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The present study experimentally investigated the near-field flow mixing characteristics of two turbulent jets issuing from
equilateral triangular and circular orifice plates into effectively unbounded surroundings, respectively. Planar particle image
velocimetry (PIV) was applied to measure the velocity field at the same Reynolds number of Re=50,000, where Re = U.D./v
with U, being the exit bulk velocity and v the kinematic viscosity of fluid, D, the equivalent diameters. The instantaneous ve-
locity, mean velocity, Reynolds stresses were obtained. From the mean velocity field, the centreline velocity decay rate and
half-velocity width were derived. Comparing the mixing characteristics of the two jets, it is found that the triangular jet has a
faster mixing rate than the circular counterpart. The triangular jet entrainments with the ambient fluid at a higher rate in the
near field. This is evidenced by a shorter unmixed core, faster Reynolds stress and centreline turbulence intensity growth. The
primary coherent structures in the near field are found to break down more rapidly in the triangular jet as compared to the cir-
cular jet. Over the entire measurement region, the triangular jet maintained a higher rate of decay and spread. Moreover, all
components of Reynolds stress of the triangular jet appear to reach their peaks earlier, and then decay more rapidly than those
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of the circular jet. In addition, the axis-switching phenomenon is observed in the triangular jet.
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1 Introduction

Largely because of their more effective mixing with ambi-
ent fluid than comparable circular jets, noncircular jets have
been extensively investigated in the past three decades
[1-22]. Tt is found that the increased mixing capability of
such noncircular jets is related either to instabilities induced
by the sharp corners of non-circular nozzles through the
asymmetric distribution of mean flow field and pressure, or
to the non-uniform curvature of the initial perimeter [1]. It
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is thought that both factors can increase the three-dimen-
sionality of the jet flow structures, which results in entrain-
ment enhancement. For corner-containing configurations
(for example, triangular or rectangular nozzle), the corners
can promote the formation of fine-scale vertical structures
and thus enhance fine-scale turbulence [3,4]. For jets whose
aspect ratio >1 (e.g., rectangular or elliptic jets), the azi-
muthal curvature variation produces three-dimensional ver-
tical structures and non-uniform self-induction. As a result,
these non-circular jet flows entrainments with surrounding
fluid are more rapid in the direction of the minor axis of
their nozzle exit than that of major axis. Thus, as these jet
flows develop downstream at a certain distance from the
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nozzle exit, the cross-section of the mean flow appears to
alter the minor axis and major axis [1,2]. This phenomena
of noncircular jets are called “axis-switching”, also being
evidenced in a number of numerical simulation studies
[5,6].

In the case of triangular free jets, previous experimental
investigations were conducted using conventional point by
point measurement techniques, such as hot-wire anemome-
try (HWA) [7-9] or laser Doppler velocimetry (LDV) [10].
Based on his hot-wire measurements of triangular jets,
Quinn [7,8] obtained the mean streamwise vorticity,
half-velocity width and turbulent kinetic energy, and found
that near-field mixing in the triangular jet is faster than in
the circular jet. The axis-switching phenomenon in Quinn’s
experiment [7,8] occurred at x/D.=5, where D, is the equiv-
alent diameter. Similarly, Mi and Nathan [9] experimentally
showed the centreline velocity characteristics of turbulent
free jets issuing from nine different shaped nozzles includ-
ing triangular nozzle using HWA. The work of Mi and Na-
than [9] shows that the lack of axisymmetry at the nozzle
exit generally increases the overall entrainment in the near
field, which was indicated by the faster decaying mean ve-
locity, and the growing fluctuating intensity. However, at
sufficiently downstream from the exit, there are insignifi-
cant differences occurring in the probability density func-
tions (PDF) of the mean velocity of the jet, as well as in the
Taylor and Kolmogorov micro-scales. With LDV meas-
urements of free jets issuing from five different shaped noz-
zles, including triangular, smooth pie, contraction circular,
rectangular, and square, Iyogun and Birouk [10] observed
that that triangular jet exhibits the highest entrainment and
spread rate among the five nozzles. In addition, it was
demonstrated that the use of sudden expansion can further
improve the entrainment and spread rates of jet flows.

However, the single point measurement techniques can-
not provide spatially correlated velocity, thus vortical
structures information cannot be shown. Moreover, the
HWA technique has poor accuracy in flow regions, where
highly three-dimensional vortical structures and great tur-
bulent intensity are contained [11-14], such as the shear
layer and near field flow region. Therefore, we performed
the measurements of velocity for a triangular jet and a
counterpart circular jet using PIV. Different from the HWA
technique, the accuracy of the PIV technique is not signifi-
cantly influenced by flow three-dimensionality or high tur-
bulent intensity since PIV technique is almost interfer-
ence-free relative to the flow. Therefore, PIV becomes crit-
ical technique to study different types of turbulent flows
[15-19]. In particular, the PIV can measure a planar field of
instantaneous velocity concurrently, and thus the vertical
structures can be provided in timely manner [11].

To further investigate on the turbulent mixing character-
istics of triangular jets in the development region and pro-
vide more experimental results for triangular jets in the lit-
erature, the present study conducted PIV measurements of

two jets respectively issuing from a equilateral-triangular
orifice and a circular orifice. Under the identical rigs and
Reynolds number, the two jets have identical nominal in-
flow boundary conditions. The instantaneous velocity field,
streamlines, mean velocity, and turbulence Reynolds stress-
es are reported for quantifying the differences between the
triangular jet and circular jet. Also, these results can be used
for future fundamental studies in jet flow.

2 Experimental details

As the present experiments were conducted at the Universi-
ty of Adelaide using similar setup as detailed in Mi et al.
[11], only a brief description is provided here. Figure 1
shows the circular and triangular orifice plate, and their di-
mensions. These two orifice plates have the same opening
area (A) and thus the identical equivalent diameter D,
[= Z(An’l)m] of approximately 12 mm.

In Figure 2, the arrangement of the PIV measurement
system is presented. This rig is positioned vertically under a
1.5 mx1.5 m extraction hood located 2 m above the ground
and 800 mm above the nozzle exit. The hood is applied to
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Figure 1 Present orifice shapes and dimensions (mm). (a) Circle: D, =12
mm. (b) Triangular: D, = 12 mm.

Beam dump

>~ Low-momentum
P ambient seeding

=

~=—"7 Seeded contral jet

Figure 2 Experimental arrangements of the PIV system and the coordi-
nate system [11].



collect the olive oil droplets, which is used to seed the jet
flow. The conditioned air is supplied by a compressor with
an operating pressure of up to 650 kPa. The supply tube
which has a constant cross-section of 25.4 mm I.D and 1000
mm in length, is attached to an orifice plate.

The flow rate through the tube was metered by a pressure
gauge and a Fisher and Porter tri-flat flow meter, which
located at about 6 inner-diameters of the tube upstream of
the exit. The mean velocity profiles at the exit of the tube
exhibited good axial symmetry, but not adhering to the
one-seventh power-law (see Figure 3 of Mi et al. [11]). This
indicates that the flow out of the tube was not fully devel-
oped. The triangular and circular jets were measured at the
same Reynolds number of Re= U.D./v=50,000, where U, is
the exit bulk velocity and v is the kinematic viscosity of
fluid. In addition, the streamwise turbulence intensity was
about 3% at the center and up to 26% near to the tube wall.

The velocity measurements were conducted using parti-
cle image velocimetry, PIV, realised by a Quantel Brilliant
Twins double-head Nd:YAG laser at a frequency of 10 Hz
and power of 250 mJ per pulse at A=532 nm. Depending on
the flow velocity field, the temporal separation between
laser pulses was adjusted from 10 to 40 ps. Through the
cylindrical and spherical lens, the pulse laser is rendered a
light sheet, whose thickness was about 1 mm. Then, a CCD
camera was used to shoot the images of tracer particles in
the flow field within the light sheet. The camera images
were recorded in pairs and each image of the pair was taken
at respective exposure. The MegaPlus ES1.0 camera was
operated in triggered double exposure mode, with a
1008x1018 pixel array. The collection optics comprised a
Nikon ED 70-300 mm telephoto lens coupled to the camera
C-mount with an adapter. The measurement imaging region
was 100 mmx100 mm, so that each pixel images approxi-
mately 100 pum in each direction. The time delay between
laser pulses was selected so that the interrogation region
could be set to 32x32 pixels, with 50% offset. This resulted
in an effective resolution for the velocity measurements of 3
mmx3 mm. Relative to the camera and laser sheet, the noz-
zle was translated once to measure a greater flow region,
which covers the axial region O<x<16D,, with x being the
downstream distance from the orifice plate (upstream side,
see Figure 1).

The entire dataset of PIV image pairs were saved for post
processing. The instantaneous velocity field was obtained
from the cross-correlation of each image pair. From an en-
semble of 500 instantaneous velocity fields, the velocity
statistics (mean velocity, Reynolds stresses) were obtained
for each jet. As reported in Mi et al [11], the independence
of all derived velocity statistics from the ensemble size was
confirmed by ensemble down-sampling. The derived mean
field achieved statistical convergence with an ensemble size
larger than 40-50 images, while turbulence Reynolds stres-
ses became statistical convergence for ensembles greater

than 200-250 images. The experimental errors for the mea-
sured quantities were estimated. The various statistics ob-
tained around the mean velocity half-width at x/D.=8 were
as follows, that is, the mean axial velocity [U]=+1.5%; the
RMS velocities [<u*>'"?]x42.5% and [<v>>'"]~42.6%. In
addition, the influence of spatial resolution on the mean and
RMS results were confirmed by the progressive coarsening
of the resolution from 2.6 mmx2.6 mm to 9.4 mmx9.4 mm.
The results were demonstrated by Figure 4 in Mi et al. [11].
It was found that the influence of this coarsening was negli-
gible for x/D.>6. Importantly, there was no significant ef-
fect of this coarsening on mean and RMS results around the
centerline throughout the entire dataset.

3 Results and discussion

3.1 The instantaneous velocity field

Figures 3(a)—(c) show typical instantaneous velocity vectors
(black arrows) and velocity magnitude contours (colored) at
x/D.<8.2 for the free triangular jet (Figures 3(a) and (b)) and
circular jet (Figure 3(c)) of investigation. The instantaneous
velocity field is normalized by the mean velocity at the cen-
tre of nozzle exit plane, U, The x-y and x-z planes of the
triangular jet are corresponding to the asymmetric and
symmetric planes, respectively. Figures 3(a)—(c) clearly
demonstrated that the column of the jet performs with an
oscillating manner. In addition, the velocity contours in the
central regions are high but discontinuous. This reflects the
features of entrainment and interactions with the surround-
ing fluid by large-scale vortical structures in the shear layers.
Also, the length of the high velocity (red) in triangular jet is
shorter than that of circular jet, which is expected because
of the higher entrainment and decaying rate of the triangular
jet with ambient fluid than the circular jet.

To reveal the coherent structures in the jet shear layers,
the corresponding streamlines of the instantaneous flow
fields are obtained by translating the reference frame at a
speed of 0.6U, for both jets. The translating speed was se-
lected based on Hussain and Clark [22], which showed that
the large-scale vortical structures in the near field of the
circular jet translate downstream at about 0.6U,. The sensi-
tivity of the streamlines was confirmed by using differing
translating velocities and no significant difference was ob-
served. Thus, the instantaneous streamlines together with
vorticity contours were obtained using this method, as
shown in Figure 4. It is obvious to find that the streamlines
is consistent with vorticity contours. Therefore, the present
method is useful to reveal the underling structures.

The large scale vortical structures are clearly identifiable
over the range approximately 1<x/D.<5 in the triangular jet
(Figures 4(a) and (b)) and 1<x/D.<7 in the circular jet (Fig-
ure 4(c)). Originating from the rolling up of the initial shear
layers, these vortical structures are believed to dominate the
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Figure 3 Typical instantaneous velocity vectors, contours in (a) and (b) the x-y and x-z planes of the triangular jet and (c) the central plane of the circular

jet.
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Figure 4 Typical instantaneous streamlines in (a)—(c) in the coordinate system translating at a speed of 0.6U. for the two OP jets. Also shown are the

z-component vorticity contours, whose magnitude is shown in the color scale.

entrainment with ambient fluid and initial growth in jets [5].
In the circular jet (Figure 4(c)), it clearly shows that the
primary vortical structures grow by pairing. Compared to
the circular jet, in the triangular jet (Figures 4(a) and (b)),
these large-scale structures are more three-dimensional.
Particularly, in the x-z plane of the triangular jet (Figure
4(b)), the vortical structures near the bottom part (z/D.<0)
seem larger than that of sharp corner part (z/D.>0). This
indicates that the corner can induce small-scale vortical
structures, thus increase the small-scale turbulent mixing.
However, the bottom can promote large-scale flow struc-

tures, which appear to be the dominant fluid-dynamic pro-
cess involved in the entrainment of the triangular jet with
ambient fluid. The difference of vortical structures between
triangular jet and circular jet also suggests that the jet en-
trainment rate may be higher in the former than the latter.
The downstream propagation of the flow structures in both
jets is evident throughout the images. The structures for
both jets are complex and hence it is not possible to identify
a single vortex core. This reveals that the large-scale vorti-
cal structures in downstream development for both jets are
three-dimensional.



Although large-scale vortical structures existing in the
initial region for both jets, there is a critical difference be-
tween the triangular and the circular flows. The sharp cor-
ners of the triangular orifice can increase the instability of
the initial shear layer. Hence, the flow structures in the tri-
angular jet are always three-dimensionality. Conversely, the
circular orifice can ensure axisymmetry at the nozzle exit
plane, which results in the presence of the pairing vortical
structures in the initial region. As the flow developing
downstream, the vortical structures in circular jet become
increasingly three-dimensional.

Figures 3 and 4 appear to show the fundamental differ-
ence between underlying vortical structures of the jets. It
can be noted that the initial large-scale vortical structures of
the triangular jet are more three-dimensional that that in
circular jet. While the circular jet spreads downstream and
mixes with ambient fluid, the spreading and mixing rates
seem to be lower than those of the triangular jet. Support for
this observation can be obtained indirectly from the instan-
taneous velocity (red color for the highest contour) decay
which is more rapid in the triangular case as the flow pro-
ceeds downstream. The differences in spreading and decay-
ing (and thus entrainment) between the two jets are quanti-
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3.2 The mean velocity field

Figures 5(a) and (b) present the normalised mean velocity
(UlUy,) contours in the two characteristic planes of the tri-
angular jet, that is, the x-y plane and x-z plane. Comparably,
the normalized mean velocity through the central plane of
the circular jet is shown in Figure 5(c). These measurement
regions cover the near-field over the range 0.1<x/D.<16.
Also shown (dashed lines) is the locus of the mean-velocity
half-width ¥, at which the mean velocity is a half of the
centreline velocity, that is, U = 0.5U..

Thus, the significant differences between the mean ve-
locity fields of the triangular jet and circular jet are revealed
in Figures 5(a)—(c). In the x-z plane of the triangular jet
(Figure 5(b)), the mean velocity contours are asymmetry in
the region of x/D.=0-10, which is also evidenced by the
half-width line ¥,,. The main jet spreading out from the
exit plane to x/D.~3 bends towards the flat side (x/D.<0)
from the corner side (x/D.>0) and then returns to the centre-
line. The force causing such phenomenon is the lower pres-
sure resulting from the larger scale vortical structures in the
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Figure 5 Normalised mean velocity (U/U,,) contours in (a) and (b) the x-y and x-z planes of the triangular jet and (c) the central plane of the circular jet.



flat side (x/D.<0). But as these large-sale structures stretch
and break, they gradually become smaller scale. Interest-
ingly, there is a position where half-width in the flat side
equals to the corner side in the region of 1<x/D.<2. This can
be better observed and qualified below in Figure 7. Such
phenomenon is called “axis-switching”, which is considered
to be one of critical factors for non-circular jets to have
more effective mixing performance than comparable circu-
lar jets [3,4,20,21,23-26].

However, with increasing downstream distance from the
nozzle, the mean velocity contours and the half-width line
Hw in the x-z plane seems to be symmetry. In addition, the
evolution of the mean velocity in both x-z plane and x-y
plane is nearly identical with each other in the region of
x/D>10. It indicates that downstream flow gradually be-
comes symmetry as large-scale vortical structures beak
down into small-scale turbulence by the entrainment with
ambient fluid and the interactions with each other.

As both jets proceed downstream, it appears that the cir-
cular jet spreads out at a lower rate than the triangular jet. In
addition, the high mean velocity (red contours) of the trian-
gular jet decays more rapidly than the circular jet. Thus, the
triangular jet spreads and decays at a higher rate than the
circular jet, which implies a larger rate of entrainment of
ambient fluid.

More evidence to support the above observation can be
found in the Figures 6 and 7, which shows centreline varia-
tions of the normalized streamwise velocity and half-velo-
city widths, respectively. The magnitudes of centreline ve-
locity and half-widths reflect the decay and spread rates of
jet flows. Over the range of 0.1<x/D.<16, we extracted the

data reported in Figures 6 and 7 from the PIV measurements.

Also, Figure 6 includes the hot-wire measurements of
U, /U.for a triangular jet by the data of Mi and Nathan [9]
at Re~1.5x10" with the same experimental configuration
and the data of Quinn [7] at Re~20.8x10" with different ex-
perimental configuration.

Clearly, Figure 6 reveals that the triangular jet decays
faster than the circular jet over the range of 0.1<x/D.<16.
Also, the length of “unmixed core” L, (defined as the loca-
tion at which U,/U.~1.01) of the triangular jet is shorter
than that of the circular jet, with L,~2.8D. and L,.~3.5D,,
respectively. This shows that the triangular jet mixes with
surroundings more effectively than the circular jet.

The mean velocity of the triangular jet measured by Mi
and Nathan [9] decays faster than the present PIV result (see
Figure 7 and Table 1). This may be as a result from the ef-
fect of Reynolds number. Du et al. [27] and Deo et al. [28]
studied the effect of Reynolds number on round jet and
plane jet, respectively. Both groups found that the decay
rate decreases as Reynolds number increasing until to a
critical Reynolds number, after which the decay rate be-
comes a constant. For round and plane jets, the critical
Reynolds numbers are both about 10,000 which is defined
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Figure 6 (Color online) Mean velocity decay along the jet centreline.
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Figure 7 (Color online) Half-velocity widths of the triangular jet in
comparison with the circular counterpart.

by the diameter of the exit nozzle and the exit mean bulk
velocity. However, recently, Xu et al. [29] investigated the
influence of Reynolds number on square jets and found that
the critical Reynolds number is about 30,000. This suggests
that the critical Reynolds number is not universal for dif-
ferent types of jets. The exit Reynolds number of the trian-
gular jet [9] and the present triangular jet increases from
1.5x10* to 5x10*. Correspondingly, the decay rate decreases
from 0.203 to 0.018. This suggests that the critical Reynolds
number for triangular jets should be larger than 1.5x10".

It can be noted that the centreline mean velocity for the
triangular jet differs significantly with the earlier hot-wire
measurements of Quinn [7] in the region of x/D.<10. Par-
ticularly, the “unmixed core” of the triangular jet is longer
as reported elsewhere [7]. This discrepancy is associated
with different upstream flow conditions. Compared to the



present study using triangular orifice plate, Quinn [7]
adopted sharp-edged triangular orifice, and hence achieved
a low turbulent intensity upstream flow condition. However,
the present data agrees well with results [7] in the region of
x/D>10. This suggests that the difference between two tri-
angular in the near field can gradually disappear as flow
developing downstream for high Reynolds number (The
Reynolds number of the present and Quinn [7] triangular jet
are, 5x10%, 20.8x10*, respectively). Hence, it suggests that
the critical Reynolds number for triangular jets is smaller
than 5x10*. In addition, it is worth investigating the influ-
ence of Reynolds number on triangular jets with the same
configuration and measurement technique.

Figure 7 clearly shows that the half-velocity widths of
the triangular, including yi5, z12(-), 212 (+), and half-velo-
city equivalent radius B=(y; zl,z)l/z, are larger than the
half-velocity radius R;;, of the circular jet. This indicates
that the triangular jet spreads faster than the circular jet,
which is consistent with the higher decay rate observed in
Figure 6. In addition, the differences of half-velocity widths
between the triangular jet and the circular jet further provide
that the former jet entrains with surrounding more rapidly
than the latter.

Also, Figure 7 presents the “axis-switching” phenome-
non for the triangular jet at x=1.7D.. Because of the asym-
metry of mean velocity in the x-z plane (Figure 5(b)), there
are two velocity half-widths, that is, z;»(-) and z;5(+) being
the half-widths in the flat side (z/D.<0) and the corner side
(z/D>0), respectively. From Figure 7, it shows that zi,(+)
decreases quickly from the exit plane to x=3D,, and then
increases as flow developing downstream. Comparably,
z12(=) continuously increases. There is a critical position
(x=1.7D,), where the zi5(-)=z12(+). The phenomenon is
termed “axis-switching”. Note that, two mechanisms were
identified to govern the axis-switching phenomenon [4].
The initial mechanism is that a roll-up azimuthal vortical
structures can induce velocities. The other mechanism is
that streamwise vortical pairs can induce velocities [2]. The
vortical structures near corner portions of a triangular noz-
zle move ahead faster than that near the flat portions, thus
the large-scale vortical structures near the flat portions be-
come small-scale. After several rotations, the vortical struc-
tures become somewhat disturbed, with the asymmetry in
the x-z plane gradually become symmetrical as the jet pro-
ceeds downstream, as shown in Figure 5(b). These contor-
tions can be attributed to the growth of azimuthal vortex
instabilities [30].

From Figures 6 and 7, it appears that the self-similarity
relations of centreline mean velocity and half-velocity width,
that is, Uy/U.~x and Rj,~x, are approximately valid for
x/D.>8 in the circular jet, but not for the triangular jet over
the entire measurement region. However, it is unnecessary
for the mean flow achieve self-similarity when the two rela-
tions satisfy. To achieve self-similarity, it requires that the
lateral normalized profiles of the mean velocity by the cen-

treline value at all the downstream positions collapse into
each other, that is, U/U.=f(n), with n being the later dis-
tance from the centreline, normalized by half-widths as
/Ry, /Y112 O 2/7152. Note that, in the x-z plane of the trian-
gular jet, 7 = Z/712(-) is in the flat side, and 77 = 2/715(+) is
in the corner side. These profiles are shown in Figure 8§,
which also includes the far-field mean velocity profile ob-
tained by Hussein et al. [31] for a smooth contraction circu-
lar jet and the Gaussian distribution U/U.=exp(— 172/2)/(27:)“2.
It is surprising to find that the later mean velocity profiles
for the present circular jet collapse well into each other for
x/D.>10, which can induce that the mean flow of the circu-
lar jet approximately achieve a self-similar state for x/D.>10,
together with the centreline mean velocity and half-velocity
widths following their self-similarity relations. In addition,
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Figure 8 (Color online) Lateral profiles of the normalized mean velocity
(U/U,) in (a) and (b) the x-y plane and x-z plane of the triangular jet and (c)
the central plane of the circular jet.



Figure 8(c) presents that the self-similar mean velocity pro-
files of the circular jet collapse well between Gaussian and
Hussein et al. [31]. This indicates that the inflow conditions
has little affect on the mean flow field. As shown in Figure
8(a), the later profiles of the mean velocity in the x-y plane
of the triangular jet seem to follow the Gaussian distribution
for x/D.>10. Also, a similar trend occurs in the x-z plane
(Figure 8 (b)), where the later distance from the centreline is
normalized by different half-widths, that is, 7 =z/z,,(-) for
72/D.<0, and 1=z/z,,,(+) for zZD.>0. However, the mean flow
of the triangular jet is not axisymmetric, which is evidenced
by the half-widths of the triangular jet which do not equal
each other in the entire measurement region (Figure 7).

3.3 The fluctuating velocity field

Figures 9-11 show contours of the Reynolds normal and
shear stresses normalized by the maximum velocity U,,, that
is, <u>IUZ, <v>IUn and <uv>/Us in the xy plane and
<uHIUL, <wIUE and <uw>/Ug in the xz plane of the tri-
angular jet and in the central plane of the circular jet, for
x/D.<16. The half-width locus, ¥, is shown as a reference.
Also, it can be noted that the relatively poor PIV resolution
in the jet near field caused discontinuous contours of the
Reynolds stresses, particularly for <v*> and <w”> at x/D<3.
From these plots, several observations can be made.
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Firstly, the highest values of <u’>/Us are consistently lo-
cated near the half-widths in both the xy and xz planes for
the triangular jet (Figures 9(a) and (b)), and near the
half-radius for the circular jet (Figure 9(c)), while the cor-
responding locations for <u*>/Uy and <u’>/Uy shift inward
away from ¥, and arrive at the axis at x/D. >4-5 for the
triangular jet and x/D. >5-6 for the circular jet (Figures
10(a)—(c)). The difference results from the breakdown of
large-scale vortical structures, which causes the values of
uP>IUZ and <u®>/U2 to increase rapidly. As shown in the
typical instantaneous streamlines (Figure 4), the large-scale
vortical structures of the triangular jet breakdown earlier
than those of the circular jet. Secondly, the absolute value of
the shear stress in both jets reaches the maximal value ap-
proximately ¥, in the near field, and the maximum shifts
inward farther downstream in both measurement planes.
The above behaviours of the Reynolds normal and shear
stresses are associated with the mean shears (0U/0y and
0U/0z) whose maxima are located around the half-widths in
the near field but move to an inner location at y=0.8y,,, or
770.8zy at x/D>10. Therefore, both the jet half-widths and
maximal Reynolds stresses occur at the maximal mean
shears, regardless of turbulent jets generated from any typed
or shaped nozzles. In addition, as flow developing down-
stream from the exit plane, all components of Reynolds
stress of the triangular jet appear to reach the peaks earlier

(c) Circular orfice
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Figure 9 Contours of the streamwise component of the normal stress (<u*>/Uz) in (a) and (b) the x-y and x-z planes of the triangular jet and (c) the central

plane of the circular jet.
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Figure 10 Contours of the lateral components of the normal stress (<\v2>/U2 or <w?>/U2) in (a) and (b) the x-y and x-z planes of the triangular jet and (c) the

central plane of the circular jet.
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Figure 11 Contours of normalised Reynolds shear stresses (<uv>/UZ and <uw>/U2) in (a) and (b) the x-y and x-z planes of the triangular jet and (c) the

central plane of the circular jet.
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and then decay more rapidly than those of the circular jet.
This is consistent with the observations of shorter “unmixed
core” and faster decay rate above.

To quantitatively compare the evolution of the fluctuat-
ing velocity field, the streamwise turbulent intensity u'/U. is
presented in Figure 12. Also, results from Mi and Nathan [9]
and Quinn [7] are added. Apparently, the turbulent intensity
of the triangular jet increases more rapidly until x/D.~5,
which indicates a higher rate of mixing with ambient fluid
and scatters at u'/U~0.18. By comparison, the transition
position of the turbulent intensity moves downstream at
x/D.~10 in the circular jet. Although the centreline turbulent
intensity of the triangular jet increases more rapidly, the
magnitude at the transition region is 25% smaller than that
in the circular jet. Moreover, the centreline turbulent inten-
sity of the circular jet remains at a higher value at x/D.>10.
This observation is consistent in that there are more
three-dimensional vortical structures in the triangular jet
than that in the circular jet. In addition, it can be noted that
the transition position of u'/U, also occurs at x/D.~5 for Mi
and Nathan [9] and Quinn [7], while u'/U. is greater than the
present result and still slowly increases as the flow devel-
oping downstream. This indicates, for Mi and Nathan [9]
and Quinn [7], that the fluctuating velocity field of the tri-
angular jets does not reach self-similarity at x/D.<20. The
RMS velocity profiles of the present triangular jet are far
from convergence in the entire measurement range, as their
profiles in both the x-y plane and the x-z plane significantly
retain differences at x/D.=15 (not shown here).

4 Conclusions

Herein we have investigated an equilateral triangular free jet

0.2 ——r—r——p—r——r—r—7———r—r—7—r—r
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]
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Figure 12 (Color online) Variations of the turbulent intensity u’/U. along
the jet centreline.

in the near and transition regions at Re=50,000 using a pla-
nar PIV technique. Comparison have been made for the-
instantaneous, mean and turbulence velocity fields of two
jets which issue from triangular and circular orifice plates,
respectively. Based on the results reported in the present
paper, several main conclusions can be made.

Firstly, the triangular jet entrains with the ambient fluid
at a higher rate than the circular jet in the near and transition
region. This is reflected by the higher spread and decay
rates, more rapidly increasing centreline turbulent intensity,
and shorter unmixed core.

Secondly, the triangular corner can induce small-scale
vortical structures, while the flat side promotes large-scale
structures, thus the primary vortical structures in the trian-
gular jet has higher three-dimensionality than in the circular
jet.

Thirdly, the “axis-switching” phenomenon is observed to
occur in the present triangular jet at x=1.7D.. Such phe-
nomenon is believed to have a critical role to increase
three-dimensionality of vortical structures and entrainment
with ambient fluid.

Fourthly, although the self-preserving relations of the
centreline mean velocity and half-velocity width appear to
be met at x/D.>10 in the circular jet, the mean flow of the
triangular jet is far from reaching self-similarity over the
entire measurement region.

Fifthly, in the near field region, all components of Reyn-
olds stress of the triangular jet appear to reach the peaks
earlier, and then decay more rapidly than those of the circu-
lar jet.

Lastly, the turbulent intensity of the triangular jet in-
creases more rapidly until x/D.~5 and then scatters at u'/U.
~0.18 at x/D.>5. By comparison, the transition position of
the turbulent intensity in the circular jet moves downstream
at x/D¢=10 and u'/U~0.23 at x/D>10.
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