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Absiract, Results are presented for some features uf the structure of turbulent free jets issuing from an
equilateral triangular nozzle and from a shurp-edged square nozzle with the same cross-sectional ared.
Comparison is made with o Iree jet issuing from a circular nozzle having the sume area. Measurements
cover mean Mlow paramelers, velocity spectra and turbulence level. The results show that. although all jers
become axisymmetric farther downstresm, their development is substantially different. The development
of the asymmaetric jets is slower than that of the round jet, with the triangular being the slowest. Low wave-
number eddies appear to dominate the flow along lines normat to the flat side of the asymmettic jets in the
near field while small scale turhulent eddies are dominant along the vestices of these jers.
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Nomenclature

nozzle ¢xit area

diameter of circular nozzle

equivalent nozzle diameter; D, = V 4A/n

hydraulic diameter of nozele; Dy = A/perimeter
frequency, Hz

power spectral density of velocity component u

mcan (time averaged) velocily component in x-direction
jet velacity (at the center of nozzle ¢xit)

mean velocity along the jet centerline

fluctuating velocity component in x-direction

axial coordinate measured from nozzle exit plane and normal to it
laterat coordinate measured from jet axis and normal to it
half velocity width; y at the point with U = 0.5 U,
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Introduction

Turbulent jets issuing from noncircular nozzles are important in many engineering
applications. particularly in fluidics and thrust augmenting ejectors as well as in com-
bustion chambers. The speciul features of three dimensional jets have drawn the
attention vl & number of invesugators; however, previous work does nat reflect its
potential applications. The initial structure and development of such jets arc mar-
kedly different from those issuing from axisymmetric nozzles. Hussain and Husain
[1] studied expenimentally incompressible etliptic jets of different aspect ratios. They
puinted vut that clliptic jets are quite different from plane and circular jets, owing
mainly to the fact that the azimuthal curvature variation of a vortical structure causes
its non-uniform self-induction and hence complex three-dimensional deformation.
This deformation alters entrainment and other turbulence phenomena.

Sforza et al. [2] and Tsuchiya ef al. {3] in their studies of three dimensional
rectangular jets have shown that the flow field may be subdivided into three main
regions which are a potential core region followed by a characteristic deeay region
and an axisymmetric decay region, They have also found that the flow field near the
Jet exit has a saddle-back velocity profile only on the spanwise axis, so that three
dimensionality must he taken into account in this region. Koshigoc er al. [4] studied
the flow field of an equilatcral triangular jet and gave some results for spatial instabil-
ity waves. They found that there is a large amplifiction rate of disturbances at the flat
side compared with that at the vertex. In a later work [3], they tested two ditterent
triangular jets, one had a triangular orifice nozzle while the other discharges from a
triangular pipe. They observed that axis switching occurs only in the case of the
orifice jet and that the flat side is characterised by gencration of large-scale coherent
structures,

Quinn and Militzer [6] presented results of wn experimental and numerical study
of a turbulent free jet of wir issuing trom a sharp-edped square slot. Their experimen-
tal results revealed the existence of pronounced mean stream velocity oft-center
peaks in the very near field. Furthermore. they pointed out that there are no
documented detailed meusurements of mean velocity and turbulence structure aviil-
able for turbulent square jets. Krathapalli et af. [7). Marsters [8] and Sfeir [9] investi-
gared rectangular jets of different exit aspect rutios and Reynolds numbers. Their
studies showed that the development of the jet depends on these two parameters.

The purpose of this paper is to provide experimental results showing some Fea-
tures of the structure of turbulent tree jers issuing from an equilateral triaogular noe-
2le and from acsharp-edged square nozzle with the same cross-seetonal aca, Cone
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parison is made with a free jet issuing from a circular nozzlc having the same cross-
seclional area. H is worth noting that the circular nozzle has the least initial circum-
ference among other three-dimensional shapes with the same cross-sectional area.
For example, the circumference of square and triangular nozzles are 12.8% und
28.6% highet than that of a circular nozzle of equal area. The increase is of prime
importance in the mitial region of the jet in which maximum entrainment is expected
to occur. The measurements cover both mean flow parameters and turbulence level.
Emphasis is placed on the comparison of the velocity spectra of three-dimensional
jets with the well-studied axisymmetric jet.

Fxperimental Set-up

The flow facility consisted of a constant speed centrifugal fan providing air to a
plenum chamber of 0.26 m diameter and ().28 m ength which is fitted with gauge
scTeens to ensure uniform flow through a smoothly contored 32:1 area ratio contrac-
tion nozzle. The shapes of the jel cxits examined are shown in Fig. 1. Three types of
jet exits with constant area {580 + 00.5% mm?) were fitted using 40 mm length care-
fully machined adapter pieces (Fig. 1) to transform the 36 mm diameter circular cross
section to the required shapes. Jet cxit shapes are: circular nozzle with 27.2 mm
diameter, sharp-edged square nozzle with 24.1 mm height (positioned cither nor-
mally or diagonally) and sharp-edged equilateral triangular nozzle with 31.7 mm
height. The nominal Reynolds number based on jet cxit velocity und the eguivalent
diameter was 6.35 x 107 for all jets and it varies within £ 13% if based on cquivalent
hydraulic diameter. The nominal mean streamwise velocity at the center of the noz-
zle exit plane was 35 m/sec. The streamwisc turbulence intensity at the center of the
nozzle exit plane was less than 0.5%

A linearized single hot wirc ancmometer system was used to measure the mean
velocity and streamwise turbulence intensity. The velocity spectra were measured
using a spectrum analyzer. The main purpose of the spectral analysis is to identity the
dominant frequency peaks in the flow ficld.

Results and Discussions

Mean and turbulent velocity profiles

The mean streamwise velocities on the jet centerline and at positions off-center,
corresponding to nozzle edges, are plotted versus the normalized distance measured
from the nozzle cxit (x/Dqu in Fig. 2. Note that Deq is the same for the three nozzles
sinee it is defined as V 4A/n where A is the nozzle area. No attempt was made to
study the jet spread rate and therefore the virtual origin was not determined. Mca-
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surcment of x from the virtual origin is important when studying jet sell-similarity but
this was not among the objectives of the present investigation,

Figure 2a indicates that the potential core for the round jet extends as expected
t0 41> while Figs. 2b and 2¢c indicate that centerline velocity stays constant up to 2.7
for the squarc jet and up to about 1.4 D,, for the triangular jet. The uncertainity in
determining these numbers is within the experimental uncertainity in measuring U.
The differences in the extent of the potential cores are attributed {o the differences
in the structural behavior of jet flows in the mixing region where additional shear
strains exist in the casc of 3-dimensional Jets; namely those issuing from the square
and triangular nozzles. These exlra strains tend to enhance mixing within the shear
laycrs and therefore shorten the potential core.

The decay of the centerline mean velocity downsiream of potential core based
on a log-log plot (not shown) reflects the above discussion in the sense that the decay
is faster for the three dimensional jets as compared to the x~! decay for the round jer
[10]. The profiles show that there is distinct difference between the streamwise vel-
ocities along the vertex line and the flat-side linc for 3-dimensional jets. However,
the difference diminishes within 7.3 D, for the triangular jet while it takes upro
about 20 D, for the square jet to diminish, It is worth noting that the velocity has a
relatively sharp peak along the vertex line of triangular jet at xD,, = 1.65; on the
other hand the velocity along the flat side changes in a very mild fashion for the same
jet. Similar behavior but not as distinct is observed in the case of the square jet. This
can be attributed to the fact that the vertex of triangular jet exit (nozzle) is at smaller
angle than that of the quare jet which is expected to cause stronger interaction
between the boundary layers at the vertex of the triangular jets,

Figure 3 shows the mean velocity profiles at nozzle exit (x = 0} and at x/[)“I =
11 for the three jets. The results show that the flow was uniform at nozele exits and
that the three jets have attained bell shape profile at the downstrecam station which
indicates that the jets may have lost the memory of their initial states. Furthermore,
the datu in Fig. 3b show that the mean velocity profile for the jet issuing from the
square nozzle appears to be axisymmetric, On the other hand the tail of the vcl()cil.y
profile of the triangular jet (Fig. 3¢) does not tend to zero within the shown data, indi-
caling very slow decay in the lateral direction compared with the round jet. It should
be noted that the half-velocity width y,, ; at this axial location is largest for the round

jet followed by the square and triangular jets, respectively.

The axial variations of the longitudinal component of turhulence intensities along
the centerline and at positions off-center, corresponding to nozzle edges (in the shear
layer) are shown in Fig. 4. Itis evident that the turbulence intensities are fairly higher
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in the shear layer than at the centerline for the three jets in the initial region; which
is cxpeeted because of the presence of the potential core. At the end of the potential
core, the turbulence intensity along the centerling increases very rapidly to reach a
maximum before dropping slowly near the outer edge. 1t is interesting to note that
there are two adjaccnt peaks in the case of the square jel; possibly due to vortex pair-
ing in this developing region. The variation of the turbulence intensity measured along

lines perpenedicular to the nozzle at the vertex and the flat side in the initial region
of the three-dimensional jets is markedly different. In both cases the turbulence level
is higher along the flat-side line comparcd with the vertex line. This also was
observed by previous investigatars [4,5]. They attributed this behavior to the domin-
ant cffcct of large scale structures generated along the flat side compared with the
fine scale turbulence dominating the flow emanating from the vertex. This
hypothesis is supported by the present data as will be shown later when discussing the
spectral development associated with velocity Aluctuations in these jets.

Figure 5 shows the longitudinal turbulence intensity profiles at nozzle exit (x =
0) and at x/D_ = 11 for the three jets which correspond to the mean profiles shown
in Fig. 3. The results indicate that the turbulence level is very low at the center of the
nozzle and increases lowards its wall for all jets, Further we observe that the turbu-
lence field of the jet emanating from the square nozzle (Fig. 5b} is not yet axisymmet-
ric as indicated by the mean field (Fig. 3b). As for the triangular jet. the daty in Fig.
53¢ show that the jet is definitely not axisymmetric yet.

Velocity spectra

Power spectral analysis has been carricd out al selected locations for each of the
three jets investigated in order (o identify any preferred frcquencies: these frequen-
vies in the velocity signal are usually associated with large scale vortical structures.
This was achieved by feeding the linearized output of the hot wire into a spectrum
analyzer that employs fast Fourier transform. The velocity spectra presented here
are averages of 64 ensembles. Since our main vbjective here is to compare the fre-
quency content, the gain in the signal can be arbitrary.

Development of the spectrum along the centerline

The development of the centerline longitudinal velocity spectrum is shown for
the three jets in Figs. 6,7 and 8. In all fiures, sharp peuks appear at 6 and 1200 Hz.
Upstream influence may be responsible for these exact tones, but most probably not
for the energy content around them.

Figures 6(a) and 6(b) show the speciral development of the axisymmetric jct in
near and (ar fields, respectively. It is obscrved that considerable energy content 15
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present around the peak at 600 11z and covers frequencies from 200 Hz to 1000 Hz.
This peak survives until x/D = 5. Starting around x/DD = 6.6 the main bulk of the
energy content shifts lowards lower frequencies. It appears that a spectrum of the
turbulence-type is obtained at x/D> = 10.3 and develops to a typical turbulence spec-
trumn turther downstream.

Figures 7(a) and 7(b) show the spectral development for the square jet at same
locations presented in Fig. 6. Similar to the case of the axisymmetric jet a broad peak
exists around 600 Hz; however this peak survives only up to /D, =2.2. At x/D,,
equal 2.9 a build up of low frequency fluctuations starts to appear. This is due to the
developing shear layers and it also indicates that the potential core ends around this
location; which is earlier than the case of the round jet. It is interesting to note that
this is consistent with the result of Fig. 2. At %/, = 3.67, the results indicate that
the development towards fully developed turbulence is slower than the case of the
round jet which may be attributed to the lack of axial symmetry in the initial region.

Tigures 8(a) and 8(b) show the corresponding results for the triangular jet.
Notice that measurements were made along an axis that passes through the centroid
of the nozzle scction. Here, it is clear that the broadening of the peak around 6(K! Hz
towards lower frequencies starts at x/D, = 2.2 which is earlier than in previous jets.
Also it is observed that the peak has been overshadowed by the buildup of low fre-
quency fluctuations at x/Dﬂ4 = 2.94. As for the far field, the development towards
fully developed turbulence appears to be even slower than the case of square jet due
to the more severe three-dimensionality,

Off-center spectra

Figures 9 and 10 show velacity spectra at y-locations corresponding to the ver-
tices und the Nat side of the tniangular and square nozzles as well as the edge of the
round nozzle.

The results of Fig. 9 show that there is a marked difference between the spectra
at the flat side and the vertex side for the square and triangular jets close to the nozzle
exit (/D = 0.735). In general there is more energy content at low frequencies in the
flow emuanating from the {lat side compured with that emanating from the vertex,
This has heen observed also in Ref. [4] and was attributed to the presence of a large
scale coherent structure generated at the flat side as compared with the fine scale tur-
bulcnee dominating the flow along the vertex line.

Further downstream at x/D,, = 2.94, Fig. 10 shows the velocity spectra corres-
ponding to those presented in Fig. Y. 1t is observed that the spectra at the vertex and
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flat side become fairly close for the three dimensional jets and are even comparable
to the spectrum al the edge of the round nozzle.

The time histories for signals measured ulong the vertex line and flat side for the
three dimensional jets at x/D,, = 0.18 and 0.735 are shown in Figs. 11 and 12. These
results indicated that the large scale eddies at the flat side are less organized although
stronger compared with smaller scale eddics along the vertex lines.,

Summary and Conclusions

Limited results on the development of 3-D jets issuing from triangular and
square nozzles were obtained experimentally. The results were compared with those
of an axisymmetric jet with equal nozzle area. Hot-wire measurements were made
along the centerline of the jets and along axial lines emanating from the edges of each
nozzle, Meun streamwise velocity and tuibulence intensity profiles were obtained at
a limited number of stations. Also the power spectral density was measured at
selected locations in the flow field. The main conclusions of the study are:

1. Three-dimensional jets eventually become axisymmetric far downstream of the
nozzle exit. The triangular jet was the slowest to approach axial symmetry, followed
by the square jet.

2. The variation of the centerline velocity and its decay along the jet axis is strongly
dependent on nozzle geometry. Present data showed that the potential core extends
to /D, = 1.4 for the triangular jet, to x/D = 2.7 for the squarc jetand o x/D = 4
{as expected) for the found jet.

3. Spectral measurements in the nearfield showed the presence of a broad but
dominant peak around 600 Hz along an uxiul line normal to the flat side of cach of
the triangular and square nozzles, indicating that the flow is dominated by large scale
vortical structures along these lines. This is supported by large values of turbulence
intensity there. In contrast, small scale turbulence is dominant along lines cmanating
from the vertices of the nozzles.

4. The turbulence intensity along the centerline grows rapidly following the end of
the potential core to 2 maximum then drops slowly with x/D,_, in alt three jets. How-
cver, two peaks atx/D_, = 5.8, 8.2 were observed in the square jet case. The reason
for these peaks is not exactly known.
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