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Mixture Fraction Field in a Turbulent Nonreacting Propane Jet
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Time- and space-resolved mixture fraction measurements have been made throughout a turbulent nonreacting
propane jet issuing into co� owing air using laser Rayleigh scattering. The objective of the measurements has been
to obtain a better understanding of the � ow structure and mixing process in turbulent variable-density jets where
turbulent mixing has been decoupled from the effects of chemical heat release found in highly exothermic reacting
jets. The measurements yield probability density distributions of the mixture fraction, from which the means,
higher moments, and intermittency are calculated. Time histories of the Rayleigh signal are analyzed to obtain the
power spectra and autocorrelations. Comparisons are made with results for other constant- and variable-density
turbulent jets, and the observed differences are discussed.

I. Introduction

T HE development of numerical models for turbulent reacting
� ows is based largelyon submodelsdevelopedfor nonreacting,

constant-density� ows. Veri� cation of these submodels is often dif-
� cult due to the complex interaction between turbulent mixing and
combustion heat release. Previous evidence indicates that the use of
submodels based on isothermal or nonreacting turbulent � ows may
not be valid in reacting � ows.1 ¡ 3 The turbulent, variable-density,
nonreacting jet provides a simpli� ed � ow situation in which the
complexity of variable density remains without the complex cou-
pling between turbulent mixing and chemical heat release. Thus
the effects of variable density on turbulence can be isolated from
combustion chemistry. Nonreacting, variable-density � ows form a
logical bridge between nonreacting constant-density and reacting
turbulent � ows in which the development of a database is neces-
sary to the development of numerical models for turbulent reacting
� ows.

Constant-densityturbulent jets have been studied extensively,4 ¡ 9

and the development of laser diagnostics has led to an increased
amount of data in reacting turbulent jets.10 ¡ 12 Previous studies on
nonreacting constant- and variable-densityturbulent � ows relevant
to the present investigationare summarized in Table 1. Included in
Table 1 are studies of air jets into surrounding air where the jet is
seeded with smoke particlesto providea tracer for the concentration
of � uid originating from the jet,6,7 heated air jets where tempera-
ture is the measured scalar,13 ¡ 15 and constant- and variable-density
jets where the jet-� uid concentration has been measured using
Rayleigh8,16,17 and Raman scattering.18 Previous results for a C3H8

jet with a low-velocityco� owing airstreamwere reportedby Dyer.19

In the present investigation laser Rayleigh scattering is used to
obtain time- and space-resolvedmeasurements of mixture fraction
in a turbulent nonreacting C3H8 jet. Velocity measurements were
obtained previously in this � ow and are reported elsewhere.20 ¡ 22 In
Ref. 21 a two-color laser Doppler velocimetry (LDV) system was
used to measure the axial and radial components of velocity simul-
taneously.Velocity measurementsconditionalon the jet stream and
on the co� owing airstream were obtained by seeding each stream
independently.It was found that the conditionallyaveragedstatistics
can differ signi� cantly in regions where incomplete mixing has oc-
curredbetween the jet streamand airstream.In Ref. 22 the two-color
LDV system was combinedwith a laser Raman scatteringsystem to
obtain simultaneousmeasurementsof velocity and mixture fraction
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in both the nonreacting C3H8 jet and in a reacting jet mixture of
hydrogen and argon with co� owing air.

A major objective of this work is the development of a com-
prehensive database for variable-density turbulent jets through the
systematic study of a well-de� ned � ow. Tabulated mixture fraction
and velocity data obtained in the present � ow can be found on the
web as part of the experimental data archives of the International
Workshop on Measurements and Computation of Turbulent Non-
premixed Flames.23

In the remainder of this paper the experimental system and data
reduction techniques are described. Experimentally measured ax-
ial and radial pro� les of the mean mixture fraction and the higher
moments are then presented. Next the probability density distribu-
tions of C3H8 mixture fraction at various locations in the � ow� eld
are shown. Finally the power spectral density and autocorrelation
results are presented.

II. Experimental
A. Test Facility and Experimental Conditions

The measurements were performed in the Sandia Turbulent Dif-
fusion Flame Facility.22 The facility is a forced-draft vertical wind
tunnel with an axisymmetric fuel jet located at the upstream end of
the test sectionandalignedwith the test sectioncenterline.The high-
velocity central jet of fuel is surrounded by a co� owing airstream.
Air� ow rates up to 40 m/s (131 ft/s) are provided by a variable-
speed centrifugal fan. Flow rates are determined from the measured
pressure drop across a calibrated venturi meter located upstream of
the test section. A honeycomb section before the contraction cone
and a 9:1 area ratio across the contraction cone provide a uniform
velocity across the test section entrance with a measured inlet tur-
bulence level of 0.4%. The fuel nozzle has an inside diameter D of
0.526 cm (0.21 in.) and an outer diameter of 0.90 cm (0.35 in.). The
jet exit is preceded by a 2-m (6.56-ft) length of straight tubing. Gas
� ows through the fuel jet are metered by mass � ow controllers to
an accuracy of 2%.

The test section has a 30-cm (11.8-in.)-square cross section and
is 200 cm (75.7 in.) long. Optical access is provided through the
removable glass walls of the test section. The test section and con-
traction cone are mounted on a traversing mechanism driven by
stepping motors to provide positioning in three directions.This ge-
ometry allows the opticaldiagnosticsto be describedto remain � xed
and simpli� es the alignment procedure.

The C3H8 jet bulk velocity u j in the present investigation was
53 m/s (§0.1 m/s) [174 ft/s (§0.3 ft/s)], giving a Reynolds number
based on the jet exit diameter, Re j =6.8 £ 104 . Velocity measure-
ments at the test section inlet showed that the maximum velocity at
the centerline of the jet exit was 70 m/s (230 ft/s), which is consis-
tent with fully developed, turbulentpipe � ow (u j,max = 1.28 u j,bulk ).
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Table 1 Experimental conditions for nonreacting jet data

Flow q jet / q air uair /ujet Re £ 103 Reference

C3H8–air 1.52 0.174 68 Present data
CH4 –air 0.55 0.08 40 Pitts and Kashiwagi16

CH4 –air 0.55 0 16 Birch et al.18

C3H8–air 1.52 0.033 9.79 Dyer19

Air–air 1.0 0 54 Becker et al.6

Air–air 1.0 0.024 56.1 Shaughnessy and Morton7

0.042 31.6
Heated 0.95 0.15 38 Antonia et al.13

air–air 0.34 38
0.53 38

Heated 0.94 0 34.1 Chevray and Tutu14

air–air
He–air 0.13 0 4 Richards and Pitts17

CH4 –air 0.55 0 25
C3H8–air 1.52 0 25
C2H2–N2 1.0015 0 5 Dowling and Dimotakis8

C3H6–Ar 1.053 0 16
C3H6–Ar 1.053 0 40
Heated 0.54 0 50 Lockwood and Moneib15

air–air

The co� owing air velocity uair was 9.2 m/s (§0.1 m/s) [30.2 ft/s
(§0.3 ft/s)], which gives a ratio of co� ow air to jet velocity of
0.174. Bulk velocity of the fuel jet was determined from the mea-
sured volumetric � ow rates using a calibrated mass � ow controller
and the internal area of the jet nozzle. At these � ow conditions, the
measured value for the axial pressure gradient in the test section
was 6 Pa/m at the � ow conditions studied.

B. Optical System
Rayleigh scattering measurements were made using a 6-W con-

tinuous wave argon-ion laser operating in the single wavelength
mode at k = 488 nm. The beam was focused with a 35-cm (13.8-
in.)-focal-length lens to a 200-l m (0.008-in.) waist diameter. The
Rayleigh scattered light was collected at right angles to the incident
beam by a 30-cm (11.8-in.)-focal-length /2 collection lens and was
relayedto a cooled photomultipliertube.The measurementvolume,
de� ned by the entrance slit to the photomultiplier tube and the laser
beam diameter, was 1 mm (0.04 in.) in length by 0.2 mm (0.008 in.)
in diameter. The electrical output of the phototube was digitized
using an analog-to-digital converter, read, and stored on computer
disk. Laser power and the background signal level were recorded
at each measurement location, and corrections for any variations in
these were applied during the data-reductionprocedure.

At each spatial location, 64,000 measurements were taken. The
data rate, limited by the transfer rate to the computer,was 16 kHz, so
that at each location4 s of data acquisitionwere required.This sam-
ple rate resulted in frequencycomponents up to 8 kHz contributing
to the mean and � uctuating Rayleigh signal.

C. Data Reduction and Error Analysis
Rayleighscatteringhas been used to measureconcentration,tem-

perature, and density.24 In a two-component isothermal � ow, such
as the nonreactingC3H8 jet, the Rayleigh signal intensity is directly
related to the C3H8 mole fraction. The differential cross section r
for Rayleigh scattering by gas molecules is given by

r = 2p 2( l 0 ¡ 1)2 | n0 k 4 (1)

where l 0 is the index of refraction of the gas at STP, k is the laser
wavelength, n0 is Loschmidt’s number (2.69 £ 1019/cm3 ), and a
90-deg scattering angle is assumed. The light intensity I that is
scattered by a mixture of gases, with each species having a number
density ni and differential cross section r i , is given by

I = C1 R ni r i = C1n R xi r i (2)

where xi is the mole fraction of species i and n is the total number
density. C1 is a parameter proportional to the laser intensity, the
collectionsolid angle,and the lengthof beamimagedon the detector

and is determined by calibration. For a binary gas mixture of C3H8

and air, Eq. (2) becomes

I = Ci n( r px p + r airxair) = C2[13.5x p + (1 ¡ x p)] (3)

where x p and xair are themole fractionsof C3H8 andair, respectively,
and 13.5 is the ratio of the scattering cross section of C3H8 relative
to that of air.19 In the present nonreacting jet, the mixture fraction
f is identical to the C3H8 mass fraction and is related to xp by the
following equation, which accounts for the molecular weight of air
and C3H8:

f =
xpmw p

xp (mw p ¡ mw air) + mw air

(4)

The primary sources of error in the Rayleigh scattering measure-
ments were backgroundscatteringand shot noise. The major source
of backgroundscattering in the present investigationwas laser light
scattered from the test section windows.Background scattered light
was measured at each spatial location by moving the collection
optics off the laser beam, thus eliminating the Rayleigh scattered
light contribution to the total signal. Using this technique, the back-
ground signal was found to be approximately 3% of the Rayleigh
signal measured from pure air. At each measurement location, the
contributionof backgroundscatteringwas subtractedfrom the mea-
sured signal. Measurement precision is limited by shot noise in the
Rayleigh signal.16 The estimated standard deviation for single-shot
precision of the mixture fraction measurements is 1.5%. The ac-
tual uncertainty is effected by potential systematic errors that effect
the measurement. The uncertaintyof the mixture fraction measure-
ments was estimated from the repeatability of Rayleigh calibration
data and from the scatter in measurementsfor differentexperimental
runs.These uncertaintyvaluesare §2 and §3% (based on 95% con-
� dence levels) for the mean and � uctuating (rms) mixture fraction,
respectively.

III. Results and Discussion
A. Mean and Fluctuating Quantities

The centerline variations in the mean and � uctuating component
of the mixture fraction are shown in Fig. 1. Axial distance x is nor-
malizedby the jet exit diameter D. The mixture fraction� uctuations
( f 0 2)1/ 2, hereafter denoted by f 0 , are normalized by the mixture
fraction at the centerline fcl. The mean mixture fraction f remains
nearly constant over the potential core region, which extends ap-
proximately four jet diameters downstream of the jet exit, before
decreasingrapidly as co� owing air is entrainedby the high-velocity
jet and mixes with the C3H8 . After the initial core region,the � uctua-
tions increase rapidly downstreamof the jet exit. In the downstream
region, the � uctuations continue to increase but at a slower rate.

The centerlinemixture fraction decay for nonreacting jets can be
correlated with distance from the virtual origin x0,1 (Ref. 16). This
correlation can be expressed as

Fig. 1 Mean mixture fraction and mixture fraction � uctuations mea-
sured along centerline in turbulent nonreacting C3H8 jet.



66 SCHEFER AND DIBBLE

Table 2 Experimentally determined constants for Eqs. (5) and (6)

Flow C1 x0.1 / D C2 x0.2 / D Reference

C3H8–air 0.185 3.0 0.060 ¡ 1.0 Present data
He–air 0.212 3.0 0.113 ¡ 0.15 Richards and Pitts17

CH4 –air 0.212 3.6 0.115 2.8
C3H8–air

Pipe 0.208 ¡ 2.1 0.108 4.25
Nozzle 0.210 1.5 0.113 3.6

C2H2–N2 0.195 ¡ 3.7 0.114 —— Dowling and Dimotakis8

C3H6–Ar 0.211 0.5 0.114 ——
C3H6–Ar 0.194 —— 0.114 ——
CH4 –air 0.224 ¡ 1.0 0.104 0.0 Pitts and Kashiwagi16

CH4 –air 0.250 5.8 0.097 0.0 Birch et al.18

C3H8–air 0.180 0.15 —— —— Dyer19 (from ref. 16)
Air–air 0.186 2.4 0.106 2.4 Becker et al.6

Fig. 2 Reciprocal mean mixture fraction measured along centerline
in turbulent nonreacting C3H8 jet; present data, C3H8 jet with co� ow
(² ) and C3H8 jet no co� ow (j ), and Richards and Pitts,17 He–air ( ),
methane–air (uu ), C3H8 pipe ( 4 ), and C3H8 nozzle ( 5 ).

fi

fcl
=

C1(x ¡ x0,1)

D( q j / q a )
1
2

(5)

where f j is the value of the mixture fraction at the jet exit ( f j = 1
for pure C3H8), q j and q a are the density of the jet and the outer
air, and C1 is a constant. The denominator in Eq. (5) is typically
referred to as the effective diameter, D ¤ = D( q j / q a)1/2 . Recent ex-
perimental results show that C1 is independentof (q j / q a ) (Ref. 17).
The centerline variation in the reciprocal mean mixture fraction is
replotted in Fig. 2 as a functionof normalizeddistance from the vir-
tual origin (x ¡ x0,1) / D ¤ . Also shown for comparisonare published
experimental results from the variable-densityjets of Richards and
Pitts,17 which show a collapse of the data for He–air, CH4 –air, and
C3H8–air jets onto a single curve when plotted in this form. The
present results for C3H8 clearly fall below the results of Richards
and Pitts,17 which indicate a slower centerline decay.

Further comparisonsof C1 and x0,1 are shown in Table 2. The re-
sultsof thepresentinvestigationgive the locationof thevirtualorigin
at x / D =3.0 and a value for C1 =0.185 § 0.01. The values of x0,1

listed in Table 2 show considerable scatter. Such variations are not
unexpected because the location of the virtual origin is sensitive to
initialconditions,which are likely to vary betweenexperiments.The
values of C1 also show considerable scatter. This scatter is particu-
larly evident in the resultsof earlier studies.The more recent studies
in Table 2 indicate an average value for C1 near 0.21 over a wide
rangeofReynoldsnumberand (q j / q a ) (Refs. 8 and17). The reduced
scatter in the more recent studies in likely due to more accurate ex-
perimental techniques and to measurements over a larger range of
experimental conditions being carried out in single � ow con� gura-
tions, thus eliminating variations in inlet and boundary conditions.

The value for C1 measured in the present study is about 10%
lower than other recent studies show. Given the good collapseof the
variable-densityjet data of Richards and Pitts17 and the good agree-
ment in values of C1 from their results and the constant-densityjet
data of Dowling and Dimotakis,8 the inability of Eq. (1) to collapse
the present data onto the same curve is likely due to the effects of
co� ow air. This may account for the good agreement between the
value of C1 =0.185 obtained from the present data and the value
of 0.180 obtained by Dyer19 in a C3H8 jet with co� ow, although at
a lower velocity. From Tables 1 and 2 it can be seen that all litera-
ture studies giving consistentvalues of C1 had little or no co� ow air
(uair /u jet < 0.08), whereas for the presentstudy uair /u jet =0.174. To
verify the effects of co� ow air, the measurementswere repeated for
a C3H8 jet at the same jet velocitybut withoutco� ow air.The results,
shown in Fig. 2, are in good agreementwith the literature results for
no co� ow. Further evidence is provided by velocity measurements
in constant-densityair jets, which show a decrease in the centerline
velocity decay rate as the co� ow air velocity is increased.25,26

A comparisonof the centerlinemixture fraction � uctuationinten-
sity, f 0 / fcl, with results from the literature is shown in Fig. 3. This
quantityis oftenreferredto as unmixedness.Data pointsare included
for the CH4–air jets of Birch et al.18 and Pitts and Kashiwagi.16 Val-
ues for the asymptotic limit in f 0 / fcl, attained at downstream loca-
tions in the constant-densityjets of Dowling and Dimotakis8 and the
variable-density jets of Richards and Pitts,17 are indicated by hori-
zontal lines.The results from the latter studiesshowgoodagreement
with the asymptoticvalue of f 0 / fcl =0.23 reported for jets with gas
density ratios q j / q a varying from 0.14 to 5.11 (Ref. 27). Richards
and Pitts17 furtherconcludedthat the asymptoticcenterlinevalue for
unmixedness is independentof jet density ratio. The initial increase
in � uctuation intensity is considerably more rapid for the CH4–air
jets. This observation is consistent with the results showing that
� ows with higher Reynolds number require longer downstreamdis-
tances to achieve asymptotic behavior.28 Note that Re =6.8 £ 104

for the presentC3H8 jet, which is considerablyhigher than the other
studies.

At downstreamlocations, the presentC3H8 jet data do not exhibit
asymptotic behavior over the range of distances shown and, in fact,
continue to increase above the asymptotic values reported in the
literature.Again it can be speculated that the higher values of f 0 / fcl

in the present study are due to the presence of co� ow. Support for
this conclusioncan be found in centerlinevelocitydata for constant-
density jets, where increasing the ratio of uair /u jet from 0.1 to 0.2
(note that uair /u jet =0.174 for the present jet) increased the asymp-
totic values for the longitudinalvelocity � uctuations from 0.295 to
0.33 (Ref. 25). These values are higher than the value of 0.28 re-
ported for an axisymmetricfreejet.4 Additionalevidenceis provided

Fig. 3 Mixture fraction � uctuations measured along centerline in tur-
bulent nonreacting propane jet: present data, C3H8 jet with co� ow (² )
and C3H8 jet no co� ow (j ); Dowling and Dimotakis,8 Re = 5 £ £ 103

(——) and Re = 1:6 £ £ 104 (– - –); Richards and Pitts,17 (- - - -); Becker
et al.,6 ( £ £ ); Pitts and Kashiwagi,16 ( 4 ); and Birch et al.18 ( ).
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Fig. 4 Radial pro� les for a turbulent nonreacting C3H8 jet, present
data: x/D = 15 (j ), x/D = 30 (² ), and x/D = 50 (m ): a) mean mixture
fraction, b) mixture fraction � uctuations, and c) intermittency.

by measurements in the present C3H8 jet without co� ow air, which
show good agreement with literature results for no co� ow. Further
studies on the effect of co� ow on the asymptotic values for both
mixture fraction and velocity � uctuations are clearly needed due to
the lack of experimental data.

Radial pro� les of f and f 0 are shown in Figs. 4a and 4b at axial
locationsof x / D =15, 30, and 50. At each axial location, the maxi-
mum mixture fractionoccursat thecenterlineand decreasesoutward
toward the co� owing air. Consistent with the results in Fig. 1, the
centerline value of f decreases in the downstream direction due to
mixing with the surroundingair. Maximum � uctuationsoccur in the
mixing region between the jet � uid and the co� owing air where the
gradient in f is largest. The � uctuationsdecreaseboth near the cen-
terline and farther out toward the airstream. At increasing distance
downstream, the maximum � uctuationsdecrease due to the less in-
tensemixingas thevariationin f acrossthemixingregiondecreases.

Radialvariationsin the intermittency c are shown in Fig. 4c. Here
the intermittency is de� ned as the fraction of time that the mixture
fraction is greater than a near-zero threshold (a value of zero corre-
sponding to pure air). Typical probability density distributions(see
following section) in the mixing region where 0 < c < 1 consist of
an intermittency spike associated with unmixed air and a broader
distribution corresponding to mixed air and C3H8 . The � nite width
of the intermittencyspike often requires the somewhat arbitrary se-
lection of a threshold value to differentiate between unmixed and
mixed � uid. It has been shown that the � nite width of the inter-
mittency spike can be closely � tted by a Gaussian, and the area
under the resulting curve provides a good estimate of (1 ¡ c ) (Ref.
29). The threshold value of mixture fraction determined using this
methodwas fth = 0.015. Thus, for f < 0.015, the � ow is considered
as unmixed air, and for f > 0.015, the � ow is considered as mixed
C3H8 and air. Calculated values of c are found to be insensitive to
small variations in the threshold level (§0.005).

At all axial locations, a region exists near the centerline in which
c is unity, which indicates that turbulent mixing is insuf� cient to
transport unmixed air into the central region. Only in a relatively
well-de� ned mixing region for which c is between 0 and 1 is the

Fig. 5 Variation of mixture fraction half radius with axial distance,
present data, C3H8 jet with co� ow (² ) and methane jet with co� ow (m );
Richards and Pitts,17 He–air ( ), methane–air (u u ), propane pipe ( 4 ),
and propane nozzle ( 5 ).

presence of any unmixed air observed. Thus, the mixing region
can be characterized as consisting of mixed C3H8 and air and of
unmixed air that is entrained by the high-velocity jet. No unmixed
air exists near the centerline at the axial locations shown. All of
these observationsare consistentwith the view that the center of the
jet is relatively well mixed, whereas at increasing radii, engulfment
of co� owing air and subsequent mixing occurs.

The jet spreading rate can be determined from the mean mix-
ture fraction pro� les and is typically characterized by the mixture-
fraction half-radius L f , de� ned as the radial location at which the
mixture fraction is equal to half its centerline value. The variation
in L f (normalized by the jet exit diameter) with axial distance is
shown in Fig. 5. For distances suf� ciently far downstream, L f is
proportional to the distance from a virtual origin x0,2 (Refs. 16 and
17). This dependence can be written as

L f / D = C2[(x ¡ x0,2) / D] (6)

A � t of the present data in Fig. 5 (solid line) gives a value of
x0,2 / D = ¡ 1 and C2 =0.060 § 0.005. The spreading rate obtained
in the present study is considerably less than that measured in
variable-densityjets with no co� ow (dashed line) (Ref. 17). Values
of x0,2 and C2 obtained from the literature are also listed in Ta-
ble 2. The spreading rates for the variable-density jets of Richards
and Pitts17 and the constant-densityjets of Dowling and Dimotakis8

show good agreement, indicating the jet spreading rate is indepen-
dent of density ratio. The spreading rate of the present C3H8 jet is
approximately 40% lower. It is again likely that this difference is
attributable to the co� ow air. Velocity measurements in a constant-
density jet with comparable co� ow show a similar decrease in the
jet-spreading rate with increasing co� ow velocity.25,26

Variations in f and f 0 are shown in Figs. 6a and 6b as a function
of radial distance normalized by L f . Note that the use of similarity
variablessuch as L f is not meant to imply that � ow similarity exists
in variable-densityjets with high co� ow air velocities, but rather to
emphasize differences with other jet � ows in the literature. Shown
for comparison as a solid line is a similarity pro� le based on a best
� t to the constant-densityjet data of Dowling and Dimotakis.8 The
dashed line in Fig. 6a is a Gaussian-typefunction of the form

f / fcl = exp
£
¡ 0.693(y / L f )

2
¤

(7)

Equation (7) has been shown to providea good � t to data in CH4–air
jets16 and shows good agreement with the variable density data of
Richards and Pitts17 (dotted line, Fig. 6). It also provides a good � t
to the present data for y / L f < 1.25. At larger values of y / L f , the
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a) Mean mixture fraction

b) Mixture fraction � uctuations

c) Intermittency

Fig. 6 Normalized radial pro� les for a turbulent nonreacting C3H8
jet, present data: x/D = 15 (j ), x/D = 30 (² ), and x/D = 50 (m ); Dowling
and Dimotakis,8 Re = 5 £ £ 103 (——) and Re = 1:6 £ £ 104 (- - - -); Pitts
and Kashiwagi,16 (– – –); and Richards and Pitts17 (- - - -).

Table 3 Experimentally determined constants for Eqs. (5) and (6)

Flow f 0
max / f ymax / L f Reference

C3H8–air 1.24 0.96 Present data
He–air 1.08 0.81 Richards and Pitts17

CH4 –air 1.08 0.81
C3H8–air 1.08 0.81
Constant density 1.196 0.83 Dowling and Dimotakis8

C3H8–air 1.29 0.80 Dyer19 (from ref. 16)
CH4 –air 1.18 0.70 Pitts and Kashiwagi16

CH4 –air 1.20 0.70 Birch et al.18

Air–air 1.15 0.80 Becker et al.6

Air–air 1.14 —— Shaughnessy and Morton7

Heated air–air 1.26 0.90 Lockwood and Moneib15

decrease in f with radial distance is more rapid than Gaussian and
is in better agreement with the Dowling and Dimotakis data.8

The mixture-fraction � uctuations normalized by the centerline
value f 0 / f 0

cl are shown in Fig. 6b. The pro� le at x / D =15 shows
consistently higher � uctuations than at the downstream locations
for all radial locations.At x / D = 30 and 50 the pro� les show good
similarity for y / L f < 1, but at larger radial distances the pro� le at
x / D = 50 falls slightly inside the results for x / D = 30. This result
could be due to the effects of the co� owing airstream because radial
CH4 concentration pro� les at x / D =20, 30, and 40 in a CH4–air
jet with no co� owing air show good similarity with respect to the
normalized radial distance y / L f (Ref. 18).

Also shown in Fig. 6b are � tted curves based on results from the
literature. Dowling and Dimotakis8 observed a Reynolds number
dependence of the concentration � uctuation pro� les in constant-
density jets in which an increase in the Reynolds number causes a
broadening of the pro� le. The effect was attributed to diffusional
smoothing of the concentration� eld at the edge of the jet. Based on
timescale arguments, it was speculatedthat increasingthe Reynolds
number decreases the amount of diffusional smoothing and in-
creases the local concentration � uctuations. The good agreement
between the high Reynolds number jet of the present study and the
lower Reynolds number jets of Refs. 16 and 17 indicate no such
dependence.

A comparison of the maximum � uctuations f 0
max and their ra-

dial locations is shown in Table 3. The scatter in the data, even
in more recent studies, makes it dif� cult to reach any conclusions.
Previous measurements have shown that the scalar � uctuations are
independentof variable density effects.17 Thus, the scatter between
the variable-densityand constant-densityjets in Table 3 appears to
be due to experimental uncertainty. However, the good similarity
shown by the pro� les at x / D = 30 and 50 for the present C3H8

jet do seem to indicate higher maximum � uctuations and a shift in
the location of this maximum with respect to L f . Given that the
other jets shown in Fig. 6b have either very low or no co� ow, this
may be attributable to the presence of co� ow in the C3H8 jet. The
higher � uctuations with co� ow are consistent with the higher ve-
locity � uctuations measured in the shear layer of constant-density
jets with co� ow.25

Consistent with the normalized mean and � uctuating mixture
fraction pro� les, the intermittent mixing region (Fig. 6c) shifts to-
ward the centerline with respect to the half-radius L f . This shift is
be expected because the turbulence structure has not yet reached
a self-preserving state and the turbulence length scale, as given by
the mean position of the mixing region ( c =0.5), is changing with
respect to the length scale of the mean � ow L f .

B. Higher Moments
Radial variations in the third and fourth moments of the mixture

fraction (skewness S and kurtosis K , respectively) are shown in
Figs. 7a and 7b. The values of S and K for a Gaussian distribution
are 0.0 and 3.0, respectively. At the centerline, the skewness has a
slightly negative value at all axial locations.Outward from the cen-
terline, S increases at � rst slowly, followed by a rapid increase at
the outer edge of the mixing layer. The kurtosis initially decreases
to a minimum value of 2.8 at a radial location just inside the mixing
region before rapidly increasing as the outer air� ow is approached.
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a) Skewness

b) Kurtosis

Fig. 7 Normalized radial pro� les for a turbulent nonreacting C3H8
jet, present data: x/D = 15 (j ), x/D = 30 (² ), and x/D = 50 (m ).

The rapid increase in S and K in the intermittent mixing region is
due to the passage of unmixed air past the measurement volume.
This results in periods of time during which the mixture fraction is
zero and causes a sharp cutoff in the mixture fraction probability
distribution at f =0. Hence, K must increase rapidly as the frac-
tion of time during which pure air is present increases.These results
are in good agreement with data in air–air jets,15 heated jets,13 and
CH4 –air jets.16,18

The centerline variation in S and K can also be obtained from
Fig. 7. The present resultsshow the skewness increasingfrom ¡ 0.45
at x / D = 15 to ¡ 0.31 at x /d = 50. Pitts and Kashiwagi16 found
a comparable increase in S with axial distance for a CH4 –air jet
(S = ¡ 0.6 at x /d =20 and S = ¡ 0.35 at x / D = 60), whereas Birch
et al.18 measured a relatively constant value of S = ¡ 0.3 along the
centerline. The reason for the difference in centerline behavior be-
tween these studies is not clear; however, the measurement of a
non-Gaussian negative skewness along the centerline is consistent
in both the C3H8 –air jet and the CH4–air jets. In the present study,
K shows a small decrease with axial distance from 3.4 at x / D =15
to 3.1 at x / D =50. These results are in good agreement with the
range of values obtained in CH4 –air jets.16,18

C. Probability Density Distributions
Probability density distributions of the mixture fraction p( f )

were calculated from 8000 measurements at each spatial location
using 50 bins equally spaced over the 3-r limits of the data. The

Fig. 8 Probability density distributions of mixture fraction along the
centerline of a turbulent nonreacting C3H8 jet.

Fig. 9 Probability density distributions of mixture fraction for a tur-
bulent nonreacting C3H8 jet at an axial location of x/D = 30.

distributionshave been normalized so that the following relation is
valid: Z 1

0

p( f ) d f = 1

The evolutionof p( f ) along the centerline is shown in Fig. 8. Near-
est the jet exit (x / D = 5.2), the distribution consists of a peak at
f =1 corresponding to pure C3H8 and a contribution at f < 1 cor-
responding to mixed C3H8 and air. Downstream the contribution
from pure C3H8 decreases as air is entrained by the jet and mixes
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Fig. 10 Probability density distributions of mixture fraction for a tur-
bulent nonreacting C3H8 jet at an axial location of x/D = 50.

Fig. 11 Autocorrelation function (left column) and power spectra (right column) for a turbulent nonreacting C3H8 jet measured along the centerline.

with the jet � uid. At x / D = 10.8, the contribution from pure C3H8

has disappeared,and the distribution becomes more Gaussian-like,
althoughsomeskewingtoward lowervaluesof f is apparent.Farther
downstream, p( f ) shifts to lower values of f with increasing axial
distance due to continued mixing with co� owing air. The skewness
in the distributionpersistsat downstreamlocationsbut appears to be
gradually decreasing.Deviations from Gaussian statisticsalong the
centerline have also been observed in CH4 –air jets.18 No evidence
of any pure air can be seen in distributions as far as 64 diameters
downstream.

Radial variations in p( f ) are shown in Figs. 9 and 10 for
x / D = 30 and 50, respectively.These distributionsare qualitatively
similar to conserved scalar distributions observed in constant- and
variable-density jets.8,18 Near the centerline, the distributions are
dominated by a broad, Gaussian-like distribution corresponding to
a turbulent mixture of C3H8 and entrained air, whereas at outer ra-
dial locations, a sharp spike corresponding to pure air at f = 0 is
observed. In the mixing region (0 < c < 1) the distribution is bi-
modal and consists of contributions from both the unmixed air and
mixed C3H8 and air. At the axial locations shown, no pure propane
is indicated ( f = 1) because suf� cient entrainment of co� owing air
and mixing has occurred upstream. The smooth transition between
the air spike and the broader distribution corresponding to mixed
� uid has been attributed to the existence of a viscous superlayer
between the unmixed air and the mixed C3H8 and air zones and
has led to a proposed composite distribution that includes unmixed
air, fully mixed C3H8 and air, and a contribution from the viscous
superlayer.29

D. Autocorrelation and Power Spectra
The autocorrelationfunctions and power spectra were calculated

from the time recordsof the digitaldata usinga Fourier transform.In
the presentstudy, the numberof samplesin each time record (at each
spatial location) was 64,000.Digital noise in the power spectra was
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Fig. 12 Autocorrelation function (left column) and power spectra (right column) for a turbulent nonreacting C3H8 jet at an axial location of x/D = 30.

reducedbygroupingthe data into recordsof 4096data pointsand av-
eragingthe Fourier transformsof these shorter records.18 Calculated
autocorrelationfunctionsand power spectraalong the centerlineare
presentedin Fig. 11, which shows the autocorrelationfunction A( s )
as a function of delay time s and the power spectral density E( m ) as
a function of frequency m . The Nyquist cutoff frequency of 8 kHz
corresponds to the maximum data rate of 16 kHz, which was lim-
ited by the read and convert time of the analog-to-digitalconverter.
At the upstream location of x / D =15, there is still some spectral
energy due to turbulent � uctuations at frequencies above the cut-
off frequency. However, further analysis shows that only about 3%
of the spectral density occurs above 8 kHz. Both the power spectra
and the autocorrelation functions show a shift in the energy distri-
bution to lower frequenciesin the downstreamdirection.The power
spectra also display the expected ¡ 5

3 power law region for the scalar
� uctuationsobserved in constant- and variable-densityjets.8,18 The
distributions along the centerline correspond to random turbulent
� uctuations with no dominant frequencies.

Typical radial variations are shown in Fig. 12 for x / D =30. The
power spectra at outer radial locations show an extended power law
region, in agreement with measurements in constant-density jets.8

Generally, the spectraare nearly � at at the lower frequencyend with
the possible exception of a mild peak between 500 and 1000 Hz at
y / D = 2.3. No evidence of any well-de� ned periodic oscillations
exists.

IV. Conclusions
Measurements of the mixture fraction � eld have been obtained

throughouta turbulent,variable-densityC3H8 jet with co� owing air.
From these measurements axial and radial variations in the means
and higher moments of the mixture fraction and the probability
density distributions have been determined. Power spectra and au-
tocorrelations have been calculated from the time histories of the
digitized data and are also presented.

A comparison of the present data with results in the literature for
constant- and variable-density jets with little or no co� ow reveals

signi� cant differences. In particular, both the centerline decay and
the jet-spreading rate are higher in the present jet. The scalar � uc-
tuation intensities along the centerline also attain higher values at
comparable downstream locations and, over the range of axial dis-
tances studied, the � uctuation intensitiesdo not approachan asymp-
totic limit. These resultsare attributedto the presenceof a co� owing
airstream.

Radial variations in the mean mixture fraction and the higher
moments do not display similarity when radial location is normal-
ized by the mixture fraction half radius for x / D < 50, although an
approach to similarity at greater downstream distances is indicated.

Probabilitydensitydistributionsalong the centerlineindicate that
pure C3H8 disappears beyond approximately 10 diameters of the
jet exit due to mixing with entrained air. Farther downstream, the
distributions deviate from Gaussian statistics and are negatively
skewed toward lower values of mixture fraction. Probability den-
sity distributions measured at different radial locations consist of
an unmixed air spike at outer radial locations and a relatively broad
Gaussian-like distribution near the centerline where the C3H8 and
air are well mixed. In the intermittent mixing region, the distri-
butions are bimodal and are well characterized by the sum of an
intermittencyspike correspondingto unmixed air and a broaderdis-
tribution corresponding to mixed C3H8 and air. The non-Gaussian
distribution corresponding to mixed C3H8 and air in the intermit-
tent mixing region indicates a contribution from the viscous su-
perlayer located between the unmixed air and mixed C3H8 and air
zones.
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