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A free triangular jet (TJ1) and its counterpart initially passing a short circular chamber (TJ2) are numerically modeled
using large eddy simulation (LES). This paper compares the near-field characteristics of the two jets in detail. To enable
some necessary experimental validations, the LES conditions of TJ1 and TJ2 are taken to be identical to those measured
by Xu et al. (Sci. China Phys. 56 1176 (2013)) and England et al. (Exp. Fluids. 48 69 (2010)), respectively. The LES
predictions are found to agree well with those measurements. It is demonstrated that a strong swirl occurs near the chamber
inlet plane for the TJ2 flow. At the center of the swirl, there is a cluster of three sink foci, where each focus is aligned
midway between the original triangular apexes. In the vortex skeleton constructed from the time-averaged flow field, the
vortices arising from the foci are helically twisted around the core of the jet. As the flow passes through the chamber, the
foci merge to form a closed-loop “bifurcation line”, which separates the inward swirling flow and the outward oscillating
jet. This global oscillation is regarded as a source node near the centerline of the chamber. If the chamber is removed for a
“free” jet, i.e., TJ1, a cluster of three pairs of counter-rotating foci is produced and the net swirl circulation is zero, so the

overall oscillation of the jet does not occur.

Keywords: turbulent, triangular jet, large eddy simulation

PACS: 47.27.wg, 47.27.-, 47.85.1k

1. Introduction

Turbulent jets play an important role in the fundamen-
tal research of jet flows and in industrial applications. Dif-
ferent from the traditional circular jets, noncircular jets, such
as triangular jets, elliptical and rectangular jets, have advan-
tages in entraining and mixing due to curvature difference
of nozzle exits and instability produced by sharp corners.!!!
Therefore, many researches have been conducted to clarify
flow-field characteristics of noncircular turbulent jets over re-
cent decades.>”'% Significantly, Mi and Nathan!'! studied
experimentally the centerline velocity characteristics of tur-
bulent free jets issuing from nine different-shaped nozzles at
a Reynolds number of 15000. The results showed that the
jet from the isosceles triangular orifice produces the great-
est decay rate in the near-field mean velocity of all the jets.
Using a TSI 2-D laser Doppler velocimetry (LDV), Iyogun
and Birouk!!?) investigated the turbulent free jets issuing from
five different nozzle geometries, i.e., triangular, smooth pipe,
rectangular, contracted circular and square. They found that
the triangular jet exhibits the highest rate of entrainment and
spreading among the five nozzles. Note that the combustion
process requires not only large-scale mixing to promote the
bulk mixing of fuel and oxidizer, but also small-scale mixing
to facilitate chemical reactions.!!3] The turbulent characteris-
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tics of triangular jets provide superior advantages for its ap-
plication in combustion systems. Therefore, in this work, tur-
bulent jets issuing from sharped-edged triangular nozzle are
studied in detail.

‘Axis-switching’, which is the change of the cross-
sectional shape caused by the asymmetric distributions of
pressure and mean flow field, is a distinguish phenomenon
in noncircular jets.!'#! In the case of triangular free jets, the
key features of the axis-switching have been observed, e.g., by
Gutmark and Grinstein,[!'> Lindstrom and Amitay.['%! Lee!!”!
explained axis-switching in terms of self-induced motion of
vortex lines in a shear layer of a triangular jet. In essence,
the triangular-jet shear layer exhibits a cluster of six counter-
rotating longitudinal vortices. At midway between the apexes,
the vortex-induced velocity points away from the center of the
jet. At the corners, it points toward the center of the jet. The
jet flow therefore spreads more from the flat sides than from
the corners of the exit, so the minor and major axes of the tri-
angular jet would ‘switch’ places.!!”]

The exit profile also plays an important role for the down-
stream development of the jet.['8) When a triangular jet passes
through a short circular chamber, a partially confined trian-
gular jet is formed and likely to oscillate with respect to the

[19

chamber axis under some conditions.!'® The confinement of
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the chamber causes the TJ2 to reattach the inside surface, and
in the region upstream of the reattachment, a strong swirling
flow exists adjacent to the triangular inlet. It was postulated in
Ref. [17] that the shear-layer interaction between the swirl and
the jet should produce three co-rotating longitudinal vortices,
which then merge to form a single vortex within the chamber.
As aresult, the TJ2 may oscillate continuously.

To better understand the oscillation behavior, a more de-
tailed flow field of TJ2 is needed to be visualized. This
need however can be met only by direct numerical simulation
(DNS) or large eddy simulation (LES). The instantaneous field
measurements of velocity and vorticity are impossibly made
experimentally inside the chamber. Xu et al.!'”! performed
LES for TJ2 flow and examined its mean and instantaneous
characteristics. Yet, they did not investigate the presence of
the chamber on the near-field characteristics of a triangular-jet
flow, i.e., TJ2, against a “free” triangular jet TJ1. The present
work by LES is designated to find the dynamic distinctions be-
tween TJ2 and TJ1 flows, which result from the presence of a
circular chamber.

The rest of the paper is organized as follows. Section
2 describes the LES technique (Subsection 2.1) and the noz-
zle model used to obtain the flow simulation (Subsection 2.2).
In Section 3, the numerical results are presented in the fol-
lowing manner: Subsection 3.1 discusses the validation of
the LES data with available PIV measurements. This is fol-
lowed by a presentation of flow-visualization results to iden-
tify the features of TJ1 and TJ2 flows, where Subsection 3.2
presents the longitudinal flow field and Subsection 3.3 presents
the cross-stream flow field. This reveals the structure of the
time-averaged oscillating flow inside the chamber. Details of
the vortex structure are provided in Subsection 3.4. Key dif-
ferences between the TJ1 and TJ2 flows are summarized in
Section 4.

2. Computational details

2.1. LES method
In the LES modeling of the unsteady incompressible TJ1
and TJ2 flows, the following spatially filtered governing equa-

tions are solved with constant density and kinematic viscosity
of the fluid:

(92175 81,»]-

am+8m:_8ﬁ 1

W ax]' Tm+ra8xi8xj_ ax]" (l)
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where ¢ represents time, x; (i = 1, 2, 3) are the stream-
wise, crosswise and spanwise coordinates respectively, later
replaced by (x, y, z); u; is the corresponding spatially filtered
velocity component and p is the spatially filtered pressure. The
overbar denotes that a low-pass filter G4 is applied to the flow

motion, where A is the width of the sub-grid-scale (SGS) filter.
Then, the scales of motion are decomposed into a grid-scale
part (e.g., u; and p) corresponding to scales larger than A and
an SGS part corresponding to scales smaller than A. The for-
mer is directly solved while the latter requires modeling.

In Eq. (1), the SGS stresses 7;; are unknown and need
modeling. They are closed by employing the Boussinesq
hypothesis,* i.e.,

Tij = wiltj — Wit (€)

S
Tij — %Tkk = —=2v;S;j, @

where §;; is the Kronecker delta and v; is the eddy viscosity.
The strain-rate tensor S; ; 1s defined as

- 1 (dw; du;
Sij = 2 <8xj + 8xx> ' ©)

In this study, the dynamic Smagorinsky model?1-??! is adopted

for the eddy viscosity, i.e.,

V[ = CA2 ‘g

) (6)

where C is the numerical coefficient dynamically computed in

the LES calculation and |S| = 1/2S;;S;;. The width of the SGS
filter A is determined by the volume of the computational cell
(ie., A = V1/3). To obtain C, the flow field obtained by us-
ing the SGS filter A is compared with that obtained by using a
coarser ‘test’ filter (e.g., A= 2A). The difference between the
two resolved flow fields is the contribution of the small scales,
where the size of the small scales falls between that of the SGS
filter and the test filter.

At the test-filter level, the stress tensor in Eq. (3) is rewrit-
ten as

—

Tij = wiuj —

o

il )

<»

It can be parameterized in a manner analogous to the relation
describes in Eq. (4):

T — ST = —2042[3] |5, ®)

where C is the same numerical coefficient defined in Eq. (6)
and it is independent of the filtering process. The difference
between the stress tensors in Egs. (3) and (7) is

—

Lij = T;j — tij = i1 — il , ©))

~
<o

where L;; can be computed from the resolved large-eddy flow
field. Substituting Eqgs. (4) and (8) into Eq. (9) yields!!"]

(Lij — L 6ij/3)

C= ,

(10)

where

My =2 (42|35 - a%[3]S,) . (11)
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For Eq. (10), it is known that the coefficient C varies with
space (x, y, z) and time (). However, a too large C may cause
numerical instability and may result in divergence. To ensure
that the LES computation is stable and that the dynamics SGS
stress model performs satisfactorily in near-wall regions, com-
mercial software package such as Fluent limits the local value
to within the usual operating range 0 < C < 0.23.21]

The present work utilizes a finite volume method avail-
able in Fluent 6.3, following the same simulation protocol
given by Xu et al.!'”! For example, the ‘SIMPLEC” method
is used for coupling the pressure and the velocity, the second-
order three-level implicit scheme for the LES time step and
the central difference scheme for a spatially discretized nozzle
model.

2.2. The nozzle model used for LES

For this simulation, both TJ1 and TJ2 nozzles have the
same equivalent inlet diameter, i.e., D, = 7.6 mm. The TJ2
chamber has a length of L = 8.75D, and a diameter of D =
3.5Dc. The lip diameter at the exit plane of the chamber is
dy = 2.87D,. The fully developed turbulent pipe flow is set as
the jet inlet condition with a flow profile matching an empiri-

cal 1/7% power-law: [19:23]

1/7
U(r)=Uc1( —2D|;|) , (12)

where U is the pipe centerline velocity and U(r) is the
streamwise component of the time-averaged velocity at the ra-
dial distance r from the centerline of the supply pipe with di-
ameter Dy. To simulate the pipe flow, a typical random fluctu-
ation of 0.01U (r) is assumed. The orifice-inlet Reynolds num-
ber is Re = U.D. /v = 1, 7900, where U, is the mass-averaged
velocity at the inlet orifice and Vv is the kinematic viscosity of
the fluid.

()
11][]

D\

Fig. 1. Schematic diagram of (a) the TJ1 nozzle and (b) the TJ2 noz-
zle showing the geometric notations. Here D = 3.5D;, L = 8.75Dc,
dy =2.87D.

The LES grid model for the TJ1 and TJ2 flow are shown
in Figs. 1 and 2, respectively. For both the jet flows, the
computational domain has a large cylindrical “buffer” region
(30D, in radius and 70D, in length), which is concentric with
the nozzle and begins immediately downstream of the triangu-
lar inlet orifice (e.g., see Fig. 2 of Ref. [19]). For the boundary

of the nozzles and the ancillary component (i.e., the supply
pipe), a no-slip condition was applied. For the boundary of
the buffer region accompanying each nozzle, the conditions
du;/dr = 0 (radial distribution), du;/dx = 0 (streamwise dis-
tribution) and p = O (pressure distribution) were applied. A
Y-shaped grid was used to construct a triangular mesh for the
interior of the supply pipe and the nozzle. The triangular mesh
could be divided into three quadrilaterals, so fully structured
hexahedral cell could be adopted.

(a) A (b) section A—A

=
Fig. 2. Computational grid of the TJ2 nozzle in (a) the longitudinal sec-
tion (xy plane at z = 0) and (b) the cross-section (yz plane at x = D) of
the chamber.

To adequately simulate velocity gradients in the shear
layer of the jet flow, it is necessary that the grid points are
more densely spaced inside the chamber (for the TJ2) and
adjacent to the corners of the triangle. The grid resolution
A/De is 0.008 at the triangular inlet orifice. Moreover, the
near-wall mesh is refined to capture the high shear in these
regions. Calculation results show that y*© < 1 in the bound-
ary layer meshes, where y™ is the dimensionless distance be-
tween the near-wall cell centroid and the boundary wall of the
chamber and the inlet pipe, indicating the good performance of
the present mesh. Finally, with 2 million grids for the present
computational domain, the solution is sufficiently grid inde-
pendent. This has been confirmed by initial checks, indicating
that increasing the number of points by a factor of about 2 pro-
duces little change in the mean velocity field. To ensure that
both the jet flows achieve a steady-state solution, the indepen-
dence of time step has been tested.!'?! For the present simula-
tion, an optimized time step of £, = 50 us is used to provide sta-
tistically independent samples (equivalent to 30000D, /1, Ue)
for the purpose of time-averaging the flow fields. For TJ2, the
duration of sampling provides 60 cycles of large-scale jet os-
cillation.

3. Results and discussion
3.1. Validation of the LES modeling

To validate the simulations by experiment, figure 3 com-
pares the LES-predicted mean velocities of the TJ1 and TJ2
on the centerline with those from the PIV measurements 234
of a TJ1 at Re = 50000 and a TJ2 at Re = 17900. Note that
the LES and PIV data are normalized using the equivalent in-
let diameter (De) and the inlet spatially averaged velocity (U).
The triangular orifice is located at the origin x = 0 and the exit

plane of the TJ2 chamber is located at x/D. = 8.75. Also note
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that the values of U, /U, for both TJ1 and TJ2 at x/D. = 0
are about 1.3. The values do not converge to 1.0 as the spa-
tially averaged velocity U, is lower than the centerline veloc-
ity U, for orifice jet flows. The available PIV measurements
(Fig. 3) cover the downstream region 0 < x/D. < 17 for TJ1
and only 10 < x/D. < 18 for TJ2. The lack of the measured
data for x/D. < 10 in TJ2 is due to the fact that appropriate
chamber-inside measurements are impossible, which is filled
by the present LES calculation.

---TJ1(LES, Re=17900), present
---TJ1(LES, Re=50000), present

vV TJ1(PIV, Re=50000)20
P - --TJ2(LES, Re=17900), present

1.4 fWWWVV 0 TJ2(PIV, Re=17900)19]
AR\

U./U,

0.7F

Fig. 3. Centerline mean velocities of TJ1 and TJ2 obtained from LES
predictions and PIV measurements.

Manifestly, figure 3 displays a nearly perfect agreement
between the LES and measured results for TJ1 at Re = 50000.
This has powerfully validated the LES effectiveness for the
free jet. Still, there is a considerable difference in the decay
rate of TJ1 between the cases for Re = 17900 and Re = 50000.
This is likely due to a transition of the laminar-to-turbulent
flow in the developing jet flow. In fact, the varying decay rates
of axisymmetric turbulent free jets at moderate Re were re-
ported by Mi ef al.!>>) and many other researchers.?*->8 Fig-
ure 3 also demonstrates the agreement between LES and the
measured results at 10 < x/D, < 18 for TJ2 at Re = 17900.
Apparently, the LES simulation also works for the oscillating
jet. Moreover, it is clearly shown that the triangular jet decays
more rapidly when being initially confined by a chamber. This
is because the induced large-scale jet oscillation occurs inside
the chamber and accelerates the jet decay. Overall, as can be
seen in Fig. 3, the LES simulations and the measurements are
in close agreement, thus validating the LES modeling for the
present study.

3.2. Visualization of the LES flow patterns

It has been difficult to visualize the TJ2 flow exper-
imentally and careful reconstruction of the flow has re-
quired data from a large assortment of flow visualizations
and measurements.*°! Since a complete set of experimental
data to disclose the TJ2 inside the chamber is impossible,
the present LES data allows one to study in more detail the
development of large-scale eddies in both the instantaneous

and time-averaged flow fields. However, to acquire phase-
averaged flow fields using LES presents a significant challenge
due to highly aperiodic oscillation and characteristic low fre-
quency of the TJ2.123! In addition, there is a cost issue for a suf-
ficiently long computational time that is necessary to attempt
conditional averaging. The current LES approach therefore in-
evitably relies on visualizations of the instantaneous TJ1 and
TJ2 to gain some understanding of their near flow field.
Figure 4 shows typical instantaneous streamline patterns
in the near field (0 < x/D. < 9) of the TJ1 and TJ2 flows.
The instantaneous streamlines are shown in color to provide
a sense of direction and magnitude of the local streamwise
For TJ1 without the chamber
(Fig. 4(a)), the development of the jet flow is more straight

component of flow (u/U.).

forward. For example, the entrainment of ambient fluid by
the jet flow is accompanied by a reduction in the jet (center-
line) velocity and an increase in the half width of the jet. This
is consistent with the results presented in Ref. [25]. When
a chamber is applied at the nozzle exit (i.e., TJ2 in Fig. 4(b)),
the jet flow is highly asymmetric. Specifically, the entrainment
of ambient fluid into the chamber produces a large region of
reverse flow that is not observed in the TJ1 flow. The ratio be-
tween the induced reverse flow rate into the chamber and the
forward jet flow rate is about 0.12, see Ref. [19].

o
| SO0 S
_O»—‘OJU'\]@HCADOT\I ©

—_

,
i

M <
| SO0OO IR S
QHCOU‘\]@D—‘OJUY\I @

[

Fig. 4. Instantaneous three-dimensional streamline pattern of (a) the
near-field flow of TJ1 and (b) the in-chamber flow of TJ2 at Re = 17900.
The streamlines are colored by normalized instantaneous streamwise
velocity u/Uk.

To visualize the shear layers of the TJ1 and TJ2 flows
more clearly, the longitudinal cross sections (in the xy plane)
of the three-dimensional streamline patterns in Fig. 4 are dis-
played in Fig. 5. It can be seen from the instantaneous LES
images (Figs. 4 and 5) that the large-scale eddies produced by
the shear layers are highly unsteady. At the triangular inlet
plane (x = 0), the jet flow clearly spreads faster at midway
between the corners, and so the TJ2 has a high tendency of
reattaching to the chamber wall in this azimuthal direction.
Once jet reattachment is established in the chamber, the jet
flow oscillates continuously. From a downstream view of the
TJ2 flow in Fig. 4, the oscillation direction of the emerging jet

is clockwise, see Fig. 13 of Xu et al. (191
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(a) TJ1: instantaneous flow
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(¢) TJ1: average flow
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Fig. 5. Central xy-plane fields of the instantaneous [(a), (b)] and time-averaged [(c), (d)] longitudinal velocities of TJ1 and TJ2 flows.

For the TJ1 flow, the jet entrains ambient fluid in an ax-
isymmetric manner and the spreading of the jet is accom-
panied by the decay in the streamwise velocity. As to the
TJ2 flow, the reattachment phenomenon is accompanied by an
asymmetric entrainment of the external ambient fluid and the
eddies are larger than those of the TJ1 flow (see Figs. 5(a) and
5(b)). In the time-averaged flow field (Figs. 5(c) and 5(d)), the
large-scale eddies persist in the shear layer of the TJ2 (adja-
cent to the backward facing step), while for the TJ1, the shear

layer is only visible as a longitudinal bifurcation line.

TJ1 TJ2

3.3. Cross-sectional flow field

Lee!'”! suggested that a vortex structure inside a chamber
plays a key role in maintaining the TJ2 oscillation. Therefore,
it seems useful to begin this section with a description of the
vorticity field obtained from the present LES results. Figures 6
and 7 show cross-sectional contours of the instantaneous and
time-averaged streamwise vorticities of the TJ1 and TJ2 flows
at several downstream locations side by side for comparison.
The axial (x) component of vorticity is defined as

aw IV
=y T o )
TJ1 TJ2

1.0D,

obianstaeiits crik e
-2 -1 0
z/De

-1 0 2

z/De

1

-2

-2 -1 0
z/De

Fig. 6. Instantaneous vorticity contours and streamlines in cross sections of TJ1 and TJ2 flows at different x/De.
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Streamlines are plotted together with the vorticity field for bet-
ter understanding of the results. The streamlines (ys, z;) are
obtained by integrating the expression

s = %, (14)
Vv w
where V(y) and W(z) are the two crosswise velocity com-
ponents, which provide information on critical points (e.g.,
nodes, saddles) and bifurcation lines in the flow field. From
the LES data, the circulations of the jet flows can be deter-
mined by integrating vorticity over each selected cross sec-
tion (of area A), and the results are plotted against x/D.
in Fig. 8.
I'" = [[max(w,,0)dA, the negative circulation is '~ =
Jf min(@,,0)dA, and the total circulation is the sum of the two
quantities, i.e., T =TT +I".

It is evident from Fig. 7 that, starting from about x/D. =

Here the positive circulation is defined by

1.0, there are three pairs of counter-rotating foci in the TJ1
flow, where each pair is aligned midway between the corners

of the triangular orifice. The vortices rising from the foci ap-
pear to evolve in a straightforward manner, where an increase
in size of vortex is accompanied by a reduction of vorticity to
maintain constant circulation (i.e., the Helmholtz vortex law).
For the time-averaged TJ2 flow, a major feature is the pres-
ence of a strong inward counter-clockwise swirl around the
inlet jet, see Fig. 7. Conversely, the precession of the TJ2 is in
the clockwise direction. In the shear layer between the inlet jet
and the swirling flow, there is a cluster of three co-rotating sink
foci, which is resulted from the three original pairs of counter-
rotating foci under the swirling flow. Both the swirl and the
foci rotate in the same counter-clockwise direction. The vor-
tices rising from the three foci are helically twisted around
the core of the jet. They merge to form a closed-loop bifurca-
tion line which separates the core flow and the inward swirling
flow. The emerging core flow appears as a source node near
the centerline of the chamber. At the exit plane of the chamber
(x/De = 9.0), a closed-looped bifurcation line forms between
the emerging flow and the induced ambient flow.

(a) z/D.= 0.35

(b) 2/De= 1.0

—1r

|
N}
L

-1 0 1 2
z/D,

z/De

) TJ1 wIDle/Ue ) TJ2 TJ1 szf/Ue 9 T2, p.U
0 1
1 0 1t 1F 0
-1 -1 —1
) S Qo
0 0 ~ °f
B B >
-1 —1} —1r
_ -2 L ! L L
o 10 1 2 T2 2 -1 0 1 2
Z/De Z/De
(c) x/D.=1.5 (d) z/D.=3.0
2 w. Dle/Ue 2 szle/Ue 2
O gt 0}
< _1q‘” i _1r§
0 _Q
= = S B oma S 0
-1 -1} -1 —1f
-2 e _ 5 il PR
2 -1 0 1 2 R R R S E— 29 210 1 2 25717 o0 1 2o
z/D, z/D, 2/De z/D.
(e) z/D,="7.00 (f) x/D.=9.00
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Fig. 7. Contours of the mean streamwise vorticity and streamlines in cross sections of the TJ1 and TJ2 flows at different x/De.
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As indicated in Figs. 6 and 7, the presence of the cham-
ber clearly alters the vorticity field of the triangular-jet flow.
This is further demonstrated in Fig. 8, where it can be seen
that for the TJ1 and TJ2 flows, the positive I'" and nega-
tive I'~ contributions to the circulation I" are very different.
In the TJ2 flow, the I'" and '~ are highly asymmetric due
The to-
tal circulation I" is positive at x/D, < 2.4, while it becomes
negative at x/D, = 2.4-3.2. The balance between I'" and
I'™ is achieved further downstream. Note that the positive
circulation (I't > |[""|) in the TJ2 flow is indicative of the
counter-clockwise swirling flow observed in Fig. 7. The swirl
is strongest at the inlet-end of the chamber (x/D. < 1). If the
chamber is removed, the jet flow has a three-fold axial sym-

to the presence of swirl trapped by the chamber.

metry with zero net circulation and the jet does not oscillate.
Consequently, as shown in Fig. 8(b), along the axial direction
of TJ1 flow, '™ = || ~ 0.3754+0.075.

0.50
(b) TJ1
i T+
S 025
S
@ r
5 0
2
5
L _0.25
~
_ ® 1 1
0-505 3 6 9 —0.505 3 6 9
x/De z/De

Fig. 8. The positive I' " /negative I'~ contributions and the total circu-
lation (' = I'" +I"") in the time-averaged (a) TJ2 and (b) TJ1 flows.

3.4. Vortex skeleton

From the vorticity distributions and streamline patterns of
the TJ1 and TJ2 flows, Section 3.3 shows that there are strong
vortex cores (i.e., sink foci) produced immediately down-
stream of the triangular inlet orifice. The next step is to vi-
sualize these structures using the Q-criterion method of vortex
identification, e.g., see Chakraborty et al.3%) This method is
based on the point-wise analysis of velocity gradient tensor.
It defines a function that can be evaluated point by point and
then classify each point as being inside or outside a vortex ac-
cording to the criterion based on the point values. For the O
criterion, vortices are identified as flow regions with positive
second invariant of the velocity gradient tensor,

1
0= E(-Qij-Qij_SijSij) >0, (15)

where Q;; = (u; j —uj;)/2 is the rate-of-rotation tensor and
Sij = (u;j+uj;)/2 is the rate-of-strain tensor.!*! In an in-
compressible flow, Q provides a local measure of the excess
rotation rate relative to the strain rate. It is more robust than
the common intuitive measures of detecting vortices such as
local pressure minima, spiraling streamlines and iso-vorticity

surfaces.[3!]

Fig. 9. Iso-surface of the normalized second invariant of the ve-
locity gradient tensor for instantaneous (a) TJ1 and (b) TJ2 flows at
Q" = 0Q(Ue/De)* = 1.0.

Figure 9 shows typical examples of normalized instan-
taneous distributions at Q* = Q(U./D.)? = 1.0 for the two
jet flows, where the dominant vortical structures have been
identified with the Q* criterion. The TJ1 flow structures have
a slender appearance as they are predominantly stretched in
the longitudinal direction (Fig. 9(a)). The TJ2 structures are
comparatively larger than those of TJ1 although it is confined
in the chamber, and have a spiral-like appearance due to the
presence of swirl in the near-field surrounding secondary flow
(0 < x/D. < 2). In the near field of the TJ2 flow, three longi-
tudinal vortices are produced at the triangular inlet orifice and
they twist helically around the core of the jet (Fig. 9(b)).

The time-averaged distributions of Q*, where the dom-
inant (coherent) structures of TJ1 and TJ2 are more distin-
guishable, are shown in Fig. 10. By carefully selecting dif-
ferent positive values of Q*, the vortex skeletons of the time-
averaged TJ1 and TJ2 flows can be constructed and this should
satisfy the first vortex law of Helmholtz. The law states that

“the circulation around a vortex tube is constant”. [32

I Asacon-
sequence, vortex tubes in the ideal flow must form a closed
loop, extend to infinity or terminate at solid surfaces. Fig-
ure 10 shows that, for the given values of Q* = 0.01, 0.02,
and 0.05, the three pairs of counter-rotating vortex cores sim-
ply stretch downstream in the TJ1. For the TJ2, the vortex
skeleton is larger in size with the vortex terminating (or breaks

down) on the chamber wall. By increasing the value of Q*
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from 0.01 to 0.05, the time-averaged TJ2 flow shows two dis-
tinct structures: (i) the three co-rotating vortices near the trian-
gular orifice are produced in the shear layer between the inlet

TJ1: Q*= 0.05

jet and the swirl, and (ii) a closed vortex loop just upstream
of the forward-facing exit lip is an artifact produced by the
emerging deflected jet.

Fig. 10. Iso-surface of the normalized second invariant of the velocity gradient tensor for time-averaged (a) TJ1 and (b) TJ2 flows; Q* = 0.05,

0.02, 0.01.

To summarize, the three co-rotating vortices which swirl
towards the chamber wall are present only in the TJ2 flow.
This seems to be the key difference between the TJ2 and TJ1
flows. Swirl must be present near the triangular orifice in order
to destabilize the corner vortices, and if there is no swirl or the
net circulation is zero in the near field, the jet oscillation will
not be produced.

4. Conclusions

The present work has performed the LES simulations of a
free triangular jet and its counterpart through a short cylindri-
cal chamber at Reynolds number of Re = 17900. The simula-
tions show significant differences between the flow character-
istics of the two jets. Specifically, the presence of the chamber
induces a strong swirling flow around the jet just downstream
of the chamber inlet and enables the three pairs of innate lon-
gitudinal vortices to spiral in the shear layer between the swirl
and the jet. As aresult, the emerging jet from the chamber out-
let oscillates “spontaneously” in a large-scale fashion. In the
time-averaged flow of the oscillating triangular jet (TJ2), the
vortices merge to form a closed-loop bifurcation line, which
separates the swirling flow and the emerging jet. In the con-
structed vortex skeleton of the TJ2 flow, the longitudinal vor-

tices spiral and reattach to the cylindrical wall before emerg-
ing out from the chamber. If the chamber is removed, the flow
returns to a conventional free jet, where there is no net swirl
circulation and no large-scale oscillation to ensue.

The innovation of this work is to enable a better un-
derstanding of the TJ2 oscillation by visualizing the three-
dimensional detailed flow field inside the chamber instanta-
neously, which cannot be made by experiment.
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