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Scaling the Near-Field Centerline Mixing Behavior
of Axisymmetric Turbulent Jets

George Papadopoulos¤ and William M. Pitts†

National Institute of Standards and Technology, Gaithersburg, Maryland 20899

Detailed measurements of thecenterline mixingbehaviorin the near� eld of variable-densityjets were performed.
Real-timemeasurements of jet � uidconcentration for a propanejet and amethanejet issuing intostill airwere made
utilizing Rayleigh light scattering. The initial conditions were those of fully developed pipe � ow, and testing was
done for � ow rates yielding Reynolds numbers in the range of 3:3 £ £ 103 –2:3 £ £ 104, based on the average discharge
velocity, exit diameter, and initial � uid properties. Centerline decay characteristics in the near � eld exhibited a
downstream shift with increasing Reynolds number, which was attributed to the initial velocity distribution at
the jet exit. Investigation of the mean and turbulent characteristics of the initial velocity distribution yielded a
proposed near-� eld scale variable that effectively captured this dependence on Reynolds number. Collapse of the
near-� eld centerline velocity and concentration distributions was achieved using the proposed scaling.

Nomenclature
A = jet cross-sectionalarea
F = � atness of velocity distribution
I = Rayleigh light scattering intensity
J = momentum � ux,

A
½U 2.z; r/ dA

K = centerline decay rate
M0 = initial mass � ux component due to velocity distribution,

A0

U .0; r/ dA

Pm = mass � ux,

A

½U .z; r/ dA

N0 = initial momentum � ux component due to
velocity distribution,

A0

U 2.0; r/ dA

Re = Reynolds number, 2½0U0r0=¹0

R½ = density ratio, ½0=½1
r = radial distance, positive outward from jet centerline
r0 = initial jet radius
r ¤ = length scale incorporatingmass, momentum, and

turbulence intensity characteristics
S = skewness of velocity distribution
T u = turbulence intensity, U 0= NU
t = time
U = velocity
X = mole fraction
Y = mass fraction
z = streamwise distance, measured from jet exit and positive in

bulk � ow direction
z0 = virtual origin
z¤ = nondimensionalstreamwise distance
· = exponent to power law velocity distribution
¹ = viscosity
½ = density
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¿ = turbulence intensity � ux per unit area,

1
A A

U 0.z; r/

NU .z; r /
dA

. /0 = rms value
N. / = time-averaged mean value

Subscripts

b = bulk (average)
c = concentration � eld
m = centerline
u = velocity � eld
" = effective
0 = jet exit plane
1 = ambient (surroundings)

Introduction

A XISYMMETRIC jets have been the subject of continuous re-
search for several decades, and much information on the mix-

ing characteristics of various con� gurations exists.1 – 3 The knowl-
edge obtained from observing this basic � ow has been useful in
gaining insight into many engineeringproblems. Circular turbulent
jets in particular are involved in many practical systems because of
their ability to provide high mixing rates in simple and safe con� g-
urations. Information about the near � eld in these jets is useful as
important interacting processes, such as combustion, recirculation,
and entrainment, are initiated and conditioned in the early stages of
jet development.

Far-� eld behaviorand the attainmentof self-similarityhas drawn
much of the attention focused on jet � ows. In spite of this effort, a
shortcoming of the available data, often expressed by investigators
reviewing the literature,2;3 has been the lack of well-de� ned initial
conditions.Conditionsat the jet exit dominate the early stages of jet
development, namely, the growth of the initial mixing layers in the
potential core region of the jet and the transition region between
the end of the potential core and the downstream location where
the jet attains self-similarity. These two regions will be referred to
collectively as the near-� eld region in this paper.

The attainment of self-similar behavior implies no additional in-
� uence of initial conditions on the jet behavior. Hence, in looking
at the far-� eld self-similar behaviorof jets, it is understandablewhy
investigatorshave often neglected to fully characterize their initial
conditions.The equationsused to describe far-� eld similarity along
the centerline for a constant-density axisymmetric jet issuing into
still air are

NU .0; 0/

NU .z; 0/
D Ku

z ¡ z0;u

r0
;

U 0.z; 0/

NU .z; 0/
D const .1/
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NY .0; 0/

NY .z; 0/
D Kc

z ¡ z0;c

r0
;

Y 0.z; 0/

NY .z; 0/
D const (2)

Note that Eqs. (1) and (2) are similar and representative of other
scalar quantities as well, but mass fraction is emphasized here be-
cause the present paper deals with measurements of mass fraction
only and not any other scalarquantity.The terms z0;u and z0;c are the
virtual origins. These terms are displacements along the centerline
of the jet representinga correctionto the actual origin that yields the
location where an idealized point jet source, having the same mass,
momentum, and far-� eld development as the actual jet, would be
located. They can thus be regarded as a means of incorporating the
effects of nonidealizedinitial conditions.Existing measurementsof
meanvelocitydistributionsindicatethatpro� lesbecomeself-similar
(or self-preserving) some few diameters downstreamof the jet exit.
The turbulent intensities, however, show marked departures from
self-preservationevenon theaxisof the jet.Based on the latterobser-
vation, Townsend4 concludedthat the effect of the initial conditions
near the jet exit diminishes rather slowly with downstreamdistance.
Wygnanski and Fiedler5 considered this effect in their investigation
of the self-preservingjet and noted that some 70 diameters may be
required for the jet to attain truly self-preservingbehavior.

Mass, momentum, and turbulence distributions at the exit plane
in� uence � ow development in the near and far (self-similar) � elds
of the jet. For variable-density jets, Thring and Newby6 used mo-
mentumconservationto show that the in� uence of the initial density
differenceon the far-� eld � ow may be accountedfor by introducing
the conceptof an effective radius,r" D r0 R1=2

½ . Its currentlyaccepted
form is

r" D
Pm0

.¼½1 J0/
1
2

.3/

and it represents the radius of a hypothetical jet with density ½1
and the same initial mass � ux Pm0 and momentum � ux J0 as the
jet under consideration.This concept has been used successfullyby
several researchers to scale concentration � eld data in the far � eld
of variable-density jets.7– 12 Furthermore, Dahm and Dimotakis13

show,usingdimensionalanalysis,that theeffectiveradiusas de� ned
in Eq. (3) is the proper variable for normalizing the axial coordinate
of the jet � uid concentration in the far � eld. The validity of Eq. (3)
is limited to the far � eld because Eq. (3) requires that the average
density of the jet asymptotically approaches the ambient density,
a condition that is not valid in the near � eld where large density
gradients exist between the jet core and the ambient.

Richards and Pitts12 in their investigation of variable-density
jets concluded that the � nal asymptotic state of all momentum-
dominated axisymmetric jets depends only on the rate of momen-
tum addition when the streamwise distance is scaled appropriately
with r" . They show that, regardless of the initial conditions (fully
developed pipe and nozzle � ow), axisymmetric turbulent free jets
decay at the same rate and spread at the same half-angle and that
both the mean and rms mass fraction values collapse in a form
consistent with full self-preservation.This presentationof jet prop-
erties is, however, in relative terms because embodied in the axial
scaling is the virtual origin displacement, which, as they note, re-
quires further investigation to understand its dependence on initial
jet parameters. Furthermore, they point out that two distinct virtual
origins, one associated with the centerlinedecay and the other with
the pro� le’s half-width decay, are necessary to collapse the data in
terms of similarity parameters.

Investigations focusing on the variation of the virtual origin
have indicated qualitatively how various initial parameters, such
as Reynolds number, pro� le shape, turbulence intensity, and den-
sity ratio, affect its location.Some attemptsat quantifyingthe trends
observed,especiallywith respect to Reynolds number, have yielded
empirical relations that are merely best � ts to speci� c experimen-
tal data (see the discussion by Pitts14 ). These correlations indicate
a downstream displacement of z0 with increasing Reynolds num-
bers, reachingan asymptoticvalue for large Reynoldsnumbers.The
conclusionby Pitts14 was that the physical mechanisms responsible
for the Reynolds-numberdependenceare not understood.He spec-
ulated that the downstream shift in the virtual origin with increas-
ing Reynolds numbers for axisymmetric jets having fully turbulent

initial conditions is a result of longer � ow distances being required
at higher Reynolds numbers for achieving the self-similar state in
the far � eld.

Turbulent � ow dischargingfrom long straight pipes normally ex-
hibits fully developed conditions at the exit plane. These condi-
tions provide a baseline � ow condition (fully developed � ow) that
is generally understood. Patel15 indicates that, if the � ow in a pipe
at some point downstream of the inlet is deemed to be fully de-
veloped, then it should hold no memory of its initial development
history. He suggests using the local turbulence intensity as an indi-
cator. Then for a fully developed turbulent � ow through a pipe, the
turbulence intensity at the point of observation remains unchanged
as the entry conditionsare altered.When the � ow enteringa smooth
pipe is initially tripped and then allowed to develop, fully turbulent
conditions exist for Re 3:5 £ 103 as shown by Papadopoulos and
Durst.16 Under theseconditionsthe shapeof thevelocitypro� le does
not remain unchanged but appears to approach an asymptotic state
as the Reynolds number increases. This behavior is clearly seen in
the early work on pipe � ow done by Nikuradse.17 In more recent
experimentsusing laserDoppler velocimetry in a refractive indexed
matched facility,Durst et al.18 measured the velocitypro� le near the
pipe wall and were able to determine directly the shear stress at the
wall. They then lookedat theaccuracyof the law-of-the-wallscaling
in the low-Reynolds-number regime past transition and noticed an
asymptotic trend. They reported that constant values for the scaling
constantswerenot attaineduntil Re ¼ 1:4 £ 104 . Similar asymptotic
trends have been observedregarding the virtual origin and potential
core length of turbulent axisymmetric jets,14;19– 21 which have been
attributed to variations in the initial conditions and have given rise
to empirical formulations based on Reynolds numbers.

The similar trend with Reynolds numbers of the velocity pro� le
in fully developed turbulent pipe � ow and of the jet’s near-� eld
centerline behavior (shift of virtual origin) under these conditions
motivated the present authors to attempt to correlate the two behav-
iors. The exit conditions of a jet formed by fully developed � ow
discharging from a smooth pipe have been measured for several
Reynolds numbers in the range of 3:3 £ 103 –2:3 £ 104 so as to un-
derstand the physical mechanisms that couple the two phenomena,
with the desire of providing a means for scaling the near-� eld de-
velopment of turbulent jets using the initial � ow conditions.

Experimental Setup and Methodology
A. Facility

Real-time measurements of jet concentration were made using
Rayleigh light scattering (RLS) in the quiescent environment of a
cylindricalclean room, dubbed the Rayleigh Light ScatteringFacil-
ity (RLSF). This facility was carefully designed to minimize inter-
ferences associated with glare and Mie scattering due to particles
that tend to overwhelm the RLS signal. A detailed description,plus
a schematic, of the RLSF may be found in Ref. 22, and only a short
overview will be given here.

The RLSF is composed of a 3.0-m-tall£ 2.4-m-diam cylindrical
test section that is completely isolated from the surrounding lab-
oratory environment during operation, an air distribution system
to purge the test section with clean air after each experiment, and
high-ef� ciency particulate � lters to remove small particles. Each
experiment was initiated by using the blower box unit with the two
variable-speed fans to circulate air through the � lters and test sec-
tion for the removal of small particles. The purging continued until
the RLS signal, observed on an oscilloscope, showed no signs of
Mie scattering. Testing was initiated after shutting down the fans
and waiting for � ow transients to dissipate, about 30–40 s. After
testing, jet gases were purged from the test section by opening the
air distribution system to the laboratory exhaust, while makeup air
passed through the � lters.The total time for each individual test was
limited to about 1 min to prevent signi� cant ambient strati� cation
as a result of jet � uid buildup.During this time, sets of three to four
RLS point measurements were performed, depending on the data
acquisition and jet � ow rate conditions.

B. Rayleigh Light Scattering Measurements
The optical system was similar to that described in Ref. 23. The

lightsourcewas anargon-ionlaseroperatingonall lines at a nominal
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power of 20 W. The beam entered the RLSF through a Brewster-
angle window and was then focusedby a 250-mm-focal-lengthlens
to a narrow waist of 50-¹m diam. The receiving optics were po-
sitioned perpendicular to the laser beam. The scattered light was
collected by an =2 lens system and imaged 1:1 onto a 400-¹m
pinhole, which de� ned the length of the observation volume. The
intensityof the imaged light was converted to an electricalsignal by
a Thorn EMI Model 9781B photomultiplier tube (PMT). (Certain
commercial equipment, instruments, or materials are identi� ed in
this paper to adequately specify the experimental procedure. Such
identi� cation does not imply recommendation or endorsement by
the National Institute of Standards and Technology, nor does it im-
ply that the materials or equipment are necessarilythe best available
for the purpose.) The current output of the PMT was fed into a Stan-
ford Research Systems Model SR570 Low-Noise Current Pream-
pli� er. Cutoff frequencies of 3 and 10 kHz were used, thus de� n-
ing the Nyquist frequency for data sampling. The voltage output
of the SR570 was then passed to a 12-bit digitizer interfaced to a
Masscomp 5450 computer.For determiningthe mean concentration
statistics,69,000 points at a sampling speed of 6 kHz were acquired
at locations along the centerline of the jet and over the entire � eld.
Additionally,80,000 points at a sampling speed of 20 kHz were ac-
quired at locations in the near � eld of the jet. The data were stored
on the hard disk for postprocessing.

During each experiment the laser power was also monitored and
sampled simultaneously with the RLS signal by measuring laser
light re� ected off the Brewster-angle window with a photodiode.
This allowed minor laser power drifts and � uctuations (1–2%) to be
normalized out of the measurements.

Concentration measurements were performed in the manner de-
scribed by Pitts and Kashiwagi.23 The RLS intensity was � rst cali-
brated by recording the mean scattering intensityof the ambient gas
(air in the present case), I1 , and the jet gas, I0 . The turbulent jet
was then initiated, and the real-time RLS signal I .t/ was recorded.
The mole fraction X .t/ was subsequentlydetermined by

X .t/ D
I .t/ ¡ I1

I0 ¡ I1
.4/

and then converted to mass fraction Y .t/

Y .t/ D ½0 X .t/

½1[1 ¡ X .t/] C ½0 X .t/
D

R½ X .t/

1 C [R½ ¡ 1]X .t/
.5/

The uncertainty in determining the mean mass fraction was esti-
mated to be less than 2%. (Reported uncertainties are at 95% con-
� dence.)

C. Test Con� guration and Conditions
Two gases were used in the present investigation—propane and

methane—to examine initialdensityeffectson jet development.The
density ratios were R½ D 1:521 and 0.553, respectively.The jet was
produced by a long straight pipe, 6:08§ 0:04 mm i.d., having a
sharp-edged exit (wall thickness of less than 0.25 mm). The gas
supply to the pipe passed � rst into a cylindrical settling chamber
(120 mm long and 100 mm in diameter) and then through a series
of pipe � ttings before entering the pipe. The � ttings provided the
necessaryinitialarti� cial disturbanceto achievefully developedtur-
bulent conditionsat the exit of the pipe, 103 diameters downstream,
for the � ow rates considered in the investigation.

The � ow assembly was mounted on a three-axis, computer-
controlled positioning traverse placed on the � oor of the RLSF.
Linear encodersmountedalongeach axis and interfacedto an ACU-
RITE III digital readoutsystem providedan absolutemeasureof po-
sition to within §0:01 mm. The digital output of the readout system
was integratedwith the positioningcontrol sequenceof each motor,
thus greatly reducing motor-travel inaccuracies.The pipe assembly
was mounted on the traverse with the gas issuing upward into the
RLSF enclosure.The error associatedwith the initial positioningof
the measurement volume with respect to the axis origin centrally
located in the jet exit plane did not exceed §0:5 and §0:1 mm in
the streamwise and radial directions, respectively.

The gas for the jet was supplied from pressurized tanks and was
� ltered to remove oil, moisture, and particulates. Furthermore, a

long supply line with several looped copper sections ensured that
the issuing gas was in temperature equilibrium with the ambient
air. A 100-l/min mass � ow controller, accurate to §1% of full scale
and with repeatability of §0.2% of full scale per manufacturer’s
speci� cations, was used to meter the gas. Calibration of the mass
� ow controller was performed for each gas using an Opti� ow 730
Digital Flowmeter. The uncertaintyin the mass � ow calibrationwas
less than §1.5%. Ambient conditions, temperature, and barometric
pressure were recorded at the beginning and end of each complete
test (generallylasting2–3 h) for determiningthe averagegas proper-
ties. Overall, beginning-to-endambient variations were small, less
than §0:5±C and §2 Pa.

To accurately evaluate the effect of � ow conditions at discharge
on jet development, the velocity distribution at the exit of the jet
was mapped out as a function of Reynolds number. Because this
distribution for a particular Reynolds number is independentof the
gas makeup in the present setup, air was used as the working � uid
to facilitate measurements of the exit pro� le with a hot-wire probe.
These measurements were done before moving the pipe assembly
into the RLSF. A 2.5-¹m-diam tungsten wire hot-wire probe, with
a sensing length of 0.4 mm, was used. It was mounted on a two-
dimensional computer-controlled traverse. The wire was centered
longitudinallyalong a jet diameter and traversed perpendicularto it
with the wire’s longitudinalaxis perpendicularto the travel and � ow
directions. Full traverses along the diametral direction were made
at a streamwise station of 0.5 mm from the exit plane. The error in
initially positioning the probe was less than §0.05 and §0.1 mm
in the radial and streamwise directions, respectively. Subsequent
positioningwas done at a manufacturer’s speci� ed accuracyof §1.6
and §3.2 ¹m, respectively.

The hot-wireprobe was controlledby a TSI IFA100 anemometer,
which incorporatedvoltage gain and offset capabilitiesfor optimiz-
ing the signal output over the voltage range of the analog-to-digital
converter. Calibration of the hot wire was performed using a TSI
Model 1125 Calibrator unit over the velocity range of 2–60 m/s.
The calibration data were � tted to a general King’s law relation,
E2 D A C BU n , where E is the hot-wire voltage output and A, B,
and n are calibrationconstants.In the experiment,U was determined
from the hot-wire output signal via the calibration curve, and the
absolute error was estimated to be approximately 3%. The square
wave frequencyresponseof the hot wire was 25 kHz. Data sampling
was performed at 2 and 10 kHz and with 20,000 and 30,000 sam-
ples, respectively.The highsamplingratewas used to better evaluate
velocity dynamics along the centerline. The uncertainty associated
with determining the mean and rms values was less than 0.5% of
the initial mean centerline value at the exit of the jet.

Results
A. Exit Conditions

Radial pro� les of the normalizedmean velocity, turbulenceinten-
sity, skewness, and � atness for the air jet at z=r0 D 0:16 are shown
in Fig. 1. Integration of the mean velocity pro� le gives the ratio of
bulk-to-centerline (maximum) velocity as a function of Reynolds
number shown in Fig. 2 (Refs. 24 and 25), which was within 1–2%
of the same ratio obtained by calculating the bulk velocity from the
mass � ow controlleroutput. The resultingvalues for this ratio agree
with previous measurements of fully developed � ow in pipes and
indicate that the � ow is fully developed and turbulent at the exit
of the pipe. The distributions for the turbulence intensity and high-
order moments shown in Fig. 1 also agree well with fully developed
pipe � ow pro� les in the same Reynolds-number range as reported
by Lekakis et al.26

Normalized mean velocity pro� les are observed to change lit-
tle as the Reynolds number increases, for the range of Reynolds
numbers studied here, reaching an asymptotic state (within exper-
imental uncertainty) at Re ¼ 1:4 £ 104. However, early investiga-
tions conducted by Nikuradse17 and Laufer27 show that the pro� le
characteristics continue to change even to Reynolds numbers of
Re ¼ 1 £ 109, as reported by the former, a variation that is also
re� ected in the Moody chart depicting the skin-friction character-
istics of commercially smooth pipes (Ref. 28, pp. 615–626). Aside
from the Reynolds number, the Moody chart makes apparent that
pipe roughness is another factor affecting � nal � ow development



1638 PAPADOPOULOS AND PITTS

Normalized mean velocity

Turbulence intensity

Skewness

Flatness

Fig. 1 Velocity pro� le characteristics at z/r0 = 0:16.

in pipes, but for commercially smooth pipes these effects are neg-
ligible in the range of low to moderately high Reynolds numbers.
Furthermore, the relative variation of the velocity pro� le character-
istics is most signi� cant in the early range of Reynolds numbers,
and it is in this range that signi� cant Reynolds-number effects on
the centerline decay of turbulent jets are observed.

The relative variation of the turbulence intensity distribution ap-
pears to change more signi� cantly with Reynolds numbers in com-
parison to the normalized mean velocity and does not reach an
asymptotic state in the range of Reynolds numbers investigated.
Integrating the distribution and normalizing by the cross-sectional
area of the jet exit yield the turbulence intensity � ux per unit area
¿0 shown in Fig. 3 (Refs. 26 and 29–32). Comparisonof the present
results with similar data reported in the literature is good. Signif-
icant pipe roughness is expected to effect the value of ¿0 because
it is known from the Moody chart that skin-friction characteristics

Fig. 2 Bulk-to-centerline velocity ratio variation with Reynolds num-
ber for fully developed pipe � ow: , present measurements (at dis-
charge); , Ref. 24 (within pipe); and , Ref. 25 (within pipe and at
discharge).

Fig. 3 Turbulence intensity � ux per unit area for fully developed pipe
� ow conditions: , present measurements (at discharge); , Ref. 26
(within pipe); , Ref. 29 (within pipe); , Ref. 30 (at discharge); ,
Ref. 31 (within pipe); , Ref. 32 (at discharge); and – – – , best � t.

(which correlate to velocity pro� le characteristics) are a function
of the pipe roughness as well as Reynolds number. The data shown
in Fig. 3 may be categorized as being for commercially smooth
pipes, and for the moderately high Reynolds numbers considered,
mild variations in surface roughness are expected to have a neg-
ligible effect. It appears that an asymptotic state is attainable at a
high Reynolds number, and � tting the data accordingly gives the
result shown in the � gure. Note that this � t is an estimate, and an
expanded detailed investigation is necessary to accurately evaluate
the variation of ¿0 with Reynolds numbers and perhaps with pipe
roughness as well. Nevertheless, the data shown cover a range of
Reynolds numbers in which the relative variation of ¿0 is greatest,
and as mentionedearlier, it is in this range that signi� cant Reynolds-
numbereffectson the centerlinedecayof turbulentjets are observed.

B. Centerline Velocity: Air Jet
Distributionsof mean centerlinevelocitynormalizedby the value

at the exit are shown in Fig. 4 and compared with similar data re-
ported by Lee et al.33 The agreement is good, and the data clearly
indicate an asymptotic collapseof the decay curves as the Reynolds
number increases. The streamwise distance has been normalized
by the effective radius in an attempt to perhaps capture the effect
of the mean velocity pro� le variation with Reynolds numbers. Al-
though the effective radius concept has been more widely used to
capture variable density effects, its use in Fig. 4 for normalizing the
streamwise distance is appropriatebecause as de� ned in Eq. (3) the
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Fig. 4 Distributions of normalized mean centerline velocity in the near
� eld of the air jet: streamwise location normalized by the effective ra-
dius. Symbols denote present measurements; lines denote data from
Ref. 33.

Fig. 5 Adjusted jet exit radius resulting from the nonuniform velocity
distribution of fully developed turbulent � ow: , present measurements
(at discharge); , Ref. 26 (within pipe); , Ref. 29 (within pipe); ,
Ref. 30 (at discharge); , Ref. 31 (within pipe); , Ref. 17 (within pipe);

, Ref. 34 (at discharge); and ——, power law pro� le.

effective radius incorporates the shape of the initial velocity pro-
� le through the mass and momentum � uxes. Because the density at
the exit of the jet is constant across the pipe, the effective radius can
be rewritten as

r" D R
1
2
½ ru ; with ru D

M0

.¼ N0/
1
2

.6/

to decouple effects of density from those due to the nonuniform
initial velocity pro� le. In Eq. (6),

M0 D
A0

U .0; r/ dA; N0 D
A0

U 2.0; r/ dA

For a uniform (top-hat) velocity pro� le ru D r0 , whereas for a para-
bolic pro� le ru D

p
3r0=2. Because the velocitypro� le changeswith

Reynolds numbers for fully turbulent � ow, ru in this case needs to
be determined from the experimental data. The present results are
shown in Fig. 5 along with other data obtained from the literature
(Refs. 17, 29–31, and 34), and the resulting curve if one assumes a
power law shape for the turbulent pro� le

NU .0; r/

NU .0; 0/
D 1 ¡

r

r0

1=·

.7/

where · takes on values of 5–7 dependingon the Reynolds number
(see Ref. 28, pp. 596–600). The relative adjustment due to mean

velocity pro� le shape changes is quite small (less than 1%) and
therefore does not explain the large Reynolds number effect ob-
served in the near � eld.

On the other hand, turbulence intensity pro� les (Fig. 1) and the
corresponding turbulence � ux per unit area (Fig. 3) show a signi� -
cant variation with Reynolds numbers. It appears that this variation
correlates negatively with the apparent shift of the velocity decay
curves(Fig. 4), namely, a high ¿0 (low Reynoldsnumber) is linked to
an earlier decay,whereas a low ¿0 (high Reynolds number) is linked
to a later decay. Furthermore, values of ¿0 appear to approach an
asymptotic state as the Reynolds number increases. This asymp-
totic behavior is most interesting because it correlates well with a
similar state reached by the jet centerlinevelocity decay curves, in-
dicating that at high Reynolds numbers, when ¿0 ¼ const, the act of
increasing the initial momentum of the initially turbulent jet does
little, if anything, toward changing the centerline velocity decay.
This implies that the initial turbulence intensity may be responsible
for the shift in the velocity distribution observed in the near � eld.
After all, in the present con� guration the initial turbulence intensity
is a signi� cant source of excitation that feeds into the growing shear
layer, thus governing directly the growth of turbulence responsible
for breakingup the jet potentialcore.As a result, levelsof initial tur-
bulence intensity that are higher than the asymptotic value can lead
to the upstream shift of the centerlinevelocitydistributionobserved
at low Reynolds numbers. It should then be possible to capture this
effect by introducing an appropriate scale that incorporates the rel-
ative magnitude of the perturbation to the � ow due to the initial
turbulence intensity.

One way to achieve this, which is the result of the present in-
vestigation, is to modify the effective radius (thus also taking into
account mean velocity distributionchanges) by factoring in the ini-
tial turbulence intensity � ux per unit area in its de� nition to yield a
new length scale,

r¤
0 D R

1
2

½ ru¿
¡ 1

2
0 D

R
1
2
½ M0

.¼ N0¿0/
1
2

.8/

Using the preceding length scale to normalize the streamwise dis-
tance variable in the centerline velocity distributions of Fig. 4 ef-
fectively collapses the curves, as shown in Fig. 6. The Reynolds
number effect on the centerline time-averaged growth rate and the
resultingvirtualorigin shifthas been effectivelyscaled.Extensionof
the normalization into the far � eld fails as expected (Fig. 7) because
memory of the initial � ow structure is incorporated into Eq. (8).
Once the � ow attains the self-similar state, the dimensionalanalysis
performed by Dahm and Dimotakis13 indicates that Eq. (6) is the
proper length scale for normalization.

Fig. 6 Distributions of normalized mean centerline velocity in the near
� eld of the air jet: streamwise location normalizedby length scale incor-
porating initial turbulence intensity � ux information, as well as mass
and momentum. Symbols denote present measurements; lines denote
data from Ref. 33.
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Fig. 7 Inverse decay of mean centerline velocity in the near and far
� elds of the air jet.

Fig. 8 Mean mass fraction of propane concentration along the center-
line; streamwise location normalized by the effective radius.

Fig. 9 Mean mass fraction of methane concentration along the center-
line; streamwise location normalized by the effective radius.

C. Centerline Concentration
Near-� eld evolution of the concentrationscalar is primarily gov-

erned by the evolutionof the velocity � eld. Consequently,the initial
turbulence intensity is expected to play an equivalent role in the
diffusion of the scalar as it did for the velocity � eld. In Figs. 8–11
the results from the RLS measurements are shown. Figures 8 and 9
show the streamwise mean mass fraction decay for the propane
and methane jet con� gurations, respectively, for various Reynolds
numbers and with the streamwise distance normalized by r" . The

Fig. 10 Mean mass fraction of propane concentration along the cen-
terline; streamwise location normalized by the proposed length scale.

Fig. 11 Mean mass fraction of methane concentration along the cen-
terline; streamwise location normalized by the proposed length scale.

downstream shift of the virtual origin with increasing Reynolds
numbers is clearly apparent.

Although velocity measurements at the exit of the propane and
methane jets were not made, the initial velocity pro� le information
gathered for the air jet can be used appropriately. Doing so yields
values for the turbulenceintensity � ux per unit area that correspond
to the Reynolds numbers of the propaneand methane jets (obtained
by � tting the data in Fig. 3). Thus, a new length scale may be deter-
mined according to Eq. (8), as was done for the velocity � eld in the
air jet. Using this length to rescale the mean mass fraction distribu-
tion yields good results for the centerline development in the near
� eld, as shown in Figs. 10 and 11.

The scalingof the near-� eld velocityand concentrationcenterline
distributionsusingr ¤

0 resultsin a genericcurvefor each case.A com-
parison between the decay curve of the velocity and concentration
� elds may be made through this generic curve, as shown in Fig. 12.
The results in the � gure support the generalconsensusthat the scalar
� eld evolves faster than the velocity � eld. Also, the disagreement
between the propaneand methanecurves indicatesthat local scaling
of the density ratio needs to be incorporated into r¤

0 because in the
near � eld the effective jet density cannot be approximated by the
ambient density, as is the case in the far � eld. This idea has been
recently proposed by Sautet and Stepowski35 and Stepowski and
Sautet36 with regard to the effective radius de� nition.

Further Discussion
The de� nition of the effective radius [Eqs. (3) and (6)] incorpo-

rates informationabout the initial state of the mean � ow, speci� cally
the relative adjustment to the actual radius as a result of deviations
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Fig. 12 Comparison of generic velocity and concentration centerline
decay curves.

from the ideal case of the uniform initial distribution. At the � nal
state of development (far-� eld region), jet characteristics assume
similar radial distributions, which are markedly different from the
initial distributionsat the jet exit. Therefore,mean velocity and con-
centrationdistributionsundergo a certain degree of shape alteration
in the near � eld of the jet, the extent of which may inversely cor-
relate with jet spreading rate characteristics. In his investigationof
the pressurelosses past suddenexpansionsand contractions,Kays37

introduced factors, similar to M0 and N0 in Eq. (6), to successfully
correct for the realistic condition of nonuniform velocity distribu-
tions at the inlet and outlet to the system. Jet developmentmay also
be correlatedusing such factors, and the use of r" to form the basis
for the new proposed length scale has roots in the preceding obser-
vation. Under fully developed turbulent conditions,however, initial
meanvelocitypro� le variationswith Reynoldsnumbersare found to
be minor, and as the present results indicate, another characteristic
of the velocity pro� le is in� uencing near-� eld development.

The introductionof factors to correct for nonuniformvelocitydis-
tribution effects has so far involved only the mean characteristics.
For turbulent � ows, however, the inclusion of � uctuating velocity
effects in the de� nitionof a scale is clearlynecessaryto fully capture
the effects of initial conditionson � ow development. If the velocity
terms in the mass and momentum � ux terms of Eq. (3) are sepa-
rated into mean and � uctuating components and subsequently time
averaged, then an additional term multiplying the mean momentum
� ux term is apparent. This term is a function of the local turbulence
intensity, and although not exactly equivalent to ¿0 , it supports the
general form of the new length scale r¤

0 .
Russ and Strykowski38 indicated that the instability mechanisms

responsible for periodic concentrations of vorticity (formation of
large-scale structures) in initially laminar shear layers (or low-
turbulence-levelnozzle � ows) are bypassed when turbulent condi-
tionsexist.The broadbandnatureof turbulenceis citedfordisrupting
vortex formation and pairingprocessesresponsiblefor elevatedmo-
mentum mixing under initially laminar conditions.39;40 The loss of
large-scale structures as a mechanism for the initial redistribution
of momentum renders ampli� cation of broadbandturbulenceas the
only signi� cant mechanism for the initial growth of turbulence in
the shear layer, in the absence of other arti� cial excitation sources.
Hence, the magnitudeof the turbulenceintensityat the jet exit might
be expected to determine the changes in the growth of turbulence
accompanying the developmentof such � ows. However, due to the
nonlinear nature of the equations of motion, any initial excitation
of the shear layer is expected to propagate in a nonlinear fashion,
cascading into a series of disturbances that further amplify the local
� uctuations. The success of r¤

0 in effectively scaling the observed
Reynolds-numberdependencies in the near � eld indicates that this
hypothesis is correct.

The present results demonstrate the importance of initial condi-
tions on jet mixingprocesses.From an engineeringpoint of view the
scaling reported in this paper is valuable because it is based solely
on the initial conditions and not on an empirical formulation. The

scaling becomes less robust far from the exit of the jet, emphasizing
the decreasingeffect of initial conditions.Capturing this decreasing
effect may be possible by de� ning a dynamic length scale that in-
corporates the local turbulence intensity information in a way such
that this contributiondecays to zero as the far-� eld similarity region
is approached. This is similar to the idea of replacing the ambi-
ent density with a local average density, as proposed by Sautet and
Stepowski35 and Stepowski and Sautet.36

Conclusions
Centerlinevelocityandconcentrationdata werepresentedfor axi-

symmetric jets having initially fully developedturbulent conditions
showing the effect of Reynolds number on near-� eld development
that is commonly reported in the literature. A careful investigation
of the initial velocity distribution just downstream of the exit plane
revealed that the initial turbulenceintensity distribution is the major
source for this apparent Reynolds-numberdependence.

The effective radius previously used to nondimensionalize the
streamwise displacement variable in the far � eld of jets was used
as a basis to create a new length scale that also incorporates the
initial turbulence intensity � ux per unit area. Subsequent scaling of
the mean velocity and mean mass fraction distributions along the
centerlineof the jet resulted in the effective collapse of the individ-
ual � elds for all of the Reynolds numbers investigated.This implies
that Reynolds-number independence in the near � eld of initially
turbulent jets is possible by normalizing the streamwise displace-
ment variable with a length scale that incorporates the initial mass,
momentum, and turbulence intensity � ux information. Analysis of
the � uctuating velocity and concentration � elds is currently under
way, as is the extension to other geometries such as � ow exiting
a contoured nozzle. The important outcome of this work is ex-
pected to be an effective procedure for predicting the location of
the virtual origin in axisymmetric jets having a wide range of initial
conditions.
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