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Potentia-Core Regio

S. Sivakumar, Ravikiran Sangras and Vasudevan Ragha

Abstract—In this work, stationary hot-wire measurements aréower Reynolds numbers never attain isotropy, inti@ast to
carried out to investigate the characteristics ofund free jet in its high Reynolds number jets, which attain the isdtragtate in
potential core region (8 x/d < 10). Measurements are carried out orthe far field (x/d = 140).Researchers have repostgdificant
an incompressibleound jet for a range of Reynolds numbers fromy mount of work in the field of turbulent jets at deate
4000 to 2_3000, calculated based on the jet gxit nvedocity and the Reynolds numbers, both in the near and far-fielgiors.
nozzle diameter. The effect of flow velocity on tdevelopment However. onlv a f h K lcto
characteristics of the jet in the core region islgred. Time- ! y very. PTW rgsearc Wor_s are a}v
averaged statistics, spectra of velocity and ighéi order moments explain th_e charactgrlstlcs in a potentlz_al core iaegof
are presented and explained turbulent jet. In this paper, an experimental studs

incompressible round jets at low Reynolds numbeej®rted,

Keywords—Contoured nozzle, hot-wire anemometer, Reynoldé/here the main focus is on the transition regioneofwithin

number, velocity fluctuations, velocity spectra. the potential core region. The statistical and terapchanges
in the quantities of interest, within the potentiare region of
I. INTRODUCTION the round jet, are presented in detail.
ETS emerging from round nozzles into un-confined
surroundings are useful in several areas of teahiriterest. Il. EXPERIMENTAL SETUP

Jet flows are encountered in a variety of engimegeri . .
applications including combustion, chgnical p?ogs A Experimental Setup and Jet Domain

pollutant discharge, cooling process, mixing andyirdy A schematic representation of overall experimesédlp is
processes. The structure and development of turbyéss ShowninFig. 1.
were studied by many researchers [1,2,3]. The fieldr-

development and spectra of turbulent jets werertegdy a

few authors [4,5], where it was concluded that rtiear-field

region is susceptible to the variations in initedd boundary

9.
conditions. This created a wide area for jet redear U
8 X

comprising of different initial and boundary condlits in the

near-field of a jet. Studies were reported on tlebujets,

considering the variations in parameters such asRébynolds
number [6], nozzle geometry and turbulent intensitythe

nozzle exit [7,8,9,10,11]. The effect of differenbzzle

intrusions in the jet was studied by a few reseansh
[12,13,14].

The effect of Reynolds number in the near-fieldurbulent
round jet had been studied by using stationaryfimt hot-
wire anemometer [6]. Experiments were carried ougfrange
of Reynolds numbers, however, detailed resultaf®eynolds

3
@ b ©

1. From compressor 6.(a) Flow straighteners
number of 30000 was reported. It ha(_j b(_aen obsMhe 2 Ballvawe 6b)  Mesh ]
length of potential core decreases with increasRegnolds 3. Filter-Regulater unit ~ 6.c) ~ Mesh2
number. The effect of Reynolds number on the nietd-bf a 3@ Filter 64d)  Meshs =

. i A 3.(b) Moisture remover 6.(e) Contoured nozzle
plane jet was also studied [15], where it was regubtthat 3(c) Pressureregulator 7. Flow domain
i il i _fi i 3.(d)  Pressure Gauge 8. Probe setup
multiple frequency peaks prevail in the near fiddion :_:1t low Y P o e
Reynolds number. It had also been mentioned tlaaieplets at 5. Rotameter 10.  A/D converter
6. Settling chamber 11. Computer
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circuit securely. The impurities and moisture i tir have
been removed by a filter and moisture remover. 3éiting
chamber consists of honeycomb for straighteningltve and
meshes having different spacing (mesh 1 - 1 mmhres0.5
mm, mesh 3 - 0.25 mm), for eliminating the vorti¢esthe
flow. The air stream is subjected to axisymmetoatcaction

frequency is set at 20 kHz. The number of sampuitding to
100,000 are collected maintaining low-pass filtgrirequency
at 10 kHz. Data is acquired from the anemometer thié help
of National Instruments DAQ card and is controlley the
commercial software, LabVIEW. The obtained eleetridata
is converted to velocity data using an in-houseecdelveloped

using a ¥ order contracting nozzle, where the contractiom FORTRAN. The post processing of the collectethdwve

ratio is 400:1. The jet emerging from the nozzli sxensured
to have low turbulent intensity and an almost tep-brofile.
Flow domain is in the shape of a square prism \ditise
dimensions of 0.5 m x 0.5 m and a height of 0.8umounded
by wire mesh of 1 mm spacing. This wire mesh isnoged
for having adequate entrainment with minimum diséumces in
the entraining air. Hot-wire probe is accuratelysiioned at
any location in the flow domain by using a thremeisional
manual traverse setup having a swept volume off0:60.5 m
x 0.5 m.

B. Calibration of Hot-Wire Anemometer

Stationary hot-wire anemometer, having a wire of i@
diameter and a length of 1.25 mm, is used to measansient
velocity data at any location within the jet flowelfl
(component 7 in Fig. 1). It is calibrated using thean
velocity data obtained by a stainless steel Pitbethaving a
port diameter of 0.5 mm. The mean velocity is clalimd from
the measured pressure difference, by connectin@itbé tube
to a differential manometer. Errors involved in tkgrobe
hot-wire calibration, as reported in literature J[1present a
relation between the flow velocity, probe angle ate
electrical output.

E’-E, = AU"cos"(a - J)
E,”-E,;*=AU"cos"(a +9)

1)
)

been done using Qtiplot and MATLAB.

Ill. RESULTS

A. Satistical Analysis

The development of mean velocity is observed talbwst
steady from a top-hat profile at the nozzle exib&dl-shaped
profile at an axial distance of 15d from the nozzté (Fig. 2).
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Fig. 2 Mean velocity profile at x/d = 15

There are no significant differences in the velpgitofiles

In (1) and (2), Eand k are the mean voltage measured obetween the three different Reynolds number ca3ée
the bridge at a given velocity U, from wires 1 a@¢d spread rate of mean velocity is plotted in Fign3térms of
respectively. The voltage obtained at zero velocisy non-dimensional jet half width, ;R for three Re cases.
designated as EFurther in (1) and (2)s is the angle between Clearly, there is zero spread in the potential cegton. Mean
the wire and the probe axié,is the angle between the mearvelocity is measured along the axis of the jet atatted in
flow direction and the probe axis, and A, n, andare the Fig. 4. As seen in Fig. 2 in radial profiles, theriations of

constants to be determined during calibration.

C.Data Processing

The hot-wire (component 8 in Fig. 1) loses its hmeathe
ambient air, primarily due to convection and alsee do

centre-line velocities are almost the same for ttiree Re
cases, especially in the potential core region,ingasglight
deviations in the near-field region.

A relation to determine the decay constant, asrgive
equation (3), is reported in literature [6].

conduction. This will be proportional to the locéibw

velocity, which will be sensed by the bridge citcaind U, 1(x_x0j 3)
amplified by servo amplifier in an instantaneousdigack loop U Bld d

(component 9 in Fig. 1). The analog output from iZiPA is

converted to digital form using an analog to digitanverter

(component 10 in Fig. 1) and fed to a computer (@oment 11

in Fig. 1). The wire temperature is set to 240°Csbiting a

corresponding overheat resistance in MiniCTA. A% th

Reynolds number considered is low (4000-8000) strapling

C
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Fig. 3 Spread rate of mean velocity
TABLE |
MEAN VELOCITY DECAY PARAMETERS IN EQUATION(3)
Authors x/d ¥/d B
Present study &= 6000) <15 2.87 4.83
Fellouah et al. [6] 15-29 25 5.59
) ) <50 3 5.7
Wygnanski and Fiedler [2] > 50 7 5
Panchapakesan and Lumley [3] 30 - 160 0 6.06
Mi et al. [9] <64 3.5 4.48
Xu and Antonia [7] 20-75 3.7 5.6
Quinn [8] 18 - 55 2.15 5.9
Abdel Rahman et al. [5] <12 1.1+0.39 4.27+4.3

The decay constant and the virtual origin can be

estimated from the velocity decay data using (3hesk
constants have been estimated for the present wibe
Re=6000, and have been compared with those repthted
literature (Table I). The root mean square (rmsyeaf the
velocity data is plotted along the axial directionFig. 5. In
the near-field region, the rms velocity increaséh WRe, but in
the potential core region, there are no significdifferences
between the cases. A fully developed turbulent flbas
random fluctuations in the flow properties, whiclosely
follow Gaussian distribution [15]. However, in thear-field
(transition region) due to non-linear effects, @ymot follow
the Gaussian distribution.

A dedicated work on PDF analysis with respect to
turbulent jet reported relations for skewness (@ &urtosis
() [17].

skewness = <u3>/<u2>%

kurtosis = <u4 /<u2 ’

(4)
©)
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Fig. 5 RMS velocity decay

Radial profiles of these quantities are plottedsiat axial
locations within the transition region (x/d < 10Yhe
probability density functions are plotted in Fig, ®r Re
values of 4000, 6000 and 8000. It is clearly sbanthe radial
profiles increasingly deviate from the Gaussianfifgras the
axial distance is increased within the potentiatecoegion.
This is due to the instability waves present theeptial core
region, which dominates without the effect of emerg
cascading mechanism. The energy cascading mech&niam
energy transfer process in which large eddies bugakito
relatively smaller eddies, these smaller eddieserga a
similar break-up process, transferring their enetgy yet
smaller eddies, continuing till the size of eddyaadiees a
minimum value at which it is dissipated in to thewf due to
viscous effects [18].
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Fig. 6 Probability density functions for three difént Reynolds numbers, Fig. 7 Skewness for three different Reynolds nusiber

(a) 4000, (b) 6000 and (c) 8000 (a) 4000, (b) 6000 and (c) 8000
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Fig. 8 Kurtosis for three different Reynolds nunsyer
(a) 4000, (b), 6000 and (c) 8000

At the axial location of 10d from the nozzle exite profile
appears to be closer to the Gaussian profile. iEhisie to the
fact that a part of mean flow energy is converted turbulent
kinetic energy, which gets distributed in the foofeddies,
thereby enlarging the range of turbulent scaldgkerflow.

Skewness and kurtosis are plotted along the raifiettion
in Fig. 7 and Fig. 8, respectively, for three Raesa Both
kurtosis and skewness show peak values at a dadetion of
around 3Ry, denoting a region of intermittency. It is known
that at axial locations away from the nozzle ethie mixing
and the randomness increase. However, at an axiafibn of
5d and at the Re value of 6000, skewness and ksiheve
maximum values.

B. Temporal Analysis

The temporal content of the velocity data is aredymsing
fast Fourier transform (FFT). Using 32768 data mifFT is
carried out to determine the entire range of fregies. It has
been plotted for the axial locations in the ranf)@.6d to 7.5d,
covering the entire potential core region in Fig-Be effect of
Reynolds number is clearly observed in Figs. 9. fféguency
scale is made non-dimensional using Strouhal nur(fidy;).
At Re of 4000, Fig. 9(a) shows a single dominafiegjuency
at Strouhal number of 0.26. The amplitude increadean
axial location of around 5.5d, after which multigdeaks are
observed. For Re equal to 6000, Fig. 9(b) shows two
dominating frequencies, at Strouhal numbers ofah8 3.6.
The maximum amplitude occurs for this case at aial ax
location of 4.5d, after which it decreases gragualid enters
into energy cascading. At a still higher Re (800gy. 9(c)
shows four dominating frequencies at an axial iocabf 2d
and the energy cascading mechanism starts at 2sBdf, i
resulting in the presence of multiple frequencieghis flow
region. Similar frequency peaks are observed andture [15]
for plane jet in the near-field region.

One-dimensional energy spectra are investigatesbaral
axial locations within the potential core region5@ to 7.5d)
and are plotted in Fig. 10. One-dimensional spectra
calculated from the formulae reported in literatii as given
in (6) and (7).

E,(1)= [ R (n)dr ©
R = Ju+Oudr=0G U@ 0

In this paper, an auto-correlation for velocitig$,0.1 s, is
carried out. Fourier transform of the auto-corietatdata has
been done to get the one-dimensional spectra (eglatity).
Spectra show a similar behavior as that of the BRalysis.
The maxima in spectra at Reynolds numbers of 4F0§. (
10(a)) and 8000 (Fig. 10(c)) have completely disaped at
axial location of 7d and 5.5d. For Reynolds numbe6000
(Fig. 10(b)), the maxima are found till an axiatéion of 7.5d
and can possibly extend beyond it.
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IV. CONCLUSION

Potential core region of incompressible round jg$ been
studied thoroughly by measuring the transient \glodata
with the help of hot wire anemometry. The resulisea well
those available in literature. The mean velocigidfiin all the
three cases shows negligible difference in the-fielar region
and is almost the same in the potential core regitme
nonlinearity behavior in the potential core regian well
captured by the PDFs. The intermittency region e t
potential core region is clearly shown by the ksigoand
skewness plots, located at a distance af,3Rdially from the
jet axis. An increase in Reynolds number advaniceshergy
cascading mechanism towards nozzle exit. Fourarsform
of velocity fluctuations shows the onset of eneoggcading
mechanism for three different cases. One dimenkgpectra
of velocity fluctuations shows good variation irettiffusion
of kinetic energy for three different Reynolds n@artbalong
the axial direction.

NOMENCLATURE

0 Angle between probe axis and wirag

A, mn Constants in King's law

B Decay constant

DAQ Data Acquisition

) Angle between probe axis and flow directi@a,

d Nozzle exit diametem

Ey Electrical output from wire at zero velocity,

E; Electrical output from wire 1 at specific
velocity U,V

E, Electrical output from wire 2 at specific
velocity U,V

E; One dimensional spectra

FFT Fast Fourier Transform

f FrequencyHz

h Grid spacingn

PDF Probability Density Function

Ry Half width radiusm

Re Reynolds number

Ri Autocorrelation

rms Root Mean Square

U Mean centerline velocityy/s

U Nozzle exit velocityn/s

u Fluctuating axial velocityy/s

Y Fluctuating radial velocityy/'s

uv’ Reynolds stressyf/s?

Xo Virtual origin,m
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