of jet spreading and the process of evolution of the
associated embedded streamwise vortices for the steady flow through a two-step square sudden expansion.
Simulations are performed to review the flow physics within a square channel which undergoes a first expan-
sion with an uniform step height 0.75h (h being the inlet channel width); and at a streamwise distance 8h from
the plane of first expansion the channel goes through another expansion with the second step height being half
of the first step height. Unlike asymmetric jets, the square jet is observed to experience relatively faster
nonuniform azimuthal perturbations during its streamwise evolution and at some downstream location the jet
expands in such a way that it looks as if it has locally rotated by 45°. The developed four pairs of outflow type
streamwise vortices(with each pair occupying their position at the end of a jet diagonal), which dominated
over the first expansion zone, seems to control the azimuthal jet deformation process through their induced
outward velocity. Another important aspect of the present investigation is that here we have established a
unique pressure analysis which efficiently predicts the presence of all the streamwise vortices in the setup and
also their nature of dynamics without any ambiguity. Moreover, the presented pressure analysis suggests that
nonuniform lateral flow acceleration within the channel, as induced by the developed transverse pressure
gradient skewing, influences the generation of the streamwise vortices. The pressure analysis also successfully
predicts every local change in the dynamics of the embedded streamwise vortices, during the downstream
evolution of the jet.
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I. INTRODUCTION

Recent investigations(e.g., Liepmann and Gharib[1], Za-
man[2], Sau[3]) concerning the flow physics involved in the
processes of entrainment and mixing with various jets dem-
onstrate the important role played by the dynamics of the
embedded streamwise vortices. Moreover, small aspect-ratio
jets are known(e.g., Husain and Hussain[4], Ho and Gut-
mark [5], Hertzberg and Ho[6,7] to possess significantly
higher mass entrainment and mixing ability, compared to
those with large aspect ratio. Notably, recent findings on the
topic (e.g., Zaman[2] and Sau[3,8,9]) reveal that, through
the inflow type dynamics, a pair of streamwise extended vor-
tical rollers continue to entrain the ambient fluid into the jet
core. On the other hand, a pair of outflow type streamwise
vortices essentially ejects the jet core fluid outward. The dy-
namics of the embedded streamwise vortices thereby effec-
tively controls the mixing process. Furthermore, the existing
experimental(e.g., duPlessiset al. [10], Quinn and Militzer
[11], Quinn [12]) and the computational(e.g., Sau[8], Grin-
steinet al. [13], Grinstein and DeVore[14]) studies concern-
ing the vortical flow development with square jets also dem-
onstrate the continued dominance of streamwise vortices in
the flow field. In the near field, a square jet is known to
experience relatively quick azimuthal perturbations during
its streamwise evolution. Owing to the faster spreading along
the two principle axes of symmetry, the jet expands in such a

way that at some downstream location the jet section gets
deformed into another square shape with its two diagonals
rotated(e.g., Sau[8], Quinn[12], Grinsteinet al. [13], Grin-
stein and DeVore[14]) by 45 °. Importantly, such an azi-
muthal deformation process of a square jet is observed to
take place both for laminar as well as turbulent flows. On the
other hand, the associated process of nonuniform azimuthal
jet perturbations for asymmetric(elliptic or rectangular) jets
lead to the 90° axis switching of the jet section(e.g., Ho and
Gutmark[5], Zaman[2], Sau[8]) at some downstream loca-
tion. Notably, as far as the role of streamwise dynamics in
the downstream jet deformation process is concerned, recent
findings by Zaman[2] and Sau[3,8,9] clearly demonstrate
the fact that the streamwise vortices effectively control such
jet perturbation processes through their induced inward and
outward velocities. Furthermore, existing experimental ob-
servations reveal that even slight changes in the local curva-
ture variation of a physical setup can lead to the generation
of a totally different type of streamwise vortex structure. For
example, for flows through a duct transitioning from a circu-
lar to a rectangular cross section, Davis and Gessner[15]
observed the presence of two pairs of inflow type streamwise
vortices at the ends of the major axis of their physical setup.
Whereas, for flow through a similar transitioning duct with
only a minor difference in the gradual cross-sectional change
in the duct geometry, the experiments conducted by Miauet
al. [16] produced outflow type streamwise vortices. In addi-
tion, the recent simulations of flows through channels with
rectangular sudden expansion and contraction, as presented
by Sau[3, 8], reveal that even passive forcing-induced local
generation/dissipation of the streamwise vortices can totally
change the nature of the dynamics of the dominant stream-
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wise vortices during their downstream evolution.
Remarkably, despite several experimental and theoretical

efforts, the source of generation of these technically impor-
tant streamwise vortices and the related flow physics in most
of the physical systems remained more or less unknown. A
closer review of the existing literature(e.g., Zaman[2], Sau
[3,9], Bradshaw[17], Kim and Samimy[18]) on the topic,
however, suggests that the skew-induced generation process
(i.e., Prandtl’s first kind of secondary flow) may be the pos-
sible source of the streamwise vortices for the class of flows
just discussed. The developed spanwise pressure gradient
within the channel is believed to influence the growth and
the sustained evolution process of the streamwise vortices.
On the other hand, viscous stresses will cause streamwise
vortices to decay. Such predictions hold good both for the
vortices which remain distributed through the shear layer, as
in a conventional 3D boundary layer, or for those concen-
trated into identifiable streamwise vortices. To this point, re-
cently conducted direct numerical simulation(DNS) studies
for the asymmetric sudden expansion flows, as presented by
Sau[3,9], shed some light into the physical process and sug-
gest that the developed transverse pressure gradient plays the
crucial role in the generation process of streamwise vortices.
However, for turbulent flows the streamwise mean vorticity
can also be generated by the Reynolds stress(i.e., Prandtl’s
second kind of secondary flow being the major source), but
such stress-induced generation usually contributes to the de-
velopment of much weaker vortices(e.g., Bradshaw[17]).
On the other hand, for supersonic jets the developed baro-
clinic torque, formed due to misalignment of the pressure
and the density gradients, can lead to the generation of the
streamwise vortices(e.g., Kim and Samimy[18]). Such mis-
alignment of the pressure and the density gradients in hyper-
sonic flows usually takes place due to the generated local
heating at high velocities, resulting in a significant tempera-
ture variation within the flow field.

Notably, in a couple of recent computational studies Sau
[3,9] attempted to investigate the source of generation of the
streamwise vortices for rectangular sudden expansion/
contraction flows and performed a detailed pressure analysis.
The pressure distribution for such flows reveals the develop-
ment of several relative high and low pressure regions within
the physical domain, leading to the generation of a signifi-
cant transverse pressure gradient on every cross-stream chan-
nel section. The detailed pressure analysis as presented in
Refs. [3] and [9] also indicates that the nonuniform lateral
flow acceleration from the high pressure regions to the
neighboring low pressure regions, as induced by the devel-
oped skewed transverse pressure gradient, is the primary rea-
son behind generation of the streamwise vortices. Since the
nature of dynamics of the embedded streamwise vortices and
the associated process of azimuthal jet perturbations through
the square sudden expansions(e.g., Sau[8], Quinn [12]) are
entirely different from what one usually encounters with
rectangular jets, and since the presence of a second expan-
sion in the setup(Fig. 1) causes the generation of passive-
forcing-induced new streamwise vortices, the objective of
the present brief study is to investigate both the nature of
downstream jet spreading and the process of generation of
the embedded streamwise vortices for the steady flow

through a two-step square sudden expansion, and to examine
whether the pressure analysis, as recently proposed by Sau
[3,9], can be successfully extended to identify the stream-
wise vortices in the present setup as well.

II. GOVERNING EQUATIONS AND BOUNDARY
CONDITIONS

Details of the incompressible laminar flow through a
square sectioned channel with two consecutive steps of sud-

FIG. 1. Schematic representation of the physical setup.

AMALENDU SAU PHYSICAL REVIEW E 69, 056307(2004)

056307-2



den expansions(Fig. 1) were obtained by numerically solv-
ing the following nondimensional equations in three dimen-
sions:

D ; = ·uI = 0, s1d

uIt + uI · = uI = − = p +
1

Re
=2uI . s2d

We use Cartesian coordinatessx,y,zd with corresponding
velocity componentssu,v ,wd, andp is the pressure. Here all
lengths have been nondimensionalized with respect to the
channel widthh upstream of the expansion, the velocities are
normalized with respect to the average incoming velocityw̄
at the channel inlet, and the pressure with respect torw̄2. The
Reynolds number for the flow is defined as Re=w̄h/n.

As an appropriate closure boundary condition, a fully de-
veloped axial velocity profile(e.g., White [19]) with unit
mean was implemented at the channel inlet, which is situated
at a non-dimensional distance 2, above the plane of first ex-
pansion(Fig 1). Other velocity components at the inlet are
set to zero so that any possibility of inlet swirling is avoided.
On the surrounding rigid surfaces, the no-slip wall boundary
conditions,uI=0, are used, and the zero gradient outflow con-
ditions were implemented at the channel exit. Simulations
are conducted in a domain with nondimensional axial lengths
Xmax=Ymax=1.625 and Zmax=16.0.

III. METHOD OF SIMULATION

The governing system of Eqs.(1) and(2) in the primitive
variables were discretized using a staggered control volume
method in order to solve foruI and p. In the interior of the
computational domain, the convective terms are discretized
by using a third-order accurate quadratic upwind interpola-
tion for convective kinematics(QUICK) scheme, whereas
the viscous terms are discretized using a fourth-order accu-
rate central difference scheme. Near the wall boundaries,
second-order accurate central difference methods are used in
order to discretize the convection and the viscous terms. De-
tails of the implemented computational schemes are provided
in our recent works on the topic(e.g., Sau[9] and Sauet al.
[20]). While most of the terms in the momentum equations
were explicitly approximated, the coupling between pressure
and velocities was implicit. The discretized semi-implicit al-
gebraic system of equations was solved using the successive
over-relaxation(SOR) method in order to accelerate conver-
gence. An improved version of the Marker-and-Cell(MAC)
method of Harlow and Welch[21] is implemented to solve
the discretized system, where velocity components are ad-
vanced explicitly to take into account the combined effect of
convection, diffusion and pressure gradients, and the adjust-
ment between pressure and velocity is done iteratively in
order to control the mass balance in each cell. Notably, the
present iterative method is equivalent to correcting the pres-
sure field from the Poisson equation. The iterative process is
then repeated successively until the sum of discrete diver-
gence,D, of velocities in all the cells became smaller than
10−4. Among others in recent years, Sau[3,8,9], Sauet al.

[20], Chianget al. [22], Sau and Lahiri[23] and Penget al.
[24] have successfully implemented the computational
scheme while solving various fluid dynamic problems. A spa-
tial resolution of 633633326 grid points were used to dis-
cretize the flow domain and each simulation took about 900
hours of CPU time on a 2 GHz PENTIUM IV processor. To
ensure the accuracy of the presented results, several grid in-
dependence studies are conducted during the course of ex-
perimenting with the flow simulation, and the optimum grid
resolution is used.

IV. RESULTS AND DISCUSSION

In order to improve our understanding about the flow
physics and to demonstrate the consistency of the presently
simulated results with recent experimental and theoretical
predictions, it is important that we present the details of the
jet deformation process and the associated dynamics of the
embedded streamwise vortices, before we focus our attention
toward investigating the generation mechanism of the
streamwise vortices.

A. Process of jet deformation and the associated
streamwise dynamics

The depicted representative isovelocityswd contours in
the first two columns of Fig. 2(a) display the gradual azi-
muthal deformation the jet experiences during its streamwise
evolution, starting immediately behind the plane of first ex-
pansion. The Reynolds number for the flow, based on the
average inlet velocity and the width of the inlet channel, is
taken as 300. Quite expectedly, the jet structure slightlysz
=0.05d below the plane of first expansion preserves its up-
stream square shape. Then, a relatively quick nonuniform
azimuthal perturbation of the jet is observed to take place.
Due to its rapid expansion along thex and y axes, the de-
formed shape of the jet section onz=1 looked as if the entire
jet at this location has rotated by 45°, and consequently two
diagonals of the jet have also rotated by the same angle.
Such a structural deformation of the jet was observed to con-
tinue through 1øzø6, and as the jet approached the end of
the first expansion zone, it gradually took a circular shape. In
order to better understand the azimuthal deformation process
of the jet immediately behind the plane of expansionz=0, in
Fig. 2(b) we present the evolution of an isosurface of thew
velocity. Figure 2(b) clearly shows that the jet upon leaving
the plane of expansionsz=0d quickly expands along thex
and y axes, and the magnitude of such expansion is maxi-
mum [see also the isocontours ofw in Fig. 2(a)] on the two
principle planes of symmetry. Later we shall explain how the
dynamics of the locally grown streamwise vortices initiates
such a centrosymmetric deformation process of the jet with
respect to the channel geometry. As far as the observed jet
deformation process[Fig. 2(a), columns 1 and 2] is con-
cerned, here we may mention that our findings in this regard
remained very much consistent with the experimental obser-
vations as reported by Quinn[12] and the simulated results
of Grinsteinet al. [13]. As the jet crossed the plane of second
expansionsz=8d, there occurred an additional azimuthal jet
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FIG. 2.(a) Contours of the streamwise velocityswd, streamwise vorticitysvzd, and the dynamic pressurespd at Re=300.(b) An isosurface
of streamwise velocityswd, demonstrating the 3D evolution of the jet atRe=300. (c) 3D evolution pattern of the streamwisesvzd vortices
inside the channel atRe=300. (d) Streamwise flow evolution on the symmetry planey=0 and ony=0.49 atRe=300.
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perturbation within 9øzø12, which apparently forced the
jet to locally retain its 45° rotated square shape, before it
took the eventual circular form while approaching the chan-
nel exit. Notably, the dotted isocontours of the streamwise
velocity w, surrounding the corresponding solid contours
[Fig. 2(a), columns 1 and 2], display the structure of the
upstream recirculating flow zone. They reveal the fact that,
there always remain present the symmetrically developed up-
stream flow along the surrounding walls, which virtually en-
veloped the downstream moving jet.

The sectional streamwise vorticitysvzd distribution for
the flow is presented towards the end of the second column
and in the third column of Fig. 2(a). Notably, the vorticity
dynamics onz=0.05, as indicated by arrows with the con-

tours, reveal the generation of four pairs of outflow type
streamwise vortices from the four sharp inner edges on the
plane of first expansion. The important development that
may be noted here is that, within 1øzø4, the vorticity con-
tours display a rapid growth of passive forcing induced wall
vortices starting immediately behind the plane of first expan-
sion[see also Fig. 2(c)]. The wall vortices at this location are
seen to quickly grow stronger at the expense of the gradually
decaying core streamwise vortices, and byz=2 the core vor-
tices have dissipated. These wall vortex turned streamwise
vortices are seen to dominate over the entire first expansion
zone, where they grouped themselves symmetrically into
four outflow type pairs with each pair securing its position at
the end of a diagonal of the 45° rotated jet. Moreover, the
depicted arrows with the streamwise vorticitysvzd contours
on z=7 clearly indicate the presence of four pairs of outflow
type streamwise vortices at the ends of thex and y axes.
From vorticity dynamics we know that such pairs of stream-
wise vortices, through their induced outward velocity, will
move away from the jet centre along thex and y axes and
will eject the core fluid out through the ends of the principle
axes. In this way streamwise vortices play an active role in
enhancing the mixing between the core fluid and the ambient
fluid. Here we may mention that the streamwise vortices in
the Quinn’s[12] experiment, dealing with turbulent square
jet flows, are observed to change their orientation from in-
flow to outflow type. However, the streamwise vortices for
the presently investigated steady laminar flow through a
square channel with two consecutive steps of sudden expan-
sion are seen to maintain their outflow type dynamics
through the first expansion zone, and later over the second
expansion zone the dominant vortices become of inflow type.
In view of previous experimental observations reported by
Davis and Gessner[15] and Miauet al. [16], it appears that
such differences in the orientation of the streamwise vortices
are not uncommon and are usually attributed to the geometry
of upstream flow. On the other hand, over the first expansion
zone, the presently simulated overall nature of dynamics of
the embedded streamwise vortices remained very much con-
sistent with the streamwise dynamics for the corresponding
single step sudden expansion flow, as reported by Sau[8].
Notably, from the distribution of the streamwise vortices
[Fig. 2(a), columns 2 and 3] within 1øzø7, it appears that
the induced outward motion of the four pairs of streamwise
vortices, situated at the ends of thex andy axes, influenced
the jet to expand symmetrically and equally along the prin-
ciple axes, and thereby controlled the azimuthal deformation
of the jet, leading to its apparent 45° rotation. At this point it
may be noted that, unlike rectangular jets(e.g., Zaman[2],
Sau[3,9]), the developed streamwise vortices surrounding a
square jet remained relatively weak, and with streamwise
evolution they lose their strength at a faster rate. As a result,
the jet also quickly became circular. It will be shown later
that the developed lateral pressure gradient plays an impor-
tant and decisive role in the generation as well as in the
downstream evolution process of the streamwise vortices.
Notably, besides the presence of four pairs of streamwise
vortices emerging from the first expansion zone into the sec-
ond expansion zone, the streamwise vorticity contours onz
=8.1 [Fig. 2(a), column 3] reveal the presence of four addi-

FIG. 2. (Continued).
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tional pairs of streamwise vortices which are generated from
the four inner edges(A,B,C,D, as indicated in Fig. 1) on the
plane of second expansion. The persisting inner four outflow
type pairs of streamwise vortices, however, are seen to be-
come quickly dissipated. Moreover, as the vorticity contours
on z=9 and 10 reveal, the inflow type outer pairs(as repre-
sented by arrows with the vorticity contours onz=9), which
are generated from the four inner edges on the plane of sec-
ond expansion, also survive only a short distance and even-
tually become dissipated just behind the planez=10 [see also
Fig. 2(c)]. Here we would like to mention that, unlike in
asymmetric (rectangular) jets, the existing experimental
(e.g., Quinn[12]) and the simulated results(e.g., Sau[8])
reveal that the streamwise vortices for the square jet domi-
nate within a comparatively short distance and then dissipate
very quickly. As a consequence the jet also experiences a
relatively faster azimuthal deformation(see also Grinsteinet
al. [13]) leading to a quick 45° rotation of the downstream
jet structure, before taking the eventual circular shape.

In order to provide a better understanding concerning the
growth of the streamwise vortices in the setup, in Fig. 2(c)
we demonstrate their more complete 3D evolution details.
Notably, a combined view of Fig. 2(a) and 2(c) reveals that
the initial streamwisesvzd vortices, those generated from the
sharp inner edges on the plane of first expansion, entirely
dissipate byz=2, and the fast growing passive forcing in-
duced wall vortices quickly take over to dominate the down-
stream flow in the first expansion zone. Then, as the flow
enters the second expansion zone, one observes the growth
of additional vortices generated from the inner edges on the
plane of second expansion. While the transmitted inner vor-
tices are seen to dissipate soon afterz=8, the streamwise
vortices generated from the plane of second expansion also
dissipate by the positionz=10. Therefore, as in the previous
investigations, Fig. 2(c) demonstrates a relatively quicker
process of growth of the streamwise vortices for a square jet,
and they clearly have a shorter(streamwise) life span.

The streamline pattern depicted in Fig. 2(d) reveals the
internal streamwise flow evolution process in further detail.
It is important to note that within the channel there takes
place significantly large near-wall flow recirculation extend-
ing between the plane of first expansion and the downstream
exit. This upstream moving flow is partially entrained into
the jet core through the dynamics of the embedded stream-
wise vortices and the remainder returns to the main stream
upon reaching the plane of first expansion; such a physical
process thereby helps to enhance mixing. Furthermore, it
may be carefully noted that the process of near-wall up-
stream fluid motion receives not only favorable but indeed
very strong support from the second expansion zone. Since
the enhancement of mixing is most welcome and of major
concern in the combustion industry, the streamwise flow evo-
lution details both on the symmetry planey=0 and ony
=0.49 suggest that the existence of a second expansion in the
nozzle geometry will be effective towards achieving such an
objective. Since the inlet channel has unit nondimensional
width, the locationy=0.49 is suitably chosen to demonstrate
the fact that, as we move closer to the wall, the width of the
upstream recirculating flow increases considerably. Impor-
tantly, the structure of dotted contours of the streamwise ve-

locity swd presented in Fig. 2(a) clearly support such an ob-
servation. Since the developed flow remained symmetric(see
also Hertzberg and Ho[6] and Sau[8]), the streamwise flow
evolution details are presented only ony= const planes.

B. Generation of streamwise vortices

In a couple of recent investigations concerning 3D flows
through a rectangular sudden expansion and contraction, Sau
[3,9] presented a pressure analysis which could successfully
identify the presence of all streamwise vortices in the physi-
cal setup, and demonstrates the fact that the nonuniform flow
acceleration, as induced by the developed transverse pressure
gradient skewing, effectively controls the generation of the
streamwise vortices. To be more precise, on every transverse
sectional plane, there developed several relatively high and
low pressure regions of different strength, and it has been
observed that the associated flow acceleration from these
high pressure regions towards the neighboring low pressure
regions (due to the generated transverse pressure gradient
skewing) effectively influences the generation process of the
streamwise vortices. Furthermore, it has also been verified
that the corresponding azimuthal dynamics(e.g., Sau[9]) of
the vortices cannot induce the generation of these streamwise
vortices. Since the simulated streamwise vortices in a two-
step square sudden expansion flow maintained an evolution
process which is relatively complex and quite different from
what we observed for the asymmetric(rectangular) sudden
expansion flows, our interest here is to investigate the pro-
cess of generation of the streamwise vortices in the present
setup and to verify whether a parallel pressure analysis can
effectively detect their presence.

Interestingly, for the presently investigated square sudden
expansion flow, the pressurespd contours presented in Fig.
2(a) (column 4) reveal the development of several symmetri-
cally formed relatively high and the low pressure regions at
everyz station, and the orientation of these high and the low
pressure regions are seen to vary from one streamwise sta-
tion to another. Fluid over a jet section is therefore expected
to get accelerated accordingly from the high pressure regions
to the neighboring low pressure regions. Following Sau
[3,9], from each high pressure region on a transverse sec-
tional plane we draw curved arrows so that they embrace
every neighboring low pressure region in its vicinity from
both sides, and the same procedure is adopted for the con-
tours on everyz station and for all the investigated cases. For
example, from the developed central high pressure region on
z=0.05 [Fig. 2(a), column 4] we draw arrows, which em-
brace the surrounding low pressure regions. Here we may
mention that the presence of such an arrow in the computed
pressure field should indicate the formation of a streamwise
vortex at the region, and the clockwise or anticlockwise
sense of an arrow should determine whether the developed
streamwise vortex will be of negative or positive strength. It
is important to note that the presence of eight arrows[Fig.
2(a), column 4] with the sectional pressure field onz=0.05
matches exactly with the corresponding computed stream-
wise dynamics for the flow[Fig. 2(a), column 2], and reveals
the formation of a pair of counter rotating streamwise vorti-
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ces from each inner corner on the plane of first expansion.
Owing to sudden expansions of the physical geometry, the
pressure distribution within the channel is seen to change
with streamwise distance. One such evidence may be noted
with the pressure distribution onz=2 [Fig. 2(a), column 4]
where the orientation of the developed relatively high and
the low pressure contours is seen to get twisted by 45° with
respect to the principle axes. However, onz=2 also the pre-
dicted vorticity dynamics, as indicated by arrows with the
pressure contours, is seen to match exactly with the corre-
sponding computed streamwise dynamics of the flow[Fig.
2(a), column 3], and the nonuniform flow acceleration due to
the developed transverse pressure gradient skewing presum-
ably induces the growth of the vortices(e.g., see Zaman[2],
Sau [3], Bradshaw[17]). Furthermore, the sense of the ar-
rows with the pressure contours onz=4 andz=7, extending
from the central relatively high pressure region and embrac-
ing the neighboring low pressure regions, predicts exactly
the same streamwise dynamics for the flow on the corre-
sponding planes obtained from the simulation[Fig. 2(a), col-
umn 3].

As the flow approached the second expansion zone, a sub-
stantial readjustment in the orientations of the developed
pressure distribution is observed. For example, onz=8.1,
that is, soon after the plane of second expansion, the pressure
contours[Fig. 2(a), column 4] indicate the formation of a
relatively low pressure region at the jet centerline and the
development of four distinct high pressure regions surround-
ing the central low pressure area. Notably, the sense of the
four pairs of inner arrows(Fig. 2, column 4) with the pres-
sure contours onz=8.1 (which are directed towards the cen-
tral low pressure region) corresponds to the four pairs of
upstream streamwise vortices that entered into the second
expansion zone from the first expansion zone and match ex-
actly with the corresponding(Fig. 2, column 3) computed
streamwise dynamics(on z=8.1) for the flow. Furthermore,
the presence of other eight pairs of outer arrows with the
pressure contours onz=8.1(Fig. 2, column 4) corresponds to
the four pairs of additional streamwise vortices which are
generated from the four inner edges(A,B,C,D, as indicated
in Fig. 1) on the plane of second expansion and the four pairs
of induced wall vortices that remained attached to the sur-
rounding walls. Interestingly, the sense and the relative posi-
tion of these arrows also match exactly with the correspond-
ing computed streamwise dynamics onz=8.1 [Fig. 2(a),
column 3]. In particular, the observed change in the pressure
distribution onz=9 suggests that the pressure at this location
has once again readjusted itself suitably to support the dissi-
pation of the transmitted upstream vortices and the growth of
newly generated streamwise vortices. Again, the nature of
depicted arrows onz=9 [Fig. 2(a), column 4] clearly reveals
the simulated local streamwise dynamics for the flow[e.g.,
see Fig. 2(a), column 3]. Here we may mention that the
relative arrangement of the developed high and the low pres-
sure regions onz=10 remained quite similar to those onz
=9, however, the lack of suitable space prevents us from
presenting those results in further detail.

At this point it may be interesting to explore how the
developed pressure gradient skewing, as revealed by Fig.
2(a) (column 4), controls the three-dimensional flow evolu-

tion over the channel and influences the transverse flow be-
havior. For this, in Fig. 3 we plot the streamline pattern on
the corresponding sectional planes. It is important to note
that, on z=0.05 (Fig. 3) the streamline pattern within the
rectangular core region clearly indicate the possible develop-
ment of four pairs of outflow type streamwise vortices situ-
ated at the four corners[Fig. 2(a), column 2] and they really
correspond to the predicted transverse flow behaviour onz
=0.05 [Fig. 2, column 4], as obtained from the pressure
analysis. Again, the streamline patterns onz=2 display the
kind of flow evolution that support the formation of both
inner (those generated from the plane of first expansion) and
the symmetrically placed outer(passive forcing induced wall
vortices) eddies. Since the pressure on the channel boundary
always remained higher, the inward stretching behavior of
the streamlines(issuing from the periphery) over the channel
sections(Fig. 3) suggests that the developed near-wall up-
stream flow, as evidenced by the dotted contours of the

FIG. 3. Transverse flow evolution through different streamwise
szd stations atRe=300.
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FIG. 4. Contours of the streamwise velocityswd, streamwise vorticitysvzd and the dynamic pressurespd at Re=400.
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streamwise velocityw in Fig. 2(a), and the streamwise flow
recirculation in Fig. 2(d) extending over both the expansion
zones, is always entrained into the jet core. Owing to the
coexistence of the fast decaying core vortices and the gradu-
ally strengthening wall eddies, the governing three-
dimensional flow evolution immediately behind the two
planes of expansions becomes quite complex. However, for
4øzø7 and 9øzø10, consistency between the streamline
patterns(Fig. 3), predicted streamwise dynamics from the
pressure analysis[Fig. 2(a), column 4], and the correspond-
ing computed vorticity contours[Fig. 2(a), column 3 and
Fig. 2(c)] became more and more evident.

In Fig. 4 we present the flow evolution details atRe
=400. As inRe=300, the isocontours of the streamwiseswd
velocity at Re=400 (Fig. 4, columns 1 and 2) reveal that
immediately after entering the first expansion zone, the jet
starts to expand quickly along the two principle(x and y)
axes of symmetry. As a result, the jet deforms in such a way
that it appears as if, in the region 1øzø4, the entire jet has
rotated by 45°. While the jet is seen to assume circular shape
first near the second expansion zone and eventually at the
channel exit, it suffered mild azimuthal perturbations(Fig. 4,
column 2) between 9øzø12. As far as the qualitative nature
of streamwise dynamics for this flow is concerned, at every
streamwise station between 0.05øzø9, one observes the
formation of four pairs of outflow type streamwise vortices
(Fig. 4, columns 2 and 3) at the four edges of the local jet
diagonals. Moreover, at this elevated Reynolds number,
some relative increase in the strength of the streamwise vor-
tices is noted. Through the outflow type dynamics, the
streamwise vortices have effectively forced the jet to expand
outward along the two principle planes of symmetry. It ap-
pears that the eventual dissipation of the core streamwise
vortices facilitated the jet to become circular near the chan-
nel exit.

As in the previous case, the depicted pressure contours at
Re=400 (Fig. 4, column 4) also reveal the formation of sev-
eral relatively high and low pressure regions over the flow
domain, which essentially leads to the development of trans-
verse pressure gradient skewing. Fluid over a channel sec-
tion, therefore, is accelerated from the high pressure region
towards the neighboring low pressure regions. Following the
same convention as described before, here also from each
high pressure region(on a transverse plane) we draw curved
arrows embracing every existing neighboring low pressure
region in its vicinity from both sides, and the same procedure
is followed for the contours on every streamwise station. It is
important to note that atRe=400 the arrows with the pres-
sure contours(Fig. 4, column 4) at different streamwise sta-
tions again correctly identify the presence of all the stream-
wise vortices in the flow, as the sense of the depicted arrows
on the respective planes matches exactly with the corre-

sponding computed streamwise dynamics for the flow, which
are presented in columns 2 and 3(Fig. 4). The observed local
changes in the relative arrangements of the developed high
and the low pressure regions within the channel(with respect
to the principle axes), as observed between 0.05øzø2 and
again between 7øzø8.1, clearly contribute to the associ-
ated changes in the streamwise dynamics of the flow.

V. CONCLUDING REMARKS

In the present study, the nature of evolution of a square jet
through two consecutive steps of sudden expansion has been
simulated numerically. Upon entering into the first expansion
zone, the jet is observed to experience relatively quick azi-
muthal perturbations behind the plane of first expansion,
where it appears to have rotated by 45° due to its rapid
expansion along the two principle planes of symmetry. How-
ever, during the downstream evolution, the jet becomes cir-
cular at about six cylinder diameters behind the plane of first
expansion. From the dynamics of the embedded streamwise
vortices it appears that, the faster growth of the passive forc-
ing induced wall vortices, starting immediately behind the
plane of first expansion, and subsequent dominance of these
vortices over the first expansion zone in the form of four
outflow type pairs, with one such pair occupying its position
at an end of a local jet diagonal, facilitated the quick outward
spreading of the jet along the two principle planes of sym-
metry, leading to an apparent 45° rotation of the jet structure.
Most importantly, we have established a pressure analysis
which efficiently predicts the presence of all the streamwise
vortices in the physical setup, and suggests that the trans-
verse pressure gradient skewing influences the generation of
these streamwise vortices. To be more precise, the transverse
sectional pressure distribution through different streamwise
stations indicate the formation of several relative high and
the low pressure regions within the channel, which contrib-
utes to the development of transverse pressure gradient. The
nonuniform flow acceleration from the developed relatively
high pressure regions towards the neighboring low pressure
regions is found to influence the generation of the stream-
wise vortices. Furthermore, the pressure analysis success-
fully predicts every local change in the streamwise dynamics
within the physical domain, which is contributed due to the
local growth of the passive forcing induced new vortices and
dissipation of the preexisting upstream streamwise vortices.
Such local changes in the streamwise dynamics also appear
to be controlled by the local adjustment in the transverse
pressure distribution.
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