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ABSTRACT

The characteristic flow features of an elevated square jet in crossflow (EJICF) are studied numerically using large eddy simulation. The effect
of jet to crossflow velocity ratio, also called velocity ratio (VR), on the flow field of an elevated jet in crossflow (EJICF) is investigated. All
the computations are carried out at a Reynolds number (Re) of 20 000, based on the outer width of the stack (d) and free stream crossflow
velocity (U∞), for four different velocity ratios (VR), namely, 0.5, 1.0, 1.5 and 2.0. The stack used in this study has an aspect ratio h/d = 7.
The shear-improved Smagorinsky model has been used to account for the subgrid scale stress while solving the filtered three-dimensional
unsteady Navier-Stokes equations. The modes of shedding in the stack wake are analyzed using both instantaneous and phase-averaged data.
It is found that at a low jet to crossflow velocity ratio (VR = 0.5), the stack wake exhibits two different modes of shedding, symmetric and
antisymmetric, similar to the wake of a wall mounted finite-size cylinder. At higher velocity ratios (VR ≥ 1), the stack wake shows the presence
of only antisymmetricmodes of shedding. It is also found that velocity ratio (VR) has a profound effect on the source of vorticity of the jet shear
layer structures near the upwind side. At VR = 0.5, the upstream sides of the jet shear layer structures are found to draw their vortices from
the outer surface of the stack boundary layer. At higher VR, they seem to be fed by the vorticity of the boundary layer developed on the inner
wall surface of the stack. Both jet vortices and stack wake vortices are found to be present in the jet wake, and the shedding frequency of both
the jet wake and the stack wake is found to be same. The spatial evolution of the counter-rotating vortex pair in the case of an EJICF is found
to be similar to that of a JICF.
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I. INTRODUCTION

The complex flow configuration of a jet issuing into a crossflow
has been widely studied in the past owing to its wide range of indus-
trial and engineering applications. Depending on the source from
which the jet is issued into the crossflow, it is categorized either as
a jet in crossflow (JICF) or an elevated jet in crossflow (EJICF). In
the case of a JICF, the jet is issued from an orifice on a wall and
is associated with applications such as turbine blade cooling, fuel
injectors, V/STOL aircrafts, and dilution holes in combustors. For an
EJICF, the jet is issued from an elevated source in the form of a stack
mounted on a wall and has a wide range of environmental applica-
tions such as chimneys, stack flares, cooling towers, and discharge
of effluents into rivers or lakes. The JICF is characterized by a com-
plex three-dimensional flow field owing to the interaction between
the jet, jet wake, and the wall boundary layer. The complexity of the
flow field in the case of EJICF increases further due to the presence

of the stack and the interaction between the jet, jet wake, stack wake,
and the wall boundary layer. The flow field of the JICF is studied in
detail in the open literature, but the literature on the EJICF is limited
as most investigations focused more on the JICF.

As highlighted earlier, the JICF has been studied extensively in
the past with significant focus on the jet trajectories,1–5 entrainment
and mixing,3,4,6–8 turbulent statistics,2,9–14 turbulent crossflow con-
ditions,15–17 and flow structures. The dominant and distinctive vor-
tical structures associated with the JICF are jet shear layer vortices,
the horseshoe vortex system, the wake vortices, and the counter-
rotating vortex pair (CRVP). The formation mechanism of the jet
shear layer vortices has been investigated by many researchers in the
past.6,10,11,18–25 Kelso et al.21 suggested that the jet shear layer rolls up
near the upstream side of the jet like Kelvin-Helmholtz instability,
which is found to move close to the jet exit with increasing Reynolds
number. At very low Reynolds numbers (typically below 100) and
low velocity ratios (ratio of the jet to crossflow velocity), a different
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mechanism was proposed by Blanchard et al.23 for the formation of
the jet shear layer vortices. They suggested that instead of the Kelvin-
Helmholtz type of instability, the formation of the jet shear layer
vortices can be explained by the “Landman and Saffman” theory.26

The leading edge jet shear layer vortices are found to be more reg-
ular in nature compared to the trailing edge jet shear layer vortices.
These shear layer structures are found to be strongly dependent on
parameters such as Reynolds number, velocity ratios, and even the
ratio of the boundary layer thickness to the jet diameter.18,21,25 The
horseshoe vortex system in the case of JICF has also been studied
extensively by many authors in the past.20,21,27–29 The horseshoe vor-
tex system depends mainly on the Reynolds number (Ref. 29), and
multiple structures are observed with an increase in the Reynolds
number. As the boundary layer becomes turbulent with increasing
Reynolds number, the horseshoe vortex system becomes recogniz-
able only in the time-mean flow. Kelso and Smits28 showed that
the horseshoe vortex system in the JICF are strongly dependent on
the velocity ratio and can become steady, oscillating, or coalescing
depending on the velocity ratio. The CRVP structure, which is a
dominant flow feature for both the JICF and EJICF, forms due to
the interaction between the jet and crossflow. The CRVP initiates
in the jet near field and becomes a dominant flow feature in the far
field. The formation mechanism of the CRVP has motivated a lot of
works in the past, which include the work of Coelho and Hunt,30

Kelso et al.,21 Moussa et al.,6 Sykes et al.,31 Yuan et al.25 Moussa
et al.,6 and Coelho and Hunt30 suggested that the CRVP is formed
from the shear layer emanating from the jet pipe exit, which rolls
up to create vortex rings that are swept by the crossflow at different
rates, thus deforming and bundling them into the CRVP. It is also
suggested that the CRVP has mainly a mean-flow structure although
it may have an unsteady component.

The wake vortices of a JICF have drawn a lot of attention
from researchers around the globe.6,20,21,32,33 However, the mecha-
nism and source of the wake vortices has been a point of debate
for long time. Earlier to understand the jet wake structures of the
JICF, analogies are drawn with the wake behind solid cylinders, and
it is suggested that vortex shedding in the jet wake is similar to the
flow past a solid obstacle.32 McMahon et al.32 also suggested that the
Strouhal numbers for the flow past the circular cylinder and JICF are
in qualitative agreement, provided that the width of the jet spread-
ing some distance away from the jet exit is used as the length scale
instead of the jet diameter. Fric and Roshko20 through their flow
visualization study showed that the origin and formation of the wake
vortices in the case of a JICF is fundamentally different from that of
the flow past solid obstacles. They observed that the flow around a
transverse jet cannot separate from the jet and will not shed vortices
into the wake. They also suggested that for constant density fluids
(like they have considered where both jet and crossflow fluid have
the same density), vorticity cannot be generated at the interface of
the jet and crossflow fluid but must have their source at a solid sur-
face. They showed that, in the case of JICF, the wake vortices have
their origin in the boundary layer of the wall of the pipe from which
the jet is issued. This theory has subsequently been confirmed by var-
ious other researchers.3,21,34 However, some jet fluids have also been
observed in the jet wake by various authors.3,8,35

In contrast to the JICF, the vortex system associated with the
EJICF has been rarely studied in the literature. Themechanism of the
formation of various flow structures in the case of EJICF is expected

to be fundamentally different from that of the JICF, as the crossflow
seems to interact with both the jet and the stack (from which the jet
is issued into the crossflow). The wake behind the EJICF was investi-
gated by Eiff et al.36 using point measurements of velocity at multiple
locations. Their spectral analysis revealed that the shedding behind
the stack is very similar to that of a solid cylinder. They also sug-
gested that the frequency related activity in the jet wake is directly
linked to that of the stack wake and the frequency is always found
to scale with the stack diameter. In contrast to Fric and Roshko,20

who suggested that the jet cannot shed any of its vortices in the
case of a JICF, Eiff et al.36 through their temperature measurements
showed that the jet does shed some of its vortices in the case of
an EJICF. In an extension to their previous work,36 Eiff and Kef-
fer37 used a pattern-recognition technique to characterize the flow
throughout the wake up to the bent-over-jet region. They observed
that the wake structures on one side of the symmetry plane are linked
to the other structures on the opposite side of the plane in the jet
region, and hence, these structures split before they are linked. They
also reported that the jet wake structures contribute to the overall
vorticity content of the CRVP.

Apart from the jet wake, the jet shear layer structures in the case
of EJICF are also studied in the literature. Huang and Lan38 experi-
mentally studied the characteristic and evolution of the shear layer of
an elevated round jet in crossflow. They came up with five character-
istic flow features for the upwind side jet shear layer: “mixing-layer
type vortices,” “backward-rolling vortices,” “forward-rolling vortices,”
“swing-inducedmushroom vortices” and “jet type vortices” depending
on the velocity ratio. They also reported that in the jet shear layer, the
Strouhal number decreases exponentially with an increase in the jet-
to-crosswind momentum ratio. Saïd et al.39,40 investigated the flow
structures near the tip region of the stack for an EJICF using particle
image velocimetry (PIV). They suggested that the rotational direc-
tion of the Kelvin-Helmholtz induced shear layer vortices depends
on the velocity ratio.

The effect of the velocity ratio on the flow structures of the
EJICF has also been explored by many researchers previously.
Huang and Hsieh41 used a laser Doppler velocimeter to characterize
the flow field of an EJICF for various velocity ratios. They defined
four different flow regimes depending on the velocity ratios: “down-
wash,” “crosswind-dominated,” “transitional,” and “jet-dominated.”
They also reported that large amount of jet fluids are pulled into
the stack wake in the case of downwash dominated and crosswind-
dominated flow due to the presence of a clockwise rotating vorti-
cal structure in the near wake of the EJICF. The same authors42 in
another study did a complete topological analysis of the flow field of
an EJICF using critical point theory and showed that the flow topol-
ogy in terms of critical points also changes with the change in the
velocity ratio.

The effect of jet-to-crossflow velocity ratio (VR) was also stud-
ied by Adaramola et al.43 for the turbulent wake of an elevated round
jet in crossflow. The stack in their study was partially immersed
in a turbulent boundary layer of thickness, δ/h = 0.5, at the posi-
tion of the stack. Similar to Huang and Hsieh,41 they also reported
three distinct flow regimes depending on the values of the velocity
ratio (VR), which are “downwash dominated” (VR < 0.7), “cross-
wind dominated” (0.7 ⩽ VR < 1.5), and “jet-dominated” (VR ⩾ 1.5).
They observed that at the midspan of the stack, the vortex forma-
tion length decreases with an increase in velocity ratio, suggesting
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a two-dimensional wake similar to the wake of an infinite cylin-
der. They also showed that with the increase in velocity ratio, the
Strouhal number of the stack approaches that of an infinite cylinder.
In another study by the same authors,44 the effect of velocity ratio
on the streamwise vortex structures was analyzed. They found that
in the case of downwash and crosswind dominated flow, only two
pairs of counter-rotating streamwise vortices exist in the stack wake.
One vortex pair was found near the tip region of the stack, and the
other vortex pair was found close to the bottom wall. However, for
the jet-dominated flow, they also found another vortex pair above
the free-end of the stack with orientation the same as that of the base
vortex. Arora and Saha45 studied the effect of velocity ratio on the
particle concentration in the case of an EJICF and linked them to
the flow field dynamics. Their numerical study was restricted to a
very low Reynolds number of Re = 250.

A detailed and careful study of the literature implied that most
of the previous investigations on the EJICF focused on the jet wake
or the jet shear layers or the mean flow field characteristics, with
a little attention on the modes of shedding in the stack wake. The
present study is the very first attempt where the modes of shedding
associated with the stack wake of an EJICF is analyzed for different
velocity ratios. Apart from that, the source of vortices in the case
of the jet shear layer structures is expected to be different from that
of the case of JICF, at least under different conditions of velocity
ratios due to the presence of the stack. Therefore, the source of jet
shear layer vortices under different conditions of velocity ratios is
also investigated in this study. The open literature suggests that in
the case of JICF, the boundary layer on the wall of the pipe from
which the jet is issued is the source of vorticity for the vortices in
the jet wake,20 i.e., the jet cannot shed any of its vortices. However,
for the EJICF, the study of Eiff et al.36 suggests that the jet can shed
its vortices and the jet wake vortices have their origin in the inner-
wall boundary layer of the stack opposed to the outer wall. Since the
findings of Fric and Roshko20 and Eiff et al.36 contradict each other,
the present study further looks into the source of vortices in the jet
wake of the EJICF. It is also worth mentioning that almost all the
previous studies on the EJICF are experimental in nature, with Arora
and Saha45 being the exception who performed a direct numerical
study (DNS) at a low Reynolds number (Re = 250).

In general, the Reynolds number encountered in the case of res-
idential chimneys is one order less than those of industrial chimneys
or cooling towers, which are of the order of 105. In both cases, the
associated flow fields are turbulent in nature. In the present study,
the Reynolds number was kept of the order of 104 so that the flow
field becomes turbulent as the crossflow interacts with the jet and
stack, respectively. The literature reveals that for a wall mounted
square cylinder with AR > 3, the flow from the free-end of the cylin-
der does not reach the bottom wall, and with an increase in AR,
the interaction between the bottom wall and flow from the free-
end of the cylinder is minimized. Therefore, the aspect ratio of the
square stack is kept at 7 with a stack thickness of 0.02 in the present
study to avoid the effect of the bottom wall on the flow near the tip
region of the stack. The stack thickness is kept as minimum as pos-
sible to avoid any effect of it on the jet shear layer structures. The
present large eddy simulation (LES) study has been carried out at
a Reynolds number (Re) of 20 000, where Re is based on the outer
width of the square-stack (d) and the free-stream velocity (U∞).
The displacement thickness of the bottom wall boundary layer at

the stack position (in the absence of the stack) is found to be quite
low because of the fact that the incoming velocity profile is taken
to be uniform. In case of application of pollutant dispersion from a
chimney, the wind speed of the crossflow may vary throughout the
day, while the jet velocity is dictated by the thermal draft present
in the chimney. Therefore, the variation in the two velocities alters
the velocity ratio (jet to crossflow velocity ratio, VR). In any particu-
lar day, the velocity ratio of a chimney varies widely as the crossflow
and the thermal field in the chimney change continuously. Tomimic
this situation, four different velocity ratios (VR), namely, VR = 0.5,
1.0, 1.5 and 2.0, are considered in the present study. The details of
both near and far-field flow characteristics are reported with the
help of instantaneous, time-averaged flow field and corresponding
turbulent statistics. To the best of authors’ knowledge, this is the
very first study where a large eddy simulation (LES) is performed
to analyze the characteristic flow features of an EJICF. The present
study also brings out some of the essential and important flow fea-
tures associated with EJICF flows relating downwash and upwash
phenomena.

II. NUMERICAL METHODOLOGY

The flows at high Reynolds numbers have a wide range of tem-
poral and spatial scales. The computation of such a flow requires
an accurate numerical methodology to resolve these scales. With an
increase in the Reynolds number, the size of the smallest of these
scales decreases and hence defines the grid resolution to be used. The
LES turbulence model has emerged as a popular alternative to the
DNS study for high Reynolds number turbulent flows, as the compu-
tational cost associated with the DNS of turbulent flow is extremely
high. The governing equations for the LES are obtained by applying
a spatial filtering operation to the Navier-Stokes equations so that
the smallest and largest scales are clearly separated. The spatial fil-
tering operation has been carried out by decomposition of the flow
field variables as ui ≙ Ũi +u

′

i , where Ũi indicates the filtered/resolved
flow variable and u′i refers to the subgrid scale (SGS) motion. In the
LES approach, Ũi is directly computed on the grid while the effect of
u′i on the large scale is suitably modeled.

The filtered governing equation for the LES is obtained after
using the aforementioned decomposition technique and then apply-
ing spatial filtering operation on the Navier-Stokes equations.46 The
resulting governing equations can be given as follows:

∂Ũi

∂xi
≙ 0, (1)

∂Ũi

∂t
+ Ũj

∂Ũi

∂xj
≙ −

∂p̃

∂xi
+

1

Re

∂
2Ũi

∂x2j
−

∂τij

∂xj
, (2)

where τij ≙ ũ′iu
′

j −ŨiŨj is the SGS stress tensor. The SGS stress tensor

is computed using a “Shear-Improved Smagorinsky” model, where
the anisotropic part of the SGS term is given as

τij ≙
1

3
δijτkk − 2νT S̃ij. (3)

The eddy viscosity νT is given by

νT ≙ (CsΔ)
2(∣̃S∣ − ∣⟨̃S⟩∣), (4)
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TABLE I. Comparison of integral parameters with the LES data of Srinivas et al.50 and Sohankar et al.51 and the experimental

data of Lyn et al.52

Source Re × 104 Cd Cl Crms
d Crms

l Strouhal-number (St)

Present simulation 2.14 2.17 0.0 0.23 1.17 0.131
Lyn et al. 2.14 2.10 . . . . . . . . . 0.132
Srinivas et al. 2.14 2.14 0.0 0.17 1.12 0.135
Sohankar et al. 2.20 2.25 . . . 0.20 1.50 0.130

where Cs is the standard Smagorinsky constant and Δ denotes the

grid spacing, which is given as {(Δx)(Δy)(Δz)}
1
3 . More details

about the “Shear-Improved Smagorinsky” model can be found in
Refs. 47 and 48.

In Eqs. (1) and (2), all length and velocity scales are nondimen-
sionalized by using the outer width of the stack, d, and free-stream
velocity, U∞, respectively. Similarly, the time and pressure are
nondimensionalized by d/U∞ and ρU2

∞, respectively. The numer-
ical technique followed in the present investigation is an improved
version of the Marker and Cell (MAC) algorithm of Harlow and
Welch.49 A second order Adams-Bashforth scheme is used for the
temporal discretization of the convective terms, whereas the dif-
fusion terms used the Crank-Nicolson scheme. The pressure Pois-
son equation is solved using a Gauss-Seidel method with an under
relaxation factor to achieve the desired convergence of the pres-
sure correction process. The equations are discretized on a stag-
gered nonuniform grid such that the velocities are defined at the cell
face to which they are normal and pressure is defined at the cen-
ter of the cells. The convective terms are discretized using weighted
average second order central difference and third order upwind-
biased schemes, and the diffusion terms are discretized using a sec-
ond order central difference scheme. The simulations are carried
out using a finite-difference based in-house code with the Mes-
sage Passing Interface (MPI) frame work. The details of the code
implementation could be found in Ref. 48.

In the literature, no experimental as well as numerical work
is available for a jet ejecting from a square shape stack and only
few experimental studies are available with the jet ejecting from
a circular stack. Since the actual code used here is developed for

the Cartesian coordinate system, simulating a circular stack will
require special techniques such as the immersed boundary method.
Implementing the immersed boundary method would not only have
added more complexities but also have made the computations a lot
more expensive. Therefore, for code validation, two different sets of
problems are chosen: (i) a spatially developing circular free jet at
Re = 10 000 and (ii) flow past an infinite size square cylinder at
Re = 21 400. In the case of the circular free jet, the jet half-width,
radial variation of the time-mean streamwise velocity at various
streamwise locations, radial variation of the Reynolds stress compo-
nents, and radial variation of the components of the triple moment
tensor are compared with the existing literature. The details of
these comparisons can be found in one of the authors’ previous
work.48 For the flow past the square cylinder, the code validation
is performed against the numerical results of Srinivas et al.50 and
Sohankar et al.51 and experimental results of Lyn et al.52 The com-
putational domain and the boundary conditions, for simulating the
flow past the square cylinder, are chosen to be the same as those
of Srinivas et al.50 Table I compares the various integral parame-
ters, such as overall (time- and span-averaged) drag and lift coef-
ficients, rms quantities of lift and drag coefficients, and Strouhal
number, with those of Srinivas et al.,50 Sohankar et al.,51 and Lyn
et al.52 The drag and lift coefficients and their rms values are all
corrected for the blockage according to the Maskell scheme.53 A
goodmatch between the present results and the data in the literature
has been observed. The comparison of time-averaged streamwise
velocity recovery along the wake centerline is shown in Fig. 1(a).
The present study shows a good comparison for the time-averaged
streamwise velocity recovery along the streamwise direction with the

FIG. 1. (a) Time-averaged streamwise
velocity recovery along the wake center-
line. (b) Time-averaged streamwise nor-
mal stress distribution at x = 0.0, 1.0, 1.5,
and 5.0.
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FIG. 2. Three-dimensional computational domain (all the dimensions are scaled
with the stack outer width d).

experimental results of Lyn et al.46 Figure 1(b) shows the distribution
of normal streamwise stress at various streamwise locations. A good
match between the present data and those of Lyn et al.52 and Srini-
vas et al.50 has been observed. Additional validation of the code for
the present geometry has also been undertaken while discussing the
results for the present geometry.

The computational domain is shown in Fig. 2, and the dimen-
sions related to the computational domain are W = 18d, H = 24d,
Lu = 7.5d, and Ld = 18d. The domain extents are so chosen that
the flow field is free from any effect of locations of boundaries. The
aspect ratio of the stack is taken as h/d = 7. The boundary conditions
used in the present numerical simulation are given as follows:

1. A constant uniform streamwise velocity (U∞) of unity is
prescribed at the crossflow inlet, along with v ≙ w = 0.

2. At the outflow boundary of the computational domain, a con-
vective outflow boundary condition given by Eq. (5), proposed
by Orlanski,54 has been used,

∂ui

∂t
+ uc

∂ui

∂x
≙ 0. (5)

Here, ui corresponds to the three velocity components and uc
is the convective velocity at the outflow boundary plane.

3. The bottom surfaces of the computational domain is mod-
eled as a no-slip and impermeable wall, except for the region
enclosed by the stack.

4. At the bottom of the stack (zone from which the jet is issued), a
constant uniform vertical velocity (v) depending on the veloc-
ity ratio is used with other two components of velocity to be
zero (u = w = 0).

5. Both the inner and outer surfaces of the stack are modeled as a
no-slip and impermeable wall.

6. The rest of the confining surfaces, i.e., top, and the two trans-
verse boundary surfaces are modeled as free-slip boundaries.

Nonuniform orthogonal grids with clustering of grid points
near the bottom-wall as well as near all the solid walls of the stack
and stack exit have been used in the present computation. The min-
imum grid size near the bottom wall, stack surfaces, and stack exit is
kept at 0.004. The cells are then stretched away in a proper manner
such that a reasonable balance between accuracy and computational
effort could be maintained. It is essential to show that the computa-
tional results revealing the dynamics of EJICF are independent of the
grid size. Therefore, a grid sensitivity test is carried out using three
different grid sizes, namely, 218 × 192 × 174 (coarse), 266 × 237
× 206 (intermediate), and 314 × 282 × 242 (fine), for the computa-
tional domain shown in Fig. 2. The near wall spacing for the three
different grid sizes, i.e., coarse, intermediate, and fine, is chosen to
be 0.01, 0.004, and 0.0025, respectively. The details of the grid sensi-
tivity test are shown through the time-averaged streamwise velocity
recovery along the centerline on the plane y/d = 6.3 and the span-
wise variation of the time-mean shear stress component (u′v′) at the
axial location, x/d = 5.0, on the symmetry plane (z/d = 0) [Figs. 3(a)
and 3(b)] for the three grid sizes. The predictions by the intermedi-
ate and finest grid are found to have a close match. Therefore, the
results obtained by using the grid 266 × 237 × 206 are considered to

FIG. 3. Grid independence test: (a) vari-
ation of the time-averaged streamwise
velocity along the centerline on the plane
y/d = 6.3 and (b) spanwise variation of
the time-mean shear stress component
(u′v′) at an axial location, x/d = 5.0, on
the symmetry plane z/d = 0.
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be grid-independent and hence used for all the simulations carried
out in the present study.

III. RESULTS AND DISCUSSION

In this section, the results of LES are analyzed to provide an
insight into the effect of velocity ratio on the flow field dynamics
of EJICF. The investigation includes the effect of velocity ratio on
the modes of shedding of stack wake, jet shear layer structures, jet
wake structures (analyzed from instantaneous data), time-averaged
flow field, and turbulent fluctuating fields. However, before that the
associated flow structures in the case of EJICF are discussed in brief.

The instantaneous isocontour of λ2 is plotted in Fig. 4 show-
ing the highly complex vortex flow pattern in the case of an EJICF
at velocity ratio VR = 2. The vortex flow pattern reveals the pres-
ence of multiple horseshoe vortex structures in-front of the stack
formed due to the separation of the boundary layer in-front of the
stack. The bottom-wall vortices are also observed in the wake region
of the stack. In the wake region of the stack, the shedding structures
from one side of the stack are found to be connected to those on the
opposite side through the riblike structures. Both the stack wake and
the jet wake structures show the presence of hairpin type of struc-
tures. On the sidewall of the stack, the separating shear layers seem
to undergo a Kelvin-Helmholtz type instability creating stack shear-
layer vortices that seem to extend over the full span of the stack.
The jet issuing from the stack interacts with the crossflow, leading
to the formation of jet shear-layer vortices. The source of vorticity
in the case of jet shear-layer structures and their dependency on the
velocity ratio (VR) are also discussed in Sec. III B.

A. Stack wake

In this section, the mode of shedding along the stack height of
an EJICF is analyzed using both the instantaneous and phase aver-
aged spanwise vorticity (ωy) fields. It is observed that the mode of
shedding in the stack wake of the EJICF is dependent on the jet to
crossflow velocity ratio (VR). Similar to the wake of a wall mounted

finite-length square cylinder,55–58 the stack wake of an EJICF shows
two different modes of shedding, namely, symmetric and antisym-
metric modes. The antisymmetric mode of shedding is found to be
the dominant mode of shedding in the stack wake with the symmet-
ric mode of shedding occurring intermittently in-between. Similar
observations for the wake of a wall mounted finite-size square cylin-
der were reported earlier by Wang and Zhou57 (for a high Reynolds
number,Re = 9300) and Behera and Saha58 (for a lowReynolds num-
ber, Re = 250). As suggested earlier, the mode of shedding in the
stack wake of the EJICF is closely related to the velocity ratio (VR),
where the symmetric mode of shedding is found to occur only at a
low velocity ratio, VR = 0.5. At higher velocity ratios, VR ≥ 1.0, only
antisymmetric mode of shedding is observed in the stack wake with
no evidence of symmetric mode of shedding. To analyze the sym-
metric and antisymmetric shedding behavior of the stack wake at
VR = 0.5, the instantaneous spanwise vorticity field on the horizontal
plane, y/d = 5.6, is plotted in Fig. 5.

From Fig. 5, it is observed that the near wake of the stack on
the plane y/d = 5.6 shows the presence of both symmetric and anti-
symmetric modes of shedding at two different instances of time.
However, away from the near wake, the antisymmetric mode of
shedding is observed to be dominant at all time instances. It is also
found that the symmetric and antisymmetric mode of shedding is
more of a phenomenon associated with the upper half of the stack
wake compared to the lower half. It is found that the stack wake up
to a vertical height of y/d = 4.2 from the bottom wall shows only the
presence of antisymmetric modes of shedding, while beyond it, both
symmetric and antisymmetric modes of shedding were observed at
VR = 0.5. The absence of symmetric modes of shedding up to the
vertical height of y/d = 4.2, at low velocity ratio VR = 0.5, may be
largely due to the weak downwash experienced by the stack wake
up to the same vertical height, i.e., y/d = 4.2, while the strength
of downwash is expected to be stronger in the remaining vertical
length of the stack height. Similar arguments for the occurrence of
symmetric modes of shedding, in the case of a wall mounted finite-
size cylinder wake, was given by Behera and Saha.58 They showed

FIG. 4. Isocontour of λ2 colored with the
streamwise velocity at the velocity ratio,
VR = 2.
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FIG. 5. Instantaneous contour of the
spanwise vorticity (ωy ) on the horizon-
tal plane, y/d = 5.6, at velocity ratio VR
= 0.5: (a) antisymmetric mode of shed-
ding and (b) symmetric mode of shed-
ding.

that for a finite-size square cylinder of aspect ratio AR = 7, the sym-
metric mode of shedding is strongly dependent on the strength of
downwash or upwash flow experienced by the flow from the cylinder
free-end or bottom-wall, respectively. They also revealed that as the
wake experiences the maximum downwash/upwash flow, symmet-
ric mode of shedding occurs; otherwise, the antisymmetric mode of
shedding persists. With the increase in the velocity ratio in the case
of EJICF, the downwash effect gradually decreases as the jet pushes
deeper into the crossflow and thereby increases the effective height
of the stack. Consequently, this higher effective stack length sup-
presses the strength of the downwash flow from the top of the stack.
Figure 6 presents the variation of the strength of the downwash flow
with increasing velocity ratio.

Figure 6 shows the phase-averaged isosurfaces of the negative
vertical velocity, representing the downwash flow for all the four
cases considered in the present study. Clearly, Fig. 6 illustrates that
as the velocity ratio increases, the strength of the downwash flow
decreases. Thus, at VR ≥ 1.0, only an antisymmetric mode shedding
was observed along the height of the stack. Although the presence
of both symmetric and antisymmetric modes of shedding behind a
wall-mounted finite-size cylinder was reported earlier, but a sim-
ilar phenomenon for the stack wake of an EJICF at low VR was
never reported earlier. Huang and Lan,38 Said et al.,40 and Arora

and Saha45 discussed about the presence of antisymmetric mode
of shedding in the stack wake of an EJICF for VR < 1.0 but never
showed or discussed about the presence of symmetric mode of shed-
ding. To the best of our knowledge, it is the very first instance where
the presence of both antisymmetric and symmetric modes of shed-
ding is reported for the stack wake of an EJICF. We believe that
as the velocity ratio is increased gradually, the stack wake shows
the characteristics of the wake of an infinite cylinder. However, as
the velocity ratio is decreased, the stack wake becomes more simi-
lar to the wake behind a wall-mounted finite-size cylinder. A wall
mounted finite-length cylinder could be approximated as a special
case of an EJICF, with VR = 0, where the downwash experienced by
the stack wake is maximum and its strength gradually decreases with
an increase in VR.

It should also be noted that the occurrence of symmetric and
antisymmetric modes of shedding is also going to affect the load-
ing or force acting on the stack, which could be very essential from
the point of the structural design of stack. In the present study at
a low velocity ratio, i.e., VR = 0.5, when both symmetric and anti-
symmetric shedding are observed in the stack wake, the drag and
lift force acting on the stack are found to be different. The tem-
poral variation of the lift force acting on the stack for VR = 0.5
is shown in Fig. 7 where it reveals periods of high amplitudes of

FIG. 6. Isosurface of the phase-averaged
negative vertical velocity (v = −0.2) for
various velocity ratios: (a) VR = 0.5, (b)
VR = 1.0, (c) VR = 1.5, and (d) VR = 2.0.
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FIG. 7. Time-history of lift force (Cl ) acting on the stack outer surface at velocity
ratio VR = 0.5. The circled zone represents periods with lower amplitudes of Cl .

Cl along with instances of lower amplitudes occurring in-between.
The duration and frequency of occurrence of lower amplitudes are
found to be small compared to the higher amplitudes, and it is dur-
ing these periods of low amplitude, symmetric mode of shedding
occurs in the near wake of the flow; otherwise, antisymmetric mode
of shedding prevails. The symmetric mode of shedding occurs inter-
mittently for a short duration of time, and the repetition rate (or
number of appearance) is quite small in comparison to the asym-
metric mode of shedding, and hence, it does not have a fixed time
interval associated with it. Similar to the lift force, the drag force is
also found to be lower during the occurrence of symmetric modes
of shedding compared to that during the antisymmetric modes of
shedding.

B. Jet shear layer structure

An important flow feature of an EJICF is the jet shear layer
structures. It is believed that for an EJICF, the shear layer coming out
of the stack or the pipe undergoes Kelvin-Helmholtz type instability
and separates from the edge of the stack, giving rise to the jet shear
layer vortices.40 It is also reported that the shear layer coming out of
the stack rolls up at both the upwind and lee side of the stack, lead-
ing to the jet shear layer vortices, and the vorticity associated with
these rolling is of the same sign as that of the stack inner wall shear
layer vorticity.21,25,40,59 For a JICF, irrespective of the jet to crossflow
velocity ratio (VR), the jet shear layer vortices seem to draw its vor-
ticity from the inner wall shear layer of the stack. However, for an
EJICF, these findings are not necessarily true at all the jet to cross-
flow velocity ratios. The present sets of simulations for an EJICF for
four different conditions of velocity ratios, i.e., VR = 0.5, 1.0, 1.5,
and 2.0, highlight this aspect of the flow phenomenon, which was
never reported earlier. Figure 8 shows the instantaneous jet shear
layer of the EJICF for four different velocity ratios considered in the
present study. The instantaneous shear layer plots shown in Fig. 8,
for the four different values of VR, belong to the same phase of the
instantaneous data. For VR = 0.5 [Fig. 8(a)], one can clearly observe
that the upwind side of the jet shear layer is constantly fed with vor-
tices developing on the front outer surface of the square cylinder or
stack. However, as the velocity ratio is increased from VR = 0.5 to
2.0, the boundary layer vorticity coming out of the stack, formed on
the inner walls of the stack, then becomes a dominant source of vor-
ticity for the upwind side jet shear layer vortices. However, on the
lee side, the jet shear layer always seem to have its vortices drawn
from the boundary layer or shear layer formed at the internal walls
of the stack. At VR = 0.5, one can observe that the incoming flow

FIG. 8. Instantaneous contour of
transverse-vorticity (ωz) component
showing the jet shear layer vortices on
the symmetry plane z/d = 0 for various
velocity ratios: (a) VR = 0.5, (b) VR
= 1.0, (c) VR = 1.5, and (d) VR = 2.0.
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separates at the front edge of the cylinder and rolls up to form the
jet shear layer vortices having close resemblance to that of free-jet
wake vortices on the upwind side of the jet. Although the jet shear
layer on the upwind side mostly draws its vortices from the outer
front surface of the stack, still weak secondary flow vortices having
their origin in the boundary layer of the stack inner wall can also
be seen [Fig. 8(a)]. It is observed that, near the upwind side, a posi-
tive vorticity field is associated with the shear layer of the front outer
surface of the stack, while a negative vorticity field is associated with
the boundary layer developed on the inner surface of the stack. At
VR = 0.5, the jet fluid does not have enough momentum to sustain
the impact of the highmomentum crossflow. Hence, the stack inner-
wall boundary layer coming out of the stack is pushed back into the
stack itself, near the upwind side of the stack. As a result, atVR = 0.5,
a positive vorticity field is found to be dominant at the upwind side
of the jet shear layer. However, at higher VR, the inner stack bound-
ary/shear layer coming out of the stack has enough momentum to
sustain the impact of the crossflow, and hence, a negative vorticity
field associated with the upwind side of the jet shear layer is found
to dominant at higher velocity ratios. A small recirculation bubble is
also observed closer to the stack exit for VR = 0.5, near the upwind
side of the stack, and is found to be unsteady in nature. This recir-
culation bubble is shown and discussed later in the time-averaged
flow field for VR = 0.5 in Sec. III D. However, at a higher velocity
ratio, i.e., VR = 1, this recirculation bubble was only observed in the
instantaneous flow, whereas it almost became flat and appeared very
close to the inner front surface of the stack in the time-averaged flow
field. At VR > 1.0, this recirculation vortex disappears completely in
both instantaneous and time-averaged flow fields. This is probably
due to the higher momentum of the jet that could resist the impact
of crossflow and penetrates deeper into it, thereby avoiding the cre-
ation of the recirculation zone near the exit of the jet. In contrast to
VR = 0.5, the upwind side of the jet shear layer at VR = 1.0 seems to
draw its vortices from the shear layer developed on both the inner
and outer front surfaces of the stack, and hence, a little away from
the jet exit, one can clearly observe the alternate positioning of the
inner and outer stack shear layer vortices. AtVR = 1, both the jet and
crossflow fluid have a similar momentum; as a result, the crossflow
is not strong enough to suppress the upwind side shear layer coming
out of the inner surface of the stack. Although a recirculation zone
is created near the stack exit under the influence of crossflow, but
it is not strong enough to completely suppress the stack shear layer
coming out of the stack exit. As a result, both the shear layers, outer

and inner, roll up near the upwind side of the stack and contribute to
the jet shear layer vortices at the upwind side of the stack. At higher
velocity ratios, i.e., VR > 1, it is observed that the stack shear layer
coming out of the stack rolls up near both the ends of the stack
(upwind and lee side) and form the jet shear layer vortices similar
to the JICF. At higher velocity ratios (VR > 1), the high momentum
shear layer coming out of the stack penetrates deeper in to the cross-
flow and pushes the leading edge shear layer upstream and then rolls
up to form the upwind side jet shear layer vortices. However, for all
the cases of VR, it is observed that the lee side of the jet shear layer
always draws its vortices from the boundary layer developed within
the lee side of the stack inner wall. It is also found that the vortices in
the upstream side of the jet shear layer are more regular in compari-
son to the downstream shear layer, where the rolling up of the shear
layer is quite irregular. The vertical distance away from the stack,
where the vortices from both the upwind and downwind sides of the
jet shear layer interacts are seen to be dependent on the VR as it is
found to increase with increasing VR. However, the axial or stream-
wise location where the vortices from both upwind and downwind
sides of the jet shear layer interact is found to oscillate. For VR
= 1.5 and 2.0, vortices from the upwind and downwind shear lay-
ers interact in a manner such that a gap in the jet flow of the order
of stack width is observed (see Fig. 9). Similar observations were also
reported in Ref. 25 in their LES study for a JICF at VR = 2.0 and
3.3. As suggested in Ref. 25, this gap on the upstream side of the
jet shear layer is important for entrainment of the crossflow fluid by
the jet.

C. Jet wake

The jet wake structures of an EJICF is found to be more com-
plex in nature in comparison to the stack wake. To analyze the jet
wake structures, a phase-averaging technique is used, where peri-
odicity associated with the stack wake is used to define the phases.
To ensure that the number of shedding cycles considered for phase
averaging is sufficient enough, a shedding cycle independency test is
performed with two different numbers of shedding cycles, namely,
40 and 50 cycles. It is found that phase-averaging done with 40 and
50 shedding cycles, respectively, produces almost the same results,
and hence, a shedding cycle of 50 was chosen for phase-averaging.
To carry out the phase averaging, the time-signal of the lift force (Cl)
acting on the stack external surface is considered as the reference sig-
nal. It has been found that the shedding frequency associated with
the jet wake and stack wake, for the EJICF, remains the same and

FIG. 9. Instantaneous contour of
transverse-vorticity (ωz) component
showing the jet shear layer vortices on
the symmetry plane z/d = 0 for (a) VR
= 1.5 and (b) VR = 2.0. The arrows
indicate the gap in the jet shear layer.
Dotted contour lines indicate negative
values.
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FIG. 10. Time-history of coefficient of lift
(Cl ) for VR = 2.0. The circled points rep-
resented by A and B represent the two
opposite phases considered for phase
averaging.

is discussed in detail later. The shedding frequency (Strouhal num-
ber, St) calculated using the velocity signals probed in the jet wake
and stack wake gives the same dominant frequency as that calculated
from the time-signal of lift force. Moreover, the signal of the lift coef-
ficient is clean because it is a surface-averaged quantity. Therefore,
the time-signal of Cl is chosen for calculating the phase-averaged
flow field of both the stack wake and jet wake. Figure 10 shows the
time series data of Cl and the two exactly opposite phases denoted
by A and B at which phase-averaging are carried out. In the present
study, the jet wake is identified as the zone just above the stack wake
and below the bent-over jet, which is generally adopted definition
in the open literature. Figure 11 shows the isosurfaces of phase-
averaged vortical structures (λ2-criterion) colored with the spanwise
vorticity (ωy) for all the four cases of velocity ratios. From Fig. 11, it is
clearly visible that at lower VR, there is a strong interaction between
the bent-over jet and the stack wake, and it becomes very difficult
to distinguish the jet wake from the stack wake. However, with an
increase in VR, the effective length of the stack increases and the jet
wake becomes distinguishable [see Fig. 11(d)].

As discussed earlier, the low amplitude fluctuation during the
symmetric mode of shedding is random lasting for a short duration,
and the phase-average flow field carried out at the two chosen phases

is expected to be antisymmetric. From Fig. 11(d), one can infer that
similar to a stack wake, the jet wake also shows an antisymmetric
mode of shedding. Similar antisymmetric modes of shedding were
also reported by Kelso et al.21 and Fric and Roshko20 for the jet wake
of a JICF. These vortices in the jet wake of an JICF are often referred
to as upright vortices in open literature. For a JICF, it has been long
debated that whether the jet can shed some of its vortices or not.
While Moussa et al.6 and Smith et al.60 advocated that the jet can
shed some of its vortices, Fric and Roshko20 and Kelso et al.21 argued
that the jet cannot shed any of its vortices (no jet vortices are seen in
the jet wake) and the vortices seen in the jet wake of an JICF have
their origin in the wall boundary layer. However, the possibility of
the existence of both jet vortices and wall vortices in the jet wake
of a JICF has never been explored. The present study for an EJICF
explores the possibility of the existence of both jet vortices and stack
wake vortices in the jet wake. Similar to the JICF, where the wall
boundary layer vortices are pulled into the jet wake to form the jet
wake vortices,20,21 in the case of EJICF, stack wake vortices are pulled
into the jet wake to form the jet wake vortices due to the low pressure
associated with the bent over jet. Figure 11(d) shows the formation
of jet wake vortices, where the regions circled with the black line
represent the jet wake vortices. These jet wake vortices are seem to

FIG. 11. Isosurfaces of phase-averaged
vortical structures for velocity ratios: (a)
VR = 0.5, (b) VR = 1.0, (c) VR = 1.5, and
(d) VR = 2.0. The circled portion in VR
= 2.0 highlights the jet wake structures.
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be formed from the stack wake vortices and have their origin in the
separating shear layer of the outer stack surfaces. The present study
also reveals that, for an EJICF, the jet coming out of the stack itself
loses some of its vortices to the jet wake, as suggested by Moussa
et al.6 and Smith et al.60 Fric and Roshko20 pointed out that vorticity
cannot be generated at the interface of two homogeneous fluids with
the same density but must be generated at the interface of a solid
and fluid. Thus, for an EJICF, the jet vortices must have their origin
in the boundary layer at the inner walls of the stack.

To reconfirm that the jet wake contains vortices from both the
stack wake and the jet itself, the phase averaged contours of spanwise
vorticity (ωy) at various spanwise planes (x-z planes) are plotted in
Fig. 12. The spanwise vorticity contours shown in Fig. 12(a) in the
stack wake region, i.e., at y = 3.5d, reveal a close resemblance to the
wake behind an infinite cylinder as expected. However, as onemoves
close to the stack exit, the flow field shows a shedding pattern that
largely remains antisymmetric in nature but without any evidence
of the shedding pattern generally observed behind an infinite cylin-
der. The vorticity contours in Fig. 12(b) show the distribution on
one such plane close to the stack exit, y = 6.5d, where the wake width
is found to have narrowed down significantly compared to the stack
wake presented in Fig. 12(a). On the stack exit plane, y = 7.0d, shown

in Fig. 12(c), the jet shear layer and the stack shear layer are found
to coexist in the near wake, where the wake is expected to draw its
vortices from the jet shear layer. On the jet wake plane, shown in
Fig. 12(d), one would expect the presence of only jet shear layer vor-
tices in the near wake, but the presence of another pair of shear layer
similar to that seen on the planes, y = 6.5d and 7.0, is also observed.
The authors believe that these shear layers are different from those
of the jet shear layer and arise because the bent-over jet pulls the
vortices from the stack wake to form the jet wake. Therefore, these
shear layers are referred to as trails of the stack wake shear layer in
the present context. These findings also reconfirm our earlier claims
that the jet wake draws its vortices from both the stack wake and the
jet itself. As we move away from the jet wake to the bent-over jet
region, the trails of the stack shear layer vortices vanish in the near
wake, and in the bent-over jet region, i.e., vertical plane y = 8.6d,
only jet vortices associated with the bent-over jet are observed [refer
to Fig. 12(f)].

Although the stack wake vortices and jet vortices are found
to coexist in the jet wake, the stack wake influences the shedding
frequency associated with the jet wake. Through the experimen-
tal works, Eiff et al.36 showed that there is an one-to-one lock-in
between the vortices from the jet wake and stack wake. They also

FIG. 12. Phase-averaged contours of the
spanwise vorticity (ωy ) on the horizontal
planes (a) y/d = 3.5, (b) y/d = 6.5, (c) y/d
= 7.0, (d) y/d = 7.2, and (e) y/d = 7.6, and
(f) y/d = 8.6 for velocity ratio VR = 2.0.
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FIG. 13. Variation of the Strouhal number along the vertical axis on the symmetry
plane (z/d = 0) at streamwise locations (a) x/d = 2.5 and (b) x/d = 5.5 for velocity
ratio VR = 2.0.

advocated that the jet diameter has a little effect on the frequency
centered activity in the jet wake and it is the stack wake that con-
trols the frequency centered activity. The present study also agrees
with the findings of Eiff et al.,36 where both the stack wake and

jet wake, for VR = 2.0, are observed to shed with the same domi-
nant frequency, where the associated nondimensional frequency or
Strouhal number, St, is found to be 0.124. It is also observed that
the Strouhal number associated with the flow of an EJICF remains
the same throughout the stack wake and jet wake. The power spec-
tra related to the flow field behind an EJICF, across the stack wake
and jet wake, for VR = 2.0, are shown in Fig. 13. The power spectra
plot clearly shows that the Strouhal number (St) remains constant
across the stack wake as well as the jet wake. The fixed frequency
or Strouhal number, along the height of the square shaped stack, is
found to be similar to the earlier findings for a wall mounted finite
size square cylinder, where a fixed frequency is observed across the
height of the cylinder through the presence of the jet wake. The one-
to-one lock in between the stack wake and jet wake can also be noted
from the phase averaged spanwise vorticity plots on the planes, y
= 6.5d, 7.0d, and 7.2d, and shown in Figs. 12(b)–12(d) where the
opposite signed shear layers are found to be in phase and extend
almost equal distance in the streamwise direction.

The phase-averaged stream-traces are plotted in Fig. 14 in two
opposite phases for VR = 2.0. From two views of the figures at two
different phases, it is obvious that as expected, the phase-averaged
field reveals the coherent motion of the flow. The undulation of
the wake called Kármán is quite distinct in the downstream of the
stack. Similarly, the formation of large scale vortices, which even-
tually becomes CRVP, created due to the interaction of the jet and
crossflow is visible near the jet exit region. A close examination of
the region near the tip of the stack shows that the shedding of the jet
wake is weaker compared to the counterpart of the stack wake. At the
same time, the downward movement of the stream-traces provides
the evidence of the downwash flow in the stack wake region.

Based on the above analyses, the typical phase-averaged flow
structure model associated with the EJICF is shown in Fig. 15. The
horseshoe vortex, bent-over jet, CRVP, jet wake vortices, and stack
wake vortices and their location and interaction are detailed in the
sketch. The stack wake structures that shed from the opposite sides

FIG. 14. Phase-averaged three-
dimensional stream-traces at two
exactly opposite phases, Phase A and
Phase B, respectively, for VR = 2.0.
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FIG. 15. Model of the flow structure around an elevated-jet in crossflow (EJICF).

of the stack are connected to each other through a connector strand
similar to that observed in a wall-mounted finite-size cylinder.61 It
should be highlighted here that to satisfy the solenoidal condition of
vorticity vectors, the vortex lines cannot end in a flow and should
end at a wall or free-surface or must be interconnected. Therefore,
similar to the stack wake structures, the jet wake structures that shed
alternatively must also be interconnected in some manner in the
bent-over jet region. The details of this interconnection between the
alternatively shedding jet wake structures are beyond the scope of
the present work. Thus, the present flow model proposed here is an
approximation of the actual phase-averaged model. Although vari-
ous flow structures are shown in the sketch, our emphasis is on the
jet wake vortices and stack wake vortices. In particular, the relation
between the jet wake and stack wake is clearly established, which was
not described in the open literature for an EJICF.

D. Flow statistics

Figure 16 shows the time-averaged streamlines on the plane
of symmetry z/d = 0. The time-averaging of data was done over
a period of 1000 nondimensional time units, which are found to
be independent of the averaging time. The streamline plots on the
plane of symmetry, depending on the value ofVR, reveal three major
types of flow pattern in the wake region of an EJICF, namely, “down-
wash dominated flow,” “cross-wind dominated flow,” and “jet domi-
nated flow.” Figure 16(a) shows the downwash dominated flow at
VR = 0.5, where the jet coming out of the stack does not possess
enough momentum to sustain the impingement by the crossflow
and hence is deflected toward the downstream wake region of the
stack. It is also observed that the streamlines emitting from the stack
form a vortex above the stack in the jet wake area, called jet wake
vortex. The formation of this vortex is attributed to the interaction
between the jet shear layer and the downwash imposed by the cross-
flow. Huang and Hsieh42 also reported the presence of the jet wake
vortex for VR = 0.43 and Rec = 2074. They also showed that a bifur-
cation line that separates the recirculation zone (flow with negative
streamwise velocity) from the forward moving flow, in the stack
wake, evolves from the streamlines within the stack. However, in the
present study, the bifurcation line seems to originate from a node
pointN′ present in the stack wake. The difference in the origin of the
bifurcation line in the present study and that of Huang and Hsieh42

could be due to the difference in the Reynold number, aspect ratio,
and shape of the cylinder. Near to the front inner face of the stack,
just below the stack exit, a small vortex H is observed. This small
vortex (H) was found to be absent for all the other cases of veloc-
ity ratio considered in the present study. At VR = 0.5, the vortex
H is formed as the jet coming out of the stack is pushed back into
the stack by the higher momentum crossflow near the front face of
the stack. Kelso et al.21 also observed a similar vortex for a JICF, at
VR = 2.3 and Rec = 940, called hovering vortex, above the jet exit
plane near the upwind side of the jet shear layer. As the value of

FIG. 16. Time-averaged streamlines on
the symmetry plane (z/d = 0) for various
cases of velocity ratios: (a) VR = 0.5, (b)
VR = 1.0, (c) VR = 1.5, and (d) VR = 2.0.
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velocity ratio is increased to VR = 1, the jet penetrates little more
into the crossflow than that at VR = 0.5, thus leading to shifting of
the jet wake vortex higher in the crossflow. It is also noted that the
stack wake height becomes more in the downstream because of the
higher penetration of the jet compared to the case of VR = 0.5. The
other major notable difference between the downwash dominated
and crossflow dominated flow is that, in the case of downwash dom-
inated flow (VR = 0.5), a few streamlines coming out of the stack or,
in other words, partial flow from the stack participate in the forma-
tion of the jet wake vortex, whereas for the crossflow dominated flow
(VR = 1.0), jet flow emanating from the stack does not contribute to
the jet wake vortex phenomenon. It is found that the flow originat-
ing from the nodeN′, present in the stack wake, connects itself to the
jet wake vortex, suggesting the jet vortex being fed partially by the
node for its sustenance. For VR > 1, the flow is addressed as jet dom-
inated flow and the jet originating from the stack is found to have
enough momentum to sustain the impact of the crossflow leading
to its smaller deflection toward the downstream direction. As the jet
moves up in the vertical direction after its exit from the stack, it grad-
ually loses its momentum to the crossflow and bends significantly
in the streamwise direction beyond a vertical distance of y/d > 9.
Unlike the downwash dominated flow and crosswind dominated
flow, no evidence of any jet wake vortex and the associated saddle
point is observed in the case of the jet dominated flow. This may be

probably due to the strong shear associated with the jet that may
have stretched away the jet wake vortex and the associated saddle
point. Also, viscous diffusion, which is effective at small scales, is
responsible for their disappearance. However, the node N′ exists
between the stack wake and jet wake with only difference being its
relative position. It is also observed that the bifurcation line, separat-
ing the recirculation zone and forward flow, comes closer to the rear
face of the stack with increasingVR. Huang andHsieh42 reported the
flow topology on the symmetry plane for VR = 2.02 and advocated
that it falls in a transitional regime, where a stack wake recircula-
tion bubble is also present. They also highlighted that in the regime,
1.90 ± 0.03 < VR < 5.90 ± 0.10, the flow topology of the symmetry
plane varies, and they categorized it as different types of flow such
as type 1, type 2, type 3, and type 4. However, the present study at
VR = 2.0 does not show any kind of stack wake recirculation bubble
in the wake region of the stack. It is also observed that the symme-
try plane topology in the present study for the jet dominated flow
(VR = 1.5 and 2.0) has close similarity to the jet dominated flow (VR
= 9.37 and 17.36) topology of Huang and Hsieh.42 The difference
in the value of VR for the jet dominated flow regime in the present
study and that of Huang and Hsieh42 may be attributed to three
major factors, i.e., the Reynolds number, the aspect ratio (AR) of
the cylinder, and the stack cross-sectional shape. While the present
study uses a stack with square cross section and aspect ratio AR = 7,

FIG. 17. Time-averaged vectors and
contours of λ2 criterion showing the
streamwise evolution of CRVP on vari-
ous streamwise planes: (a) x/d = −0.4,
(b) x/d = 0.0, (c) x/d = 0.4, and (d) x/d
= 4.0.
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Huang and Hsieh42 used a circular tube with the aspect ratio as large
as AR ≈ 16.

In order to investigate the spatial evolution of counter-rotating-
vortex-pair (CRVP), the time-averaged velocity vectors and con-
tours of λ2, forVR = 2, are plotted in Fig. 17 at various planes normal
to the streamwise direction. The formation of CRVP in the case of
an EJICF is found to be similar to that of a JICF, where the roll-up
of the lateral jet shear layer emanating out of the stack indicates the
beginning of the inception of CRVP. Figure 17(a) shows the initia-
tion of CRVP on the plane x/d = −0.4, where the vector plot reveals
a mushroomlike flow structure with lateral folding of the jet shear
layer (more clearly represented by the contours of λ2) coming out
of the pipe. The subsequent plots in Fig. 17 reveal the gradual evo-
lution of the CRVP in the downstream direction of the jet. These
findings from the present study are found to be consistent with the
experimental findings of Haven and Kurosaka62 and numerical stud-
ies of Sau et al.63 for a JICF. The process of evolution of CRVP for
all other cases of VR is also found to be similar to that of VR = 2
and is not shown here. Although the process of evolution of CRVP
is found to be similar at all the values ofVR considered in the present
study, but the overall strength of the CRVP is found to increase with
increasing VR.

The time-averaged stream-traces capturing the important flow
features associated with the EJICF are presented in Fig. 18, where
the different stream-traces have different sources of origin for
VR = 2.0. The plot reveals rapid spiraling of stream-traces near both
the sidewalls of the stack, stack wake region, jet wake region, and in

the region of CRVP. The green stream-traces in Fig. 18 reveal the
presence of a pair of symmetrically placed recirculation bubbles on
either side of the stack outer walls with opposite sense of rotation.
These symmetrically placed recirculation bubbles are formed due to
the separation of flow at the leading edges of the square stack and
their subsequent reattachment to the cylinder walls. The blue, red,
and pink spiraling stream-traces along the stack height represent the
stack wake recirculation region. The blue stream-traces also reveal
that in the near wake of the stack wake, within the recirculation zone
of the stack, the wall vortices developed on the bottom-wall are also
seen to be drawn into the wake of the stack. The top view of the
stream-traces plot reveals that a group of stream-traces (pink) spi-
rals rapidly to represent the counter-rotating-vortex-pair, C1 and
C2. It is already discussed that the lateral jet shear layer coming
out of the stack rolls up near the jet exit to initiate the formation
of CRVP. The stream-traces plotted here show that as the CRVP
develops, it entrains fluid from the stack wake and grows in size as
it moves downstream. The two vortices that form the time-averaged
CRVP are found to be symmetric. However, the phase-averaged flow
field reveals the CRVP to be asymmetric. This also confirms that
the CRVP is strongly influenced by the stack wake in the case of an
EJICF.

The topology of the flow field on the various horizontal planes
across the span of the stack is presented through two-dimensional
streamlines drawn using in-plane velocity components in Fig. 19 for
VR = 2.0. The size of the recirculation region adjacent to the two
transverse sides in the stack wake remains almost constant across

FIG. 18. Time-averaged stream-traces for VR = 2.0.
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FIG. 19. Time-averaged streamlines on
various horizontal planes for VR = 2.0.

the stack height or span except close to the free-end of the stack
[Figs. 19(a)–19(d)]. However, the recirculation bubbles at the rear
side of the stack vary though not significantly along the span of
the stack, which is also quite obvious from streamlines on the mid-
transverse plane shown in Fig. 16. As we move close to the jet exit

plane [Figs. 19(e) and 19(f)], the symmetrically placed recircula-
tion bubbles are found to get elongated in the streamwise direc-
tion with a decrease in its width. Therefore, the size of the recir-
culation length in the wake region close to the stack exit plane,
y/d = 6.5 and y/d = 7.1, is found to be higher than that of the stack
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wake. As discussed earlier, the CRVP entrains fluid from the stack
wake through the jet wake as it develops spatially in the flow direc-
tion. Therefore, to satisfy the law of mass conservation, a strong
entrainment of free-stream fluid from all the sides to the wake region
close to the jet exit plane region is observed. As a result, the recircu-
lation bubbles in the region close to the jet exit plane get elongated in
the streamwise direction while their overall width decreases in size.
In Figs. 19(a)–19(e), the symmetrically placed recirculation bubbles
with opposite sense of rotation are called stack wake recirculation
bubbles represented as RB1 and RB2, respectively. The jet wake
recirculation bubbles on the plane y/d = 7.1 and shown in Fig. 19(f)
are represented as JRB1 and JRB2, respectively. The recirculation
bubbles, CR1 and CR2, shown in Figs. 19(g) and 19(h) actually rep-
resent the CRVP. As discussed earlier, recirculation regions are also
observed on the sides of the stack wall due to flow separation at the
leading edge of the stack, which is found to be absent in the region
of the jet exit plane, y/d > 7.0. Therefore, it suggests that the forma-
tion of the jet wake vortices is fundamentally different from that of
the flow past solid obstacles, and thus, the earlier analogies32 that the
vortex shedding in the jet wake is similar to that of solid obstacles
may not be true. Apart from this primary recirculation regions, rep-
resented as P1 and P2, respectively, secondary recirculation regions
having an opposite sense of rotation to that of the primary recircu-
lation regions are also found to be present adjacent to the transverse
walls of the stack along the stack height or span. This secondary
recirculation region, S1, on one to the planes, y/d = 1.5, is shown
in Fig. 19(a). The sidewall recirculation bubbles and the wake recir-
culation bubbles along the stack height are found to be separated
by the presence of a saddle point, which is represented by the green
bullets in Figs. 19(a)–19(d). Apart from that, the forward accelerat-
ing flow and the recirculation regions in the wake region are found
to be separated by the saddle point represented by the pink bul-
lets in Figs. 19(a)–19(h). Along the height of the stack, half saddle

points are also observed, which are represented by the blue bullets in
Figs. 19(a)–19(e).

The time-averaged three-dimensional vortex structures cap-
tured using λ2 criterion for different velocity ratios are shown in
Fig. 20. The vortex structures for all cases of velocity ratios clearly
reveal the formation of a pair of streamwise vortex structures having
opposite sense of rotation near the tip region of the stack. These tip
vortex structures are associated with the connector strand that con-
nects the stack wake structures that shed from either side of the stack
surfaces (refer to Fig. 15). In case of higher velocity ratios (VR ≥ 1),
another pair of streamwise vortex structures having opposite sense
of rotation is also observed in the jet wake region of the EJICF. These
streamwise structures are associated with the evolution of the CRVP.
The evolution and strength of these two pairs of streamwise struc-
tures and their dependency on the velocity ratios on the streamwise
planes are also shown through the vector plots in Fig. 21.

The time-averaged velocity vector on a cross-stream location
x/d = 6 has been shown in Fig. 21. The vector field for VR = 0.5
reveals the presence of a strong downwash flow in the stack wake
region. The presence of a counter-rotating vortex pair just below the
tip region of the stack, along with the presence of strong downwash
flow, will be addressed as tip-vortices hereafter. Similar to VR = 0.5,
the other cases of VR also show the evidence of tip-vortices. How-
ever, the strength of the tip-vortices is found to decrease with an
increase in VR. The decrease in the strength of tip-vortices is asso-
ciated with the weakening of the downwash flow near the tip region
of the stack with increasing VR. At the plane x/d = 6, no CRVP has
been seen in the zone above the stack wake for VR = 0.5, while a
weaker CRVP can be noted for VR = 1.0. However, at higher val-
ues of VR, i.e., VR > 1.0, the presence of stronger CRVP, far away
from the plane of inception, is quite obvious. The absence of CRVP
at VR = 0.5 and its presence at higher VR are associated with the
higher vertical penetration and strength of the jet as the strength of

FIG. 20. Isosurfaces of time-averaged λ2

= −0.02 showing the streamwise vortex
structures for various velocity ratios: (a)
VR = 0.5, (b) VR = 1.0, (c) VR = 1.5, and
(d) VR = 2.0.
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FIG. 21. Time-averaged vectors on the
plane x/d = 6.0 for various velocity ratios:
(a) VR = 0.5, (b) VR = 1.0, (c) VR = 1.5,
and (d) VR = 2.0.

the jet is found to increase with an increase in VR. These findings
in the far field plane at x/d = 6 are found to be consistent with the
experimental findings of Adaramola et al.,44 where experiments on
a circular stack of AR = 9 has been conducted at Re = 2.3 × 104.
Apart from the CRVP (at higher VR) and tip-vortices, they also
highlighted the presence of another pair of counter-rotating vortices
near the bottom-wall, referred to as base vortices in open literature.
The presence of base vortices in their study is associated with the
thicker bottom-wall boundary layer thickness considered in their
study, where the ratio of the bottom-wall boundary layer thickness
(δ) to the height of stack (h) is given as δ/h = 0.5. Since the ratio of
δ/h is very small in the present study (δ/h ≈ 0.014), the base vortices
were found to be absent for all the cases of VR considered in the
present study.

Figure 22(a) presents the mean vertical velocity (v) profile on
the plane of symmetry, z = 0, across the streamwise width of the
stack at various vertical locations, namely, y = 6.0, 7.0, 7.7, and 8.4,
for VR = 2.0. The other VR cases are not shown as they vary only in
magnitude but show a trend similar to that of VR = 2.0. It is clearly
observed that the flow decelerates and bends toward the right side,
as it comes out of the stack and interacts with the crossflow. As a
result, the peak value of the vertical velocity profile decreases and
shifts toward the right for planes vertically away from the stack exit.

The profiles of the normal stress (v′v′) across the width of the stack,
i.e., x = −0.5 to x = 0.5, are presented in Fig. 22(b). Similar to the
profiles of v, the peaks of the profile of v′v′ also shift to the right as
onemoves away from the stack exit plane (y = 7.0). It is also observed
that the normal stress v′v′ is significantly enhanced over the width
compared to its counterpart at y = 7.0 as the jet coming out of the
stack interacts with the crossflow.

FIG. 22. Profiles of vertical velocity (v) and normal stress (v′v′) across the stack
width on the symmetry plane z/d = 0 at various horizontal planes.
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The flow statistics along the central streamline (called jet tra-
jectory) on the plane z/d = 0, for various cases of velocity ratios
(VR), are plotted in Fig. 23. The time-mean central streamlines
for various velocity ratios are shown in Fig. 23(a). The jet trajec-
tory clearly reveals the jet penetration, with VR = 2 having the
maximum penetration and VR = 0.5 having the minimum pen-
etration. To analyze the flow statistics along the jet trajectory, a
new coordinate, s, is defined along the jet trajectory. The variation
of various statistical quantities along this coordinate (s) is shown
in Figs. 23(b)–23(d). The time-mean streamwise velocity distribu-
tion (u) shown in Fig. 23(a) attains a peak value away from the
stack/jet exit plane, and the peak value is found to shift constantly
along the jet trajectory with the increase in VR. The shifting of the
peak along the jet trajectory with VR suggests that the bending of
the jet under the influence of crossflow is delayed, as the strength

of the jet increases with VR. It also becomes clear from Fig. 23(a)
that the peak value of the mean streamwise velocity (u) along the
central streamline also increases with VR. The increase in the peak
value of u with VR is due to the higher momentum transfer from
the jet to cross-flow at higher VR. The mean vertical velocity (v)
distribution along the jet trajectory, plotted in Fig. 23(c), shows
a rapid decrease in v as the jet comes out of the stack and then
gradually attends a constant low value in the downstream region.
The gradual decrease in the v value suggests the gradual transfer
of momentum from the jet fluid to the crossflow fluid, as the jet
and crossflow interacts. For VR = 0.5, v becomes negative valued
beyond the downstream region, reconfirming the earlier suggestion
that, at VR = 0.5, the flow pattern is downwash dominated. As dis-
cussed earlier, with the increase in VR, the strength of downwash
decreases and as a result v remains positive for the jet dominated

FIG. 23. Comparison of flow statistics
with VR along the central streamline.
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flows, i.e., for VR > 1.0, even in the downstream region of the
flow.

The distribution of normal stresses (u′u′ and v′v′) associated
with the central streamline is shown in Figs. 23(d) and 23(e), respec-
tively. It is observed that both u′u′ and v′v′ increase quickly along
the central streamline beyond the stack exit due to the impact and
shear developed by the crossflow. After reaching a peak, these nor-
mal stresses decrease drastically to approach a lower value in the
downstream region. The turbulence induced by the exchange of
momentum between the jet and crossflow is found to be maximum
for the jet dominated flows compared to the downwash dominated
and crossflow dominated flows.

The time-mean jet central streamline along with the contours

of the turbulent kinetic energy (TKE, k ≙ u′iu
′

i ), on the plane of
symmetry (z = 0), is shown in Fig. 24 at various VR. The embed-
ded plots in Fig. 24 show the axial distribution of the TKE across the
axial width of the stack at various vertical planes. The interaction of
crossflow and the jet produces turbulence both in the stack wake and
jet shear layer. Therefore, a higher level of TKE has been observed
in the stack wake as well as in the shear layer of the jet. Figure 24
reveals that the downstream side of the jet shear layer, below the
mean jet trajectory, has the maximum TKE content compared to
the upstream side of the jet shear layer. The TKE in the trailing jet
shear layer is found to increase with an increase in VR. The highest
TKE region is found in the downstream of the stack where the two
separating shear layers from either side of the stack are expected to
interact. Moreover, the velocity shear in the near stack wake region is
quite significant. The spatial extent of the high TKE region is found
to increase with increasing VR. The line plot for the TKE, embed-
ded in Fig. 24, close to the jet exit plane y = 7.1, reveals that the
TKE near the leading and trailing edges of the jet exit plane shows a
strong dependence on theVR. Comparison of the plots at variousVR
shows that the magnitude of TKE near the leading and trailing edges

is comparable at low VR, while their relative magnitude near the two
locations varies significantly at higher VR. The distribution of TKE
is governed by the production of TKE, which depends on the gradi-
ents of mean velocity and the correlations of the velocity fluctuation
fields. In the region above the jet exit, the mean velocity gradients
∂u
∂y
, ∂v

∂x
, ∂u

∂x
, and ∂v

∂y
are observed to be the dominant leading to

higher production of TKE. In the downstream region, a zone of
lower TKE is observed between the stack wake and the downstream
jet shear layer because of the reduction in the velocity shear and the
velocity fluctuation.

The distribution of the TKE associated with the various axial
planes, as the jet advects downstream, for VR = 2 is shown in Fig. 25.
The contour lines of λ2 are drawn on each plot shown in Fig. 25
to indicate the location of CRVP. At an axial location of x = −0.4,
shown in Fig. 25(a), a maximum TKE is found to be associated
with the lateral jet shear layer emerging out of the stack, which is
responsible for the initiation of the CRVP formation. As the CRVP
evolves, the TKE is found to be concentrated in the recirculatory
region of the CRVP. The two recirculatory regions of the CRVP on
either side of the centerline is seen to contain less TKE as expected.
However, at the axial location of x = 4, the TKE associated with the
CRVP is observed to be much less than that at the upstream loca-
tions because of the viscous diffusion of the CRVP as the jet advects
downstream.

Figure 26 illustrates the lateral distribution of time-averaged
streamwise and spanwise velocity, at the streamwise location x/d
= 2.0, at four different spanwise planes, y/d = 4.0, 7.0, 7.7, and 8.4.
The streamwise velocity profile at the plane y = 4.0 shows a decrease
in velocity deficit with an increase in the magnitude ofVRwith max-
imum velocity deficit to be observed for VR = 0.5. The decrease in
velocity deficit, in the stack wake, with an increase in VR can be
due to the decrease in the strength of the downwash with increas-
ing VR. At low VR, the jet does not possess enough momentum

FIG. 24. Contours of turbulent kinetic
energy on the symmetric plane, z/d
= 0, for various velocity ratios: (a) VR
= 0.5, (b) VR = 1.0, (c) VR = 1.5, and (d)
VR = 2.0. The embedded figures show
the variation of the TKE across the stack
width at various vertical locations.
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FIG. 25. Contours of turbulent kinetic
energy on the streamwise planes (a) x/d
= −0.4, (b) x/d = 0.0, (c) x/d = 0.4, and
(d) x/d = 4.0 at velocity ratio VR = 2.0.
The black contour lines of λ2 show the
position of CRVP.

to sustain the impingement of the crossflow and hence is deflected
into the downstream close to the tip of the stack (see Fig. 16). As
a result, the node point N′ observed in the stack wake is found to
be away from the stack rear face at VR = 0.5. However, the same

node point is found to move closer to the stack with an increase in
VR because of the fact that the jet becomes stronger with increasing
VR. Therefore, the recirculation length along the stack in the case
of the EJICF is found to decrease with an increase in VR (refer to

FIG. 26. Transverse variation of the time-average streamwise and spanwise velocity at the axial location, x/d = 2.0, on various horizontal planes, y/d = 4.0, 7.0, 7.7, and 8.4.
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FIG. 27. Spanwise variation of normal-
stresses and shear stress (u′v′) on the
midtransverse plane z/d = 0 at an axial
location, x/d = 2.0.

Fig. 16). The streamwise velocity profile at the plane, y = 7.0, also
confirms these findings, where a recirculation region (shown by the
presence of negative streamwise velocity field) is found for VR = 0.5
and 1.0. However, with the increase in VR, i.e., for VR = 1.5 and 2.0,
the flow field does not show the presence of any recirculation zone
on the plane y = 7.0 [Fig. 26(b)]. As we move further away from the
plane y = 7.0 to plane y = 7.7, the evidence of recirculation zone for
VR > 0.5 has been noted, which is quite obvious from the profiles
of the streamwise velocity. However, on the plane y = 8.4, only the
velocity profiles associated with VR = 1.5 and 2.0 show the presence
of recirculation region. The recirculation zone on the planes y = 7.7
and 8.4 at higher velocity ratios is associated with the strength of the
jet penetrating deeper into the crossflow and thereby increases the
effective height of the jet wake region, which is otherwise small at
low VR.

The time-averaged vertical velocity profile in the stack wake
plane y = 4.0 shows a stronger negative velocity field for VR = 0.5
[Fig. 26(e)], which confirms the earlier claim of the stack wake hav-
ing maximum downwash for VR = 0.5. With the increase in VR,
the magnitude of vertical velocity in the near wake of the stack is
found to decrease, suggesting that the strength of downwash flow
decreases with an increase inVR. In contrast to a wall mounted finite
square cylinder [where a strong downwash flow is observed about
the symmetry plane (z = 0) near the free-end plane of the cylin-
der], the flow near the tip plane (y = 7.0) in an EJICF shows the
presence of a strong positive vertical velocity (means upwash flow)
about the symmetry plane z = 0.0. The presence of the upwash flow
in the case of EJICF, near the tip plane y = 7.0, is associated with the
jet coming out of the stack that penetrates into the crossflow and,
thus, restricts the downwash flow from the top of the stack into the
wake’s central zone in the near wake. The vertical velocity profile
on and above the plane y = 7.0 shows a positive peak on the sym-
metry plane for all the cases (except for VR = 0.5 on the plane y
= 8.4). The magnitude of this positive vertical velocity, which also
suggests an induced upwash flow due to the CRVP, increases with
an increase in VR. Apart from the positive velocity peak near the
symmetry plane, the vertical velocity profile also shows two symmet-
rically positioned “−ve” velocity peaks. These “−ve” velocity peaks
are associated with the presence of the CRVP in the jet wake. The
absence of the “+ve” and the two symmetrically positioned “−ve”

peaks for VR = 0.5 [Fig. 26(h)] is due to the absence of the CRVP
at the plane, y = 8.4. The vertical velocity profile in Figs. 26(f) and
26(h) also suggests that as one moves vertically away from the tip
of the stack toward the top vertical boundary, the strength of the
CRVP decreases with decreasing VR. It also shows that the strength
of the upwash flow induced by the CRVP also decreases as one
moves away from the tip of the stack along vertical direction of the
domain.

To further investigate the effect of jet velocity ratio (VR) on the
turbulent flow field of the EJICF, the profiles of Reynolds normal
stresses and shear stress (u′v′) are analyzed. The distribution of the
normal stresses and the shear stress, u′v′ (other shear stress being
very small), at the axial location x = 2.0d, on the symmetry plane z
= 0d is plotted in Fig. 27. From Fig. 27, it is clearly seen that in the
stack wake, the Reynolds normal stress component w′w′ is much
higher than the other two components of the normal stress. There-
fore, it can be argued that in the stack wake of an EJICF, similar
to a wall mounted finite size cylinder, the normal stress component
w′w′ is the major contributor to the stack wake TKE. The higher
magnitude of w′w′ in the stack wake could be due to the strong
mutual interaction among the shear layers, separating from the two
sides of the stack. It is also observed that the jet velocity ratio has
a minimal effect on the turbulent statistics of the stack wake, as the
normal stresses and shear stress (u′v′) distribution in the stack wake
are very similar (both distribution and magnitude) at all VRs. How-
ever, in the jet wake, contrary to the stack wake, the normal stress
component u′u′ is found to be slightly higher than the other com-
ponents of stresses. Therefore, it reconfirms our earlier claims that

the mean velocity gradients ∂u
∂y
, ∂v

∂x
, ∂u
∂x
, and ∂v

∂y
are the dominant

processes for the production of TKE in the jet wake and the jet bent-
over region. The normal stress components are found to increase
with an increase in VR, showing the evidence of influence of VR on
the turbulence of the jet flow.

IV. CONCLUSIONS

In the present study, a large eddy simulation has been carried
out to investigate the effect of jet to crossflow velocity ratio on the
characteristic flow features of an EJICF. The simulations are carried
out at a Reynolds number of 20 000 for four different velocity ratios,
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VR = 0.5, 1.0, 1.5, and 2.0. Similar to the wake of a wall-mounted
finite-size cylinder, the stack wake of the EJICF also shows the
presence of both antisymmetric and symmetric modes of shedding
in the near wake, but only for VR = 0.5. At higher velocity ratios,
only the presence of antisymmetric mode of shedding was found.
It is also revealed that the velocity ratio has a strong effect on the
source of vorticity of the jet shear layer (mainly on the upstream side
of the jet shear layer). At VR = 0.5, the upstream side of the jet shear
layer seems to draw its vortices from the outer surface of the stack
boundary layer, while with an increase in velocity ratio, it seems to
draw its vortices from the inner wall surface of the stack boundary
layer. The downstream side of the jet shear layer is always found to
draw its vortices from the inner wall surface of the stack. The present
study also reveals that both stack wake vortices and jet vortices are
found to coexist in the jet wake, but the shedding frequency associ-
ated with the jet wake is governed by the stack wake frequency. One
to one lock in between the jet wake structures and stack wake struc-
tures is also observed. The time-averaged flow field revealed three
different flow regimes depending on the magnitude of VR, namely,
“downwash dominated” (VR = 0.5), “cross-wind dominated” (VR
= 1.0), and “jet dominated” (VR = 1.5, 2.0) regimes. The “downwash
dominated” flow regime showed the presence of only one pair of
counter-rotating vortices near the tip region of stack. However, the
“cross-wind dominated” and “jet dominated” flow regimes showed
the presence of two pairs of counter-rotating vortices near the tip of
the stack (one pair each above and below the tip region of the stack).
The vortex pair above the tip region of the stack at VR ⩾ 1.0 corre-
sponds to the CRVP. The inception of CRVP in the case of EJICF is
found to be very similar to that observed in JICF, where the lateral
folding of the stack shear layer near the jet exit seems to initiate the
formation of CRVP. It is also revealed that the CRVP entrains fluid
from the stack wake through the jet wake as it develops spatially in
the crossflow direction.
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