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Effect of large-scale intermittency and mean shear on scaling-range exponents in a turbulent je
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The present study investigates the combined impact of the intermittency associated with the turbulent-
nonturbulent interface and the mean shear rate in an axisymmetric jet on the structure of turbulence in the
scaling range, where the spectrum exhibits a power-law behavior. Second-order structure functions, autocor-
relations of the dissipation rate, and spectra of both the longitudinal velocity fluctuation and the passive
temperature fluctuation are measured at a distance of 40 diameter downstream from the nozzle exit. All the
scaling range exponents are influenced by the large-scale intermittency and the mean shear. The scalar fluc-
tuation is much more sensitive to the variation in large-scale intermittency than the velocity fluctuation.
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I. INTRODUCTION

The Kolmogorov 1941@1# ~or K41! similarity theory,
which assumes local isotropy~or isotropy of the small-scale
turbulence! and large Reynolds numbers, led to the resul

^~Dur !
n&5Cn^e&n/3r n/3 ~1!

when the separationr is within the inertial range~sometimes
‘‘inertial subrange’’! h!r !L. Here,u(x) is the longitudinal
velocity fluctuation,x is the longitudinal~axial! coordinate,
Dur[u(x1r )2u(x) is the velocity increment, h
[(n3/^e&)1/4 ~angular brackets denote time averaging! is the
Kolmogorov length scale,e is the turbulent energy dissipa
tion rate,L is the integral length scale of the turbulence,n is
the kinematic viscosity of the fluid, andCn are constants
which are likely to depend on the nature of the flow. There
now significant evidence to indicate that ‘‘constant’’ exp
nents, as implied by Eq.~1!, are unlikely to apply at Rey-
nolds numbers normally encountered in the laboratory@2#
since a ‘‘true’’ inertial range in the sense of K41 is not o
served. Exponent values quoted in the literature and, ind
in the present paper, should be considered strictly as a
ages over what is generally referred to as the inertial ra
~IR! ~the existence of such a range seems more justifia
when spectra are considered!. ~We shall continue to refer to
the IR in this paper, although this only loosely refers to t
range where the spectrum exhibits a power-law behavi!.
There is also enough evidence to indicate that, even in
asymptotic sense, the magnitudes of the exponents will d
from those given by Eq.~1!, the departure being primarily
attributed to the so-called ‘‘internal’’ small-scale interm
tency arising from temporal and spatial fluctuations ine.
With the revised hypotheses of Kolmogorov@3# and
Obukhov@4#, relation~1! is replaced by

^Dur
n&5Cn^e&n/3r an, ~2!

where the ‘‘internal’’ intermittency effect is reflected in th
exponentan ~here, the subscriptr denotes integration over
1063-651X/2001/64~2!/026302~8!/$20.00 64 0263
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linear dimensionr ). The autocorrelation of the dissipatio
ratee exhibits a power-law behavior@5#

^e~x!e~x1r !&;r 2m, ~3!

where r is in the IR. The exponentm is a measure of the
intermittency ofe(x), and is usually referred to as the inte
mittency exponent.

For the passive scalar case, relations analogous to
~1!–~3! have been obtained in the literature@5#. For simplic-
ity, we shall write

^Du r
n&;r n/3, ~4!

^Du r
n&;r jn, ~5!

and

^eu~x!eu~x1r !&;r 2mu. ~6!

Here,u is the scalar fluctuation,eu is the scalar dissipation
rate, andmu is the scalar intermittency exponent.

Much effort has been devoted to verifying the spect
relations which are equivalent to Eqs.~1! and ~4! for n52,
viz.

fu~k1!5Ku^e&2/3k1
25/3, ~7!

fu~k1!5Ku^e&21/3^eu&k1
25/3, ~8!

where Ku and Ku are the ‘‘spectral’’ Kolmogorov and
Obukhov–Corrsin constants. Confirmation of these relatio
especially Eq.~7!, has been claimed by many studies of tu
bulent flows at relatively high Reynolds numbers@6–11#.
More recent studies@12–16# have indicated that the magn
tudes of the exponents in Eqs.~7! and~8! increase gradually
with the microscale Reynolds numberRl @[u8l/n, where
the longitudinal Taylor microscalel[u8/(]u/]x)8; herein
the prime denotes the root-mean square, e.g.,u8[^u2&1/2]. It
thus seems more reasonable to replace Eqs.~7! and ~8! by
©2001 The American Physical Society02-1
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J. MI AND R. A. ANTONIA PHYSICAL REVIEW E 64 026302
fu~k1!;k1
2m ~9!

and

fu~k1!;k1
2mu ~10!

whenk1 is in the IR.
Strictly, Eqs. ~1!–~10! apply to fully developed turbu-

lence. However, it can be shown that the existence of la
scale intermittency, as measured by the factorg ~the fraction
of time for which the flow is turbulent at a particular loc
tion!, does not directly influence the exponentsan , jn , m,
mu , m, andmu . A proof in the case of the scalar spectrum
as follows. When a turbulent/nonturbulent interface
present, we have

^u2&5g^u2& t1~12g!^u2&nt ,

^u2&5E
0

`

fu~k1!dk1 , ^u2& t5E
0

`

fu
t ~k1!dk1 ,

where the subscripts ‘‘t ’’ and ‘‘ nt’’ refer to fluctuations in the
turbulent and nonturbulent regions, respectively. Since th
should be no significant scalar~e.g., concentration, tempera
ture! variation in the nonturbulent ambient flow, i.e., the te
poral variation ofunt5Qa2^Q& ~whereQa is the instanta-
neous ambient scalar quantity! is negligible, fu(k1) is
closely approximated bygfu

t (k1). Given that fu
t (k1)

5gtk1
2mu

t

in the IR and gt5 f (^e& t ,^eu& t ,L), we have

fu(k1)5gk1
2mu with g5g f (g^e& t ,g^eu& t ,L) andmu5mu

t .
It follows that, while the ‘‘prefactor’’g is a function ofg, the
exponentmu does not depend ong. Likewise, g is also
found to have no explicit influence on other scaling exp
nents~see Kuznetsov, Praskovsky, and Sabelnikov@17# for
the effect ofg on m).

To our knowledge, only one previous study@17# has in-
vestigated the effect ofg on the exponentm ~and the Kol-
mogorov constantC2). By measuringm andC2 at different
locations~and different values ofg) in five different shear
flows, these authors found that bothm andC2 vary with g.
However, it can be inferred from their data thatRl has little
influence onm andC2; their range ofRl is 75–14 000~see
their Table I!. They also reported that there was no effect
the spectral exponentm ('5/3) from eitherg or Rl ~this can
be inferred from their Fig. 2!. In contrast, Dowling and
Dimotakis@18# and Mi @19# found that, in the far field of an
axisymmetric jet at moderate Reynolds numbers ofRd
55000240 000 (Rd is defined in Sec. II!, the scaling expo-
nent of the scalar spectrummu increases significantly with
the radial distancey. Since bothg andRl vary with y, one
would not expect the magnitude ofmu to be independent o
these two parameters. However, it can be argued that
radial increase ofmu cannot be attributed to the radial vari
tion of Rl . Sreenivasan@12,13# and Mydlarski and Warhaf
@14# ~also Antonia and Smalley@16#! observed that, in a fully
turbulent (g51) flow, the magnitude ofmu increases with
Rl . The decrease in the magnitude ofRl with increasingy
~Fig. 1! should result in a reduction in the magnitude ofmu
02630
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asy increases. This is obviously contrary to the observatio
of Dowling and Dimotakis@18# and Mi @19#. It would thus
appear that the radial variation ofg is the main cause for the
radial increase inmu . However, the variation ofg should not
be the only possible factor because, likeg, the mean velocity
~shear! and temperature gradients vary withy. In the present
study, we have measured structure functions, autocorr
tions of dissipation rates, and frequency spectra ofu andu at
various radial locations in the far field of an axisymmet
jet. The specific objective is to investigate how the IR exp
nentsa2 , j2 , m, mu , m, andmu depend ong and the mean
shear rate. We surmise that both factors implicitly influen
all the exponents (an , jn , m, mu , m, andmu) but that the
degree of influence may vary among exponents.

II. EXPERIMENTAL SETUP AND CONDITIONS

The jet facility consists of a vertical, cylindrical plenum
chamber of 80 mm in diameter and 900 mm in length f
lowing an in-line diffuser and an electrical heater.~More
details of the present experimental setup were provided
Mi, Nobes, and Nathan@20#.! Filtered and compressed a
was supplied through the heater and the plenum to a sm
contraction nozzle~exit diameterd514 mm!. Heated and
unheated air jets were used separately for temperature
velocity measurements. For the heated case, the facility
nozzle were insulated to achieve a uniform and symmetr
~about the nozzle axis! mean temperature profile at the ex
with the nominal value ofQ0550 °C above ambient. The
nominal exit Reynolds numberRd[U0d/n ~where U0 de-
notes the exit bulk velocity andn is the kinematic viscosity!
is about 16 000 for both cases. The present measurem
were conducted at a distance ofx540d downstream from
the nozzle exit. At this location, the center line mean veloc
Uc was 2.7 m/s and the mean temperatureQc was 6.3 °C
above ambient. On the axis, the rms valuesuc8 anduc8 were
approximately 0.68 m/s and 1.47 °C. Lateral distributions
u8(y) andu8(y) confirmed that the flow was approximate

FIG. 1. Radial distributions of the intermittency factorg ~—!
and microscale Reynolds numberRl (d). Theg data (h) of Wyg-
nanski and Fiedler@24# are included for comparison.
2-2
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EFFECT OF LARGE-SCALE INTERMITTENCY AND . . . PHYSICAL REVIEW E64 026302
self preserving atx/d540. The mean velocity half radiu
y1/2 at which the local mean velocity is half the center li
mean value is 55 mm. The mean temperature half radiu
5 y1/2

Q 564 mm. Table I summarizes the characteristic pro
erties of the jet atx/d540.

The longitudinal velocity fluctuationu was obtained with
a single hot-wire~5 mm tungsten; 1 mm long! probe with an
overheat ratio of 1.8. The hot wire was operated with
in-house constant temperature anemometer. The hot wire
calibrated at the nozzle exit plane. The passive tempera
fluctuationu was measured with a cold wire~Wollaston Pt-
10%Rh! of 0.63mm in diameter, with an etched length of 0
mm. This cold wire was operated with a constant current~0.1
mA! circuit. The sensitivity of the wire to velocity fluctua
tions was negligible, and the wire length-to-diameter ra
(.1000) was sufficiently large to minimize any low
frequency attenuation ofu. The frequency response of th
wire ~the –3 dB frequency was estimated to be 4.5 kHz a
m/s! was also sufficient to avoid any high-frequency atten
ation of u. Theu andu signal outputs from the anemomet
circuits were offset, amplified and then digitized on a P
using a 12-bit analog to digital converter. They were lo
pass filtered at a cutoff frequencyf c chosen to eliminate
high-frequency noise. The sampling frequencyf s was set to
about 2f c . Record durations were in the range 40–50 s.

III. DATA PROCESSING AND METHOLODOGY

Velocity and temperature spatial increments were form
from the temporal incrementsDut5u(t)2u(t1t) and
Dut5u(t)2u(t1t), with the time delayt5 i / f s ( i is an
integer5 1,2,3, . . . !. This time delay was identified with th
spatial incrementsDur andDu r by using Taylor’s hypothesis
in the form r 52Ut, whereU is the local mean velocity
This hypothesis was found to be reasonable on the axis o
axisymmetric jet by Mi and Antonia@21# who used two cold
wires separated in thex direction and comparedDu r /r with
2Dut /(tU). Away from the axis, corrections to the hypot
esis are needed for more accurate estimates of the mean
sipation rates@22#.

In order to calculate the inertial-range exponentsm and
mu , the instantaneous energy and temperature dissipa
rates, i.e.,e andeu , were approximated bye;(]u/]x)2 and
eu;(]u/]x)2. These approximations, not exclusive for t
present study, were used by most, if not all, of previo
studies form andmu . Also, Taylor’s hypothesis, in the form
]/]x52U21]/]t, was used for these approximations. Es
mates ofm andmu were based on the following relations:

Re5U24K F]u~x!

]t G2F]u~x1r !

]t G2L ;r 2m, ~11!

TABLE I. Characteristic properties of the present jet atx/d
540.

Uc Qc uc8 uc8 lc hc y1/2 y1/2
Q

~m/s! (°C) ~m/s! (°C) ~mm! ~mm! ~mm! ~mm!

2.7 6.3 0.68 1.47 4.0 0.15 55 64
02630
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5U24K F]u~x!

]t G2F]u~x1r !

]t G2L ;r 2mu, ~12!

instead of Eqs.~3! and ~6!. In Eqs. ~11! and ~12!, r 5
2( i / f s)U @i 51, 2, 3, . . .# and ]s/]x'U21@s(t1Dt)
2s(t)#/Dt ~where s[u or u and the time intervalDt
5 f s

21). In the study of Champagne@10# on the fine-scale
structure of jet turbulence, corrections due to the effect o
fluctuating convection velocity on Taylor’s hypothesis]/]x
52U21]/]t were applied. However, as shown analytica
by Kuznetsov, Prakovsky, and Sabelnikov@17#, the use of
this does not affectm ~and, presumably, alsomu). Accord-
ingly, no correction has been applied here.

The spectrafu andfu were calculated directly from the
signalsu(t) andu(t) using the fast Fourier transform algo
rithm. Using Taylor’s hypothesis,k152p f U21 and Eqs.~9!
and ~10! can be replaced by

fu~ f !; f 2m, ~13!

fu~ f !; f 2mu, ~14!

with *0
`fu( f )d f5^u2& and*0

`fu( f )d f5^u2&.

IV. RESULTS AND DISCUSSION

The intermittency factorg was estimated from the prob
ability density function~pdf! of u, using the method outlined
in Bilger, Antonia, and Sreenivasan@23#. In this method, the
pdf near the low temperature limit is assumed to repres
the nearly Gaussian contribution from the ambient tempe
ture fluctuations. The area under this nearly Gaussian di
bution is equal to the probability of occurrence of ambie
unheated fluid, i.e., (12g). The resulting distribution ofg
across the jet is shown in Fig. 1. For comparison, data
tained by Wygnanski and Fiedler@24#, using different meth-
ods, also for a self-preserving axisymmetric jet~note that
their data were reported againsty/x) are included in Fig. 1.
There is reasonable agreement between the two data
The magnitude ofg is almost unchanged over the centr
region, but decreases rapidly wheny/y1/2.0.8. Figure 1 also
shows the radial variation of the microscale Reynolds nu
berRl , which decreases from about 184 on the center line
15 aty/y1/252.

To investigate the effect of the mean shear, we measu
the mean velocityU and mean dissipation rate^e& across the
jet. Both local isotropy and Taylor’s hypothesis were a
sumed in obtaininĝe&. Support for local isotropy in the fa
field of the jet, especially on the axis, was provided by A
tonia and Mi @25# and Namazian, Schefer, and Kelly@26#.
Radial profiles of the non-dimensional mean shear rateS*
[u]U/]yu(n/^e&)1/2, along with U/Uc and ^e&Uc

3y1/2 are
shown in Fig. 2. Clearly,S* increases asy increases but
varies slightly for y,y1/2. Based on Figs. 1 and 2, it i
evident thatg'1 for y,y1/2, while for y>y1/2, S* is
nearly unchanged. This important feature allows us to dis
guish between the effects ofg andS* unambiguously.

To check Eqs.~2! and ~5! for n52, ^Dur
2& and ^Du r

2&
were calculated at various locations across the jet. Fig
2-3
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J. MI AND R. A. ANTONIA PHYSICAL REVIEW E 64 026302
3~a! shows these structure functions, plotted againstr, for
different values ofy. When log–log coordinates are use
these structure functions appear to exhibit a narrow pow
law range at eachy location, suggesting that both Eqs.~2!
and~5! are approximately valid across the jet, regardless og
andS* . As noted earlier, there is strictly no power law; w
ignore this here since the main interest is in the relative
fects ofg andS* . To estimate the scaling exponentsa2 and

j2, the optimum plateaus in the distributions ofr 2a2* ^Dur
2&

and r 2j2* ^Du r
2& were identified by trying different values o

a2* and j2* . Figure 3~b! presents the compensated data
the optimal values ofa2 ('2/3) andj2 ('0.54–0.64) for
g50.6–1.0 andS* 5020.065. Whereasa2 does not appea
to change across the flow,j2 increases asy increases. This
indicates that ther dependence of̂Du r

2& is more sensitive to
the variations ofg andS* than that of̂ Dur

2&. Further,a2 is
greater thanj2 for both g51 (S* 50) andg,1 (S* .0).

FIG. 2. Radial profiles of the nondimensional mean shear
S* [u]U/]yu(n/^e&)1/2, U/Uc and ^e&Uc

23y1/2.
02630
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This result is consistent with that reported previously forg
51. For example, Antoniaet al. @27# measuredjn on the
axis of an axisymmetric jet (x/d535) for n52212 and
Rl5850. They comparedjn with an , as obtained by Ansel-
met et al. @28# in the same flow, and found thatan.jn for
all n.

The autocorrelationsRe andReu
, as defined by Eqs.~11!

and ~12!, are plotted againstr /y1/2 in Fig. 4. A power-law
behavior appears in bothRe andReu

at eachy location. The

power-law exponents, indicated by straight lines, were
tained by plotting the compensated data ofRe and Reu

. On

the axis (g51 andS* 50), the magnitudes ofm and mu

('0.15 and 0.3! are smaller than those~0.25 and 0.38! rec-
ommended by Sreenivasan and Antonia@29# for fully devel-
oped turbulence. This difference may be in part due to
present smallRl ~5184!. However, the use of different tech
niques for calculating the exponents is believed to be
main cause for the difference. Kuznetsov, Praskovsky,
Sabelnikov@17# used the same technique as for the pres
investigation and obtained a nearly identical value ofm at
g51 in three of their five shear flows withRl5140–1700.
Further, relative to the structure functions, the power-law
gion exhibited by the dissipation autocorrelations is mo
extended, starting from a smallerr. This tends to support the
assumption of Monin and Yaglom@5# that Eq. ~3! is valid
down to scales of order of the Kolmogorov microscale.

Distributions offu( f ) andfu( f ) are shown in Figs. 5~a!
and 6~a! where the spectra are normalized by the correspo
ing rms values so that*fu* ( f * )d f* 5*fu* ( f * )d f* 51,
where f * 5 f y1/2/Uc . To highlight the power-law region
with less ambiguity than in Figs. 5~a! and 6~a!, compensated
distributions f * mfu* ( f * ) and f * mufu* ( f * ) are plotted
againstf * in Figs. 5~b! and 6~b!; the curves have been dis
placed for clarity. The power-law behaviors offu andfu are
best identified by the plateaus in Figs. 5~b! and 6~b! ~such
plateaus cannot be found in plots of compensated struc

te
e
FIG. 3. Second-order structur
functions of the longitudinal ve-
locity fluctuationu and the scalar
~temperature! fluctuationu across
the jet. Velocity (̂ Dur

2&/^u2&):
(s), y/y1/250.00; (h), 0.39;
(,), 0.77; (n), 1.15; and (1),
1.54. Temperature (^Du r

2&/^u2&):
(L), 0.00; ~s), 0.71; (3), 1.07;
(*), 1.43.
2-4
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FIG. 4. Autocorrelations of the
energy and temperature dissip
tion rates across the jet:~a! u; ~b!
u.
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functions!. Also, bothm'1.5 andmu'1.4 deviate signifi-
cantly from ‘‘5/3’’ on the jet axis (g51 andS* 50). Con-
sistently with the investigation of Dowling and Dimotak
@18# for fu( f ), also in an axisymmetric jet flow,m andmu
increase withy ~and even exceed 5/3 near the edge of
jet!. The increase ofm andmu with y, as discussed below, i
very likely due to the decrease ing and the concomitan
increase inS* .

Figures 7~a! and 7~b! presentm andmu as well asm and
mu in terms of the normalized mean shear rateS* for y
<y1/2. Over this region,g50.95;1 so that the effect ofg
should be negligible. AsS* increases from 0 to 0.065, a
02630
e

four exponents increase significantly. The mean shear
thus has a strong influence on the scaling range expone
We can also focus on only the ‘‘turbulent’’ region wheng
,0.95, by eliminating the nonturbulent parts of the veloc
and temperature signals. A comparison between the spec
of u and that of the conditional signalut , the ‘‘turbulent’’
portion ofu, is shown in Fig. 8 fory/y1/251.92. Note thatut
was identified by selecting a thresholduTH so thatg is given
by the ratio of the sum of the periods~in the record! for
which ut5u>uTH to the total record duration. Similar to th
calculation offu , the conditional spectrumfut

was calcu-

lated directly from the signalut . A similar method was used
FIG. 5. Spectra of the longitu-
dinal velocity fluctuationu across
the jet: ~a! fu* ( f ); ~b! f mfu* ( f ).
2-5
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FIG. 6. Spectra of the scala
~temperature! fluctuationu across
the jet: ~a! fu* ( f ); ~b! f mufu* ( f ).
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for determining the conditional temperature spectra. As
pected, the exponentmt is significantly smaller thanmu ; for
y/y1/251.92, m is about 1.7, whereasmt'1.53. This sug-
gests that the large-scale intermittency has a strong influe
on the IR exponents. We have also noticed that the expon
mt and mu

t are greater thanm and mu on the jet axis@as
shown in Fig. 9~b!#. This discrepancy appears to be caus
by the difference inS* ~0 on the axis and;0.07 aty/y1/2
.1).

It seems appropriate to now turn our attention to the eff
of the large-scale intermittency. In Fig. 9~a!, m and mu are
plotted againstg. Them data of Kuznetsov, Praskovsky, an
Sabelnikov@17# for five different shear flows are included
Clearly, both exponents decrease asg increases. This trend
02630
-

ce
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d

t

observed in six different shear flows, should be quite gen
notwithstanding the dependence ofm, as observed by Kuz-
netsov, Praskovsky, and Sabelnikov@17#, on the particular
method used for its determination. Based on the data sh
in Fig. 15 of their paper@and the present Fig. 9~a!#, these
investigators suggested that theg dependence ofm on g is
universal. This, however, may not be the case, simply
cause the present value ofm is greater than their jet value b
about 50% wheng,1. The main cause for the difference
not clear. Based on Fig. 7~a!, it is surmised that the mea
shear rate is an important contributor sinceS* is quite large
(50.065–0.07) in the present jet wheng,0.9. It is unfor-
tunate, however, that Kuznetsov, Praskovsky, and Sabeln
did not consider the effect of the mean shear and did
FIG. 7. Variation of the expo-
nentsm, mu , m, andmu with the
mean shear rateS* for y<y1/2.
~a! m andmu ; ~b! m andmu .
2-6
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EFFECT OF LARGE-SCALE INTERMITTENCY AND . . . PHYSICAL REVIEW E64 026302
provide information to allowS* to be estimated. Moreover
it is evident from Fig. 9~a! that mu is greater thanm at any
value of g. This implies that the scalar dissipation rate
more intermittent than the energy dissipation rate, as no
by Sreenivasan and Antonia@29# in the context ofg51.

Figure 9~b! shows that bothm andmu decrease asg in-
creases; the trend is similar to that noted form andmu . Also,
mu has a greater dependence ony thanm. Surprisingly, how-
ever, whilea2 remains close to 2/3 across the jet,m varies
with g and S* . Equations~1! and ~7! or ~2! and ~9! are
simply related via a Fourier transform. When the power-l
range has an infinite extent,m should be equal to (11a2).
Similarly, mu[11j2. The previous equalities do not hol
when the Reynolds number is finite. Houet al. @30# have
emphasized that the finite power-law range makes the tr
lation between Eq.~2! and Eq.~9! inexact, the error depend
ing on the scaling exponent.

Apart from the effects ofS* andg, the radial variation of

FIG. 8. Comparison between conventional and conditional sp
tra of u at y/y1/251.92.
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the Reynolds numberRl ~Fig. 1! should also have an influ
ence on the radial variations ofm, mu , m andmu . Although
we cannot separate the effect ofRl from that due tog and
S* , the radial decrease ofRl ~Fig. 1! should, as previously
noted in Sec. I, result in a reduction in the magnitude of
exponents. Sreenivasan@12# reported that, in fully turbulent
flows, mu andmv ~the exponent correspondent to the tran
verse velocity spectrum! increase with increasingRl and ap-
proach 5/3 atRl* 2000. Sreenivasan and Dhruva@2# found,
on the basis of̂ (du)6&, that m increases slightly withRl ,
approaching a value of about 0.32 atRl; 104; a similar
trend was observed by Pearson@31#. These trends are clearl
opposite to those observed here in Figs. 4–6, i.e., the ex
nents increase withy, whereasRl decreases withy ~Fig. 1!.
It is therefore concluded that the observed radial increas
the exponents arises from the large-scale intermittency
mean shear effects, and is not due toRl . Further, the influ-
ence of these parameters on the exponents is significa
stronger than that ofRl .

V. CONCLUSION

In this paper, we have examined the effects of the lar
scale intermittency and the mean shear rate on various s
ing range exponents in the far field of an axisymmetric
(x/d540). Specifically, we have considered exponents as
ciated with second-order structure functions, autocorrelati
of dissipation rates and power spectra of both the longitu
nal velocity fluctuation and the passive temperature fluct
tion. All exponents are to varying degrees influenced by
intermittency and the mean shear rate. However, the sc
fluctuation exponents are much more sensitive to these
rameters than the longitudinal velocity fluctuation exponen
It is also noted that the influence of these two parameter
significantly greater than that of the Reynolds numberRl .
The scope of the present study was somewhat limited by

c-
n

FIG. 9. Effect of the intermit-
tency factor g on the scaling-
range exponents of dissipatio
rate autocorrelations (m, mu) and
frequency spectra (m, mu) of u
and u: ~a! m and mu ; and ~b! m
andmu .
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fact that onlyu was measured. It would be useful, in th
future, to measure all three velocity fluctuations as well asu.
This would allow the exponents of the spectrum associa
with the turbulent energŷq2& ([^u2&1^v2&1^w2&) to be
compared with the temperature spectrum exponent. T
comparison is likely to be more meaningful@32–34# than
pp

.

h.

o

J.
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is

one where only the characteristics ofu are compared with
those ofu.
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