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Some new features of the passive scalar mixing in a turbulent flow
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We analyze experimentally the statistical properties of a turbulent mixing created in the gap between
two counter-rotating disks at a Taylor Reynolds numiRer 400. Local isotropy is investigated for

the inertial and dissipative scalesusing two tests, one applied &@{r), the correlation coefficient
between temperature increments and velocity increments, and the other otsér)nthe
temperature increment skewness factor. When heating one of the disks and cooling the other one,
either positive, negative or almost null values®éndS can be obtained at small scales as a direct
result of the presence of several temperature sources. In particular, we emphasize the fact that null
or small values for these quantities in the inertial range are an evidence of local isotropy of the
temperature field. In these cases, we use the Vaégrai. equation[Physica D73, 99 (1994] for

the evolution of the temperature increments probability density functiBi¥-9 to predict the

inertial and dissipative range PDFs, using an initial PDF, and two measurable closure functions. The
intermittent behavior quantified through these statistics is well reproduced by the numerical
integration of this evolution equation. @999 American Institute of Physics.
[S1070-663(199)01703-1

I. INTRODUCTION anomalous scaling exponents of the temperature structure
functions S,,(r)=((6(r)— 6(0))?".5=° In particular, an
Local isotropy of high Reynolds number turbulent veloc- original approach has been developed in Ref. 10, permitting
ity fields is a basic assumption of the universal similarityus to obtain the temperature increment PDF evolution
theory developed by Kolmogoroi41). The K41 theory through the scales, starting from initial statistics at a particu-
leads to the following scaling laws for the longitudinal ve- |ar scale and using two conditional expectations which can
locity increments: ((Au)P)={(u(r)—u(0))P)~ eP3P3, be measureld or computed? Let us remark that all of these

whenr lies in the inertial range, and whegeis the mean different theoretical approaches need, as a starting point, the
dissipation raté. These moments are characteristic of self-local isotropy of the passive scalar mixing, which is in fact
similar probability density function$PDFS. However, ex- never totally experimentally respected. For instance, as the
perimental studies report significant deviations of the highvaienti et al. theory supposes null odd moments associated
order velocity moments from these universal statistics andwith symmetric PDFs and closure functions, it has been
this behavior is classically attributed to the internal intermit-emphasizetf that the PDF equation is verified only for the
tency of turbulence. Consequently, an important small-scaléange of scales where the local isotropy of the mixing is
property of high and moderate Reynolds number turbulencéespected. This range covers the small scales and extends up
is the level of internal intermittency, i.e., the spatial localiza-to @ maximum scale that depends on thel@enumber and
tion of the “fine structures” of turbulence responsible for the the large-scale mean temperature gradiéStome of the ex-
fluctuations of the kinetic energy dissipation rate. A quanti-perimental data were even symmetrized, in order to force the
tative measure of this phenomenon is obtained from th@dd moments to zero, and to simulate the behavior of a per-
study of the PDFs associated with the inertial and dissipativéectly isotropic field. In fact, many studies over the last de-
scales, which are non Gaussian, but possess exponential taiteides have also revealed that the scalar field exhibits more
It was then reasonable to believe that details of the strucanomalies than the velocity field, and that the scalar proves
ture of the scalar field advected by a fully turbulent flowto be a very sensitive detector revealing subtle aspects of
would follow automatically from a better understanding of turbulence itself. In particular, one of these most striking
the velocity properties and that the K41 theory could be exanomalies in the shear flows lies in the observation that the
tended to the description of the scalar fields mixed byscalar longitudinal derivative skewness factor significantly
turbulence® The result is the Kolmogorov-Obukhov- departs from zerd®>~*8 This phenomenon, usually attributed
Corrsin—hereafter referred to as KOC—scaling theory. Buto the formation of ramg$ or cliffs'’ which localize the
it appearefi that, the intermittent nature of energy transfertemperature gradients on more or less two-dimensional re-
from large to small scales is for scalars more complex thamgions of the flows, consequently invalidates the isotropy hy-
expected, and various statistical approaches have been depothesis.
veloped over the last years to analyze theoretically the In the present study, we investigate the possibility to

1070-6631/99/11(3)/636/11/$15.00 636 © 1999 American Institute of Physics



Phys. Fluids, Vol. 11, No. 3, March 1999 Danaila et al. 637

presence of these two sources, associated with the particu-
larities of this swirling flow, does lead to an original scalar
field behavior.

More specifically, the lower disk is made of copper and
it is heated by a classical electrical resistance. The surface
temperature on the heated disk can be imposed, and it is
about 35 °C. The upper disk is made in aluminum and it
possesses a hollow cavity where dry ice may be placed. In
these conditions, when the disks are spun, a stationary state
can be reached, and the surface of the upper disk keeps a
constant and uniform temperature % °C) for runs of about
10 min duration. So, the surface temperature varies from
35 °C on the bottom, te-5°C on the top disk. On the other
hand, thin thermal boundary layers develop on the surface of
FIG. 1. Experimental set-up. each disk, where the mean temperature profiles present steep
gradients. Therefore, in the central zone, which extends on
about 11 cm(approximativelyH—2.hg, see Fig. 1, the

experimentally create a substantial level of isotropy of thehaximum mean temperature difference between its top and
mixing of a passive scalar, and we verify several tests an§ottom, is 4 °C. Hereafter, only this measurement zone will
consequences associated with this feature. We will firsPe investigated.

present, in Sec. Il, the experimental set-up and the flow char- In all experiments, the thermal field is passive, i.e., the
acteristics. In Sec. lll, we will then show that isotropy can bestatistical characteristics of the velocity field are the same as
obtained for the temperature field, when there exists a rangé0se in the non-heated-flow. In order to study the phenom-
of scales for which the following two conditions are satis- €non that governs the transfer through the scales of the tem-
fied: null velocity-temperature increment correlation coeffi-Perature variance, we have to explicitly take into account the
cients, and zero temperature increment skewness factors. A§locity role. Therefore, simultaneous temperature-velocity
mentioned before, these properties are quite original anfleasurements are performed using a dual probe which in-
have been obtained by the association of a cold and a hé&fudes a cold wire and a hot wire. These wires are parallel
source applied on a room temperature flow. It was also reand distanced by 0.4 mm.

ported in the past that asymmetrical heating could give some ~We use a Sum diameter hot wire, with an active length
unusual properties, due to the creation of a counter—gradie® 1 mm, resulting in a length to diameter ratio of approxi-
turbulent heat diffusion®?° For the case of the present Matively 200. It is operated by a TSI IFA 100 constant tem-
study, we will emphasize some other characteristics such dierature anemometer with an over-heat ratio of 1.6.
symmetric temperature increment PDFs and symmetric con-  The cold wire has a 0.am diameterd, a total length of
ditional expectations. Finally, in Sec. IV, we will verify that 2 mm and an active etched lengtiof 0.5 mm, so that the
the temperature increment PDFs evolution, computed by theatio I/d is about 800. This value is an optimum, resulting
integration through the scales of the Vaiestial. equation, from two criteria: (1) Heat conduction between the etched
is in fair accord with the measured PDFs for the scaleg@gion and the stubs or prongs is a significant source of er-

smaller than 8@ (Wheren is the K0|mogorov |ength Sca)Le rors, for cold wire |ength$/d$ 100024 Unfortunately, |al’ger
values would lead to the violation of the second criteri@.

The spatial resolution of the wire. This is a special require-
Il. EXPERIMENTAL SET-UP ment in order to correctly determine small-scale characteris-
tics such as derivatives or increments. The spatial resolution
We study the mixing created in the gap between twocorrections for the cold wire could be made using the method
counter-rotating disks, in air. This set-up, represented in Figdescribed in Ref. 25, for spectra or the temperature mean
1, is known to produce a strong intensity turbulence in adissipation rate. Typically, in our measurements, the active
compact region of spa¢é?> More details about this experi- length isl ~4 7~ (4/1.28)y,=3.125,. Note that, for such a
mental set-up can be found in Refs. 22,23. The disks have langth, the scalar dissipation is underestimated.
radiusR=10 cm, and they are separated by a distaHce Therefore, we consider that the chosen length is a good
=22 cm. In order to increase the entrained fluid quantity,compromise between these criteria, and we will discuss later
they are equipped by a set of 8 vertical bladésckness 5 on the possible limitations of our results. Note that similar
mm, height 20 mmand by two skirtgheighthg=55 mm). end-effect problems are met for the hot-wire for whi¢t
The rotation axis is vertical. should be larger than 200, which is just the value we use.
Temperature fluctuations are created by cooling the up- The cold wire is operated by a constant current circuit
per disk and heating the other one with respect to the ambiwith the sensitivity 0.1 mV/°C, at a very low overheat ratio
ent temperaturé24 °C). This is an original means to create (current 0.1 mA to minimize contamination by velocity.
mean temperature gradients, in the sense that, traditionallylso, in order to avoid the contamination of the cold-wire
only a single heat source is us€r instance in a heated measurements by the hot wire wake, the probe is placed in a
boundary layer or a heated jeWe will see later on that the region of the flow where a mean stream exists, near the disk
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FIG. 2. Typical spectra for temperatuf@wer curvg and velocity(upper FIG. 3. Third order velocity structure functions as a criterion to define the
curve. inertial range(a) Kolmogorov's equation verification: terd (O) and term
B (*). A+B (+) to be compared witlC (solid ling). (b) Velocity incre-
ments skewness factof)). The dashed line is 0.25.
periphery, and the cold wire is positioned upstream. Note
that the velocity has an azimuthal and a radial component. In
the central zone, we mainly measure t_hls radial compont_en%b these plots ar®, =600 and Pe~400. The intermittent
The effect of the temperature fluctuations on the hot-wire o . .
measurements has been determined to be less than 1% usfigf!2Vior is particularly visible on the tlesmperature spectrum,
the method presented in Refs. 26,27. This small differenc&/N0S€ slop_e is slightly lower than 5./3' . .
reported here is explained by the fact that most of the mea- A cla_ssmal way to obsgrve the inertial range is to study
surements have been made in the central part of the expeHJe V‘?'OC'W structure functions.
mental set-up, where mean temperature differences with re- Figure 3a) presents the balance between the three terms

spect to the ambient are about 0.5 °C only. This effect is no?f Kolmogorov's equation,

corrected. d 4
Data are digitized at a frequency of 78125 Hz, with a ((AU)3>—6VE<(AU)2>: — el @
resolution of 23 bits and stored using a VXI Hewlett-Packard
E1430 digitizer. All records include at least®1points. written in the dimensionless form,
3\ /(.. d 2\ [(Z.2) — 4 *
Iil. SOME ISOTROPIC PROPERTIES OF MIXING —((Au) >/(€7i)+6VF<(AU) M(en)=gr*,

A. Temperature and velocity spectra wherer* =r/7. The scales are calculated using Taylor's

Let us first present a brief summary of the flow condi- hypothesis using the mean velocity. More details about the
tions. We study a double sheared flow, produced by théehavior of the moments of the scalar are given in Ref. 23.
counter-rotating regime of the disks. The rotation frequencyThe turbulent transport terd= —((Au)3) presents a linear
Q of the disks is variable, between 20 and 40 Hz. The intebehavior in the inertial range equalizing the total-dissipation
gral scale Reynolds number is R&?Q/v~10°, and the term C=Zer , and it equilibrates the dissipative terhat
turbulent Reynolds number is typicallR,~400, but the about 15;. This is the upper limit of the dissipative range.
largest value we obtained is as large as 600, corresponding Remark here that the mean dissipative rate was computed
a fully developed turbulent flow. The total velocity fluctua- using the assumption of isotropy for the dissipative scales,
tion RMS isu’~3 m/s, and the mean total velocity at the e=15v((Ju/9x)?).
position the sensor is placed, is between 7 m/s and 12 m/s, Alternatively, the dissipative rate is computed using the
depending on the rotation regime. The typical temperaturésotropic relation, e=15vfgki® (k;)dk;, where k,
RMS lie between 0.1 °C and 0.15 °C. The Kolmogorov =2=f/U is the wave numbef,is the frequency in Hz, and
scale is in the range 5@2m—-80 um, and the Taylor micro- U is the mean velocity. A quite good agreement between
scale for the dynamic field is in the range 1 mm—-2.5 mm. these two methods is obtained.

Both scales were classically estimated using the isotropic The Kolmogorov equation verification, see Fig@3
approximation fore, the velocity mean dissipation rate, in- clearly emphasizes that, at this larBg¢ number, the typical
ferred from the integration of the velocity derivative inertial range is between 20and 150;.

spectrunt® One may also define the inertial range from the proper-

Figure 2 shows typical spectra for velocity and temperaties of the third-order structure function skewness factor,
ture (shifted downwards using usual ordinates. The Rey- —S=((Au)3/({(Au)?))*? which should present a 0.25
nolds and Pelet numbers of the experiments correspondingplateau in the inertial zong,when both moments obey the
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Kolmogorov scaling law. Figure(B) shows that a plateau at 0.4
0.25 is indeed reasonably well defined in the inertial range. 0al
Both tests are well-satisfied at this large Reynolds num- '
ber, and they are not sensitive to the intermittency effects. 02f
0.1}
B. Velocity-temperature correlations R
- . - . = of
Examining the correlation coefficients between velocity ©
and temperature increments, —0.1}F
C(r)=(AuA )/ {(Au)?){(AH)?), _o2k
provides a particularly interesting point of view to study the oal
transfer from the large to the small scales. Indeed, the sign of '

C at large scales is characteristic of the way temperature _o4
fluctuations are generated, whereas a null correlation at small
scales is an indicator of isotropy for the temperature field.
Explicitly, the more rapidly these correlatiorS become  FiG. 4. Correlation coefficient€(r) between velocity and temperature in-
null, the faster the isotropic stage is attained. Note that therements: measurementfn, region , h™=+2.5 cm, measurement in
value of C tends to the velocity-temperature correlation co-Fo région (¢, h™=-5 cm), and measurement if_ region, (A, h™
efficient for very large separatioms =-85cm.

In our experiments, the double nature of the source of

tempera.ture fluctuations allowed us to obtain three regions igqrelation coefficients that can be obtained, thus illustrating
the flow: the wide variety of mixing properties available in our flow
(1) The first one, near the hot disk, where velocity- configuration. For this set of measurements, the mean tem-

temperature correlations are positi\/e_ Warm air movederature in the hot side of the measurable zone is 28 °C, in
rapidly, and the flow behaves similarly to a heated jet. the cold side it is 24°C, and the ambient temperature is
(2) The second one, near the cold disk, where the velocity24.5 °C.
temperature correlations are negative. Cold air is fast, However, as it can be seen in Fig. 4, all these situations
and the flow behaves as a heated turbulent boundarisplay correlation coefficients that go to zero at very small
layer. scales. This feature was also found in previous “classical”
(3) A central region, where these correlations are almoseXperimentS" and it is in very good agreement with local
null, obviously much smaller than the correlations mea-isotropy. Note for instance that this test was used to check
sured nearer the disks. Concretely, we consider that thihe measurement quality in a heated boundary layer by Ould-
correlation coefficient is null, whefC(r)|<0.05 in the ~ Rouiset al**
inertial zone. For the large injection scales, it is obvious ~ Taking into account the fact that the integral schles
thatC(r) will take the sign of the disk having the stron- about 1206, (computed as./ 7~ (R )%= (Rf/15)*%), and
ger influence. Let us note that this central region isthe inertial range extends between scales smaller than,150
known to preserve the homogeneity and the isotropy ofnd larger than about 20 we thus succeeded in obtaining a
the velocity field?!22 correlation coefficient null through all the inertial range in
, theF, case. To our knowledge, this is the first time that such
_The three regions are referred to BS ,F_, andFo, 5 yerification of the scalar isotropy property is found, at least
Q|ffer|ng_ by the posmon of the sensor or by the mean veloc-y\er such a large range of scales.
ity gradient applied between the disks. . Let us remark here that the correlation coefficiext)
As the rotation frequency of each disk is variable, thejg 5 physical magnitude linking statistically the temperature
mean fotal velocity at the periphery of the disks may alsq,gyjations, with the velocity variations. We propose further a
differ, from one run to another. Let us call thei, for the o0 test of isotropy, concerning the passive scalar scalar

cold disk, andQy, for the hot disk, so the periphery mean jiqelf. the symmetry coefficient of the temperature incre-
azimuthal velocities ar¥/.=27RQ) andV,=27ROy, re-  ants.

spectively. The mean azimuthal velocity profile varies be-
tween+Vy, to — V. over a distancél. Approximatively, the
mean radial azimuthal velocity will be zero at a position
Ho=Vn/(Vh+ V) H. At this position, the mean velocity is As a second step, we will now analyze measurements in
then maximum by incompressibility. This benchmark will be the central regionK,), which satisfy the isotropy require-
further used in order to position different measurements; anent for a wide range of scales from the correlation coeffi-
position h™ signifies that the measurement is performedcient point of view. We submit these experimental data to
above the poinH,, on the side of the cold disk, a position another isotropy test, by studying the temperature increment
h* is near the hot disk. skewness factorS(r)=((A6)%)/{(A6)?)%2 By isotropy,

We illustrate these three types of correlation coefficientghis quantity has to be null for sufficiently small scales. In
in Fig. 4 which emphasizes in particular the large range othe literature, it is classically found that the temperature in-

m

C. Temperature increment skewness factors
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FIG. 5. Temperature increment skewness facgfr for variousF, cases, FIG. 6. Comparison betwedd(r) (top) andS(r) (bottom for two different
from upper to bottom sideh™=-9 cm ), h™=-8.5 cm (), h™ sets of measurements in thg cases: ah™=—-9 cm (d) andh™=—-7 cm
=—7.cm (¢),h =—15cm ), h*=+05cm (*) andh*=+26cm  (9).

(0).

istic of the geometrical position, but of the “regime posi-
crement skewness factor computed along different flow dition,” which takes into account the disk rotation frequency.
rections does not tend to zero, but remains constant, as a sign  Temperature increment skewness factors usually present
of the small-scale persistent temperature anisottdpy:1’?°  a plateau as the scale goes to zero, as it should arise from
Usually, this constitutes a strong argument for the smallKOC scaling laws. Therefore,¥(r) plateau obtained for the
scale residual anisotropy and specific studies have been caeales <107 (as it is the case hexds a good verification of
ried out to determine the factors which lead to nonzero temthe measurement quality. On the other hand, if the KOC
perature increment skewness factors. Two directions havieory is to be valid, isotropy imposes that all of these odd
been more specifically followed: order moments should be zero. This is a strange behavior of
o . ' ... the skewness factors, which is worth being understSod.
(@ Considering shearless flows is the first approximation A .
" T ; . At the large injection scalesy(r) is always zero, by
permitting to simplify the reality. This has led to the . : .
homogeneity and no-correlation between temperature fields

conclusion that in numerical studies without shear, ore(x) and6(x+r). Figure 5 provides a good indication about

in grid turbulence, the mean temperature gradient is th?he integral scale@larger than 1008), where all skewness
main factor responsible for the residual temperature de; '

rivative skewness factor, in the direction parallel to thefaCtor curves go to zero, which is in good agreement with the

mean temperature gradief2In the direction perpen- value of about 1209 we have reported in the previous sub-

dicular to this large-scale anisotropy, the skewness facgection.
9 Py, For the smaller scale§(r) evolves together with the

tor is effectively zero. . - : S )
.. correlation-coefficientC(r), as it can be seen in Fig. 6: a
(b) However, shear flows correspond to the most realistic’_ . . . . L P
o ! variation on the correlation coefficient implies a variation on
situation, and it has been concluded that the temper

ture derivative skewness factor also exists in the dire(fthe skewness factor. In particular, whe(r) is equal to

tion perpendicular to the mean temperature aradient. a2&7© S° that local isotropy is reached, ®@) evolution is
berp P 9 ' Btozen till the small dissipative scales. This observation

a direct effect of the combination of the local shear, : . o
1245 means that the scalar environment, i.e., the dynamic field,
and the mean temperature graditht : . .
here represented by the correlation coeffici€ft), is re-
We will show here that it is nevertheless possible tosponsible for the possible isotropic conditions for the tem-
obtain a quasi-null skewness factor, as an intermediate stafeerature field.
between positive and negative skewness factors. As Fig. 5 A possible way to learn more about the temperature in-
shows, even if these measurements are characterized byceement skewness factors would be to study an equation
very small correlation coefficien€(r), a large variety of through the scales for this quantity. In particular, in Ref. 31,
skewness factors is obtained. The skewness factors depead equation for the temperature derivative skewness factor
on the scale/ 7, but also on the different measurement po-was obtained in a shear flow, but the balance between all
sitions in the central region between the disks. The succederms is rather difficult to verify.
sion of curves presented in this figure is obtained when mov-  In fact, the positive skewness factors correspond to the
ing the probe in the central region, from the cold diskper = measurements performed in the cold part of the central zone.
curves towards the hot diskower curves, along a physical This means that the rare and strong velocity fluctuations are
distance of 6 cm, situated in the center part of the measurablareferably associated with cold pockets of fluid, and this is
zone. We recall that the positidri” or h™ is not character- persistent even for the small scales. The temperature incre-
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ment skewness factor has the same sign as the temperatur 1 ; ; ; g
derivative skewness factor. Thus, the positive sigis okar ‘ :
the cold disk is in perfect agreement with the theoretical sign 0
obtained for the temperature derivative skewness factor in | ‘ ‘ :
Ref. 31. This sign was obtained taking into account the mean-1; 0.02 0.04 0.06 0.08 o1
temperature gradient sign and the shear sign. 1

Similarly, a negative skewness factor is obtained in the
hot part of the central zone, where the mean temperature o
gradient keeps its sign, but the shear sign is opposite, since
the radial component of velocity presents a maximurH gt -1
The two temperature sources are indeed necessary in order t ,
maintain temperature fluctuations across the whole flow. Be-
tween these zones, it is therefore possible to obtain nearly
zero increment skewness factors, as it can be seen in Fig. 5
This state is a transitory state between two states associate_, i i
with opposite signs. In a way, a zero skewness factor is cre- © 0.02 0.04
ated in our flow configuration as an inevitable state between time(s)
two !<|nds of mlxmg_. A .large range of values has also beer’|=IG. 7. Temperature signals for three kinds of mixing, using arbitrary units.
obtained for the derivative skewness fagtmwmputed by the (a) Near the hot dist* = +2 cm, (b) in the central zoné— = —3 cm, (©)
increment at the scalesd, which varies from—0.6t0+0.8.  near the cold disk~=—8 cm.
In particular, as we have just emphasized, a null temperature
derivative skewness factor can be achieved contrary to whaf this case and takes a value near 0.1. The temperature de-
is usually obtained in a shear flow with a single-temperaturdivative skewness factor is 0.08 for this case. Finally, Fig.
source mixing, where a large value for the derivative skew-/(C) shows a signal recorded near the cold disk where ramps
ness factor is reportethpproximatively 0.8 in modulys®  can also be observed. In this case, the temperature skewness
However, note that in the case of heated grid turbulence, thictor is about+0.5. The time period presented in these
magnitude of the temperature derivative skewness factdfiree plots corresponds approximatively to 4 rotations of the
which is small (=—0.3) has also been reduced to zero disks(the rotation frequency is 40 hizand a ramplike struc-
(<0.05 by perturbing the flow with a second grid at ambient ture approximatively appears at each rotation period. In the
temperaturé? central part of the mixing, the cold ramps meet the hot

In fact, the same features can be observed on the teni@mps, and they can cancel one another on average and cre-
perature field itself which presents a large variation in theate a symmetric stage, so that a quasi-isotropic mixing can be
skewness factor which goes from values around 1 near th@btained statistically.
heated disk, to—1 near the cold disk. Nevertheless, we  Thus, a sheared mixing having a double temperature
could not so far establish a quantitative linkage between thgource can produce, in a central region, a quasi-isotropic
small-scale value oB(A 6) andS(6), since an obvious cou- ZOne, where the temperature increment skewness factors are
pling with the velocity field is also to be taken into account. Very small, and the temperature derivative skewness factor is
In particu'ar, it is worth reca”ing that in a “classical flow” much smaller than what is USUa”y obtained. All these efforts
such as a heated jet or a heated boundary layer, ramps ha¢&ich are necessary to obtain a quasi-null longitudinal de-
opposite signs, and this sign is always the same for each dtvative skewness factor, in a region where velocity-
these flows, regardless of the measurement station in any &mperature increment correlation coefficier@r) are
these flows. However, in any given particular flow, the tem-Small, demonstrate that the local isotropy property of the
perature skewness factor may take different values of botRassive scalar field is not at all an obvious natural state in
signs. For instance, in a heated boundary lagés) varies shear flows with a mean temperature gradient. However, our
from about—0.3 in the heated wall region, whereas it is measurements prove that an almost perfectly isotropic state
about +0.5 in the outer regiorfwith even larger positive IS possible in this particular heated and cooled shear flow. In
values closer to the interface regjon fact, our flow configuration permits to mix a cold turbulent

As already discussed in the introduction, a simple physiflow created by the cold disk and a warm turbulent flow
cal image of the temperature field, permitting in a way tocreated by the warm disk. The verification of the local isot-
explain these non zero skewness factors, is the ramp modEQPY property will now permit to investigate more deeply the
of temperaturt*3 where the direction of the ramps is given characteristics of the scalar field and in particular its inter-
by the temperature mean gradient sign multiplied by themittent behavior.

shear sign. Figure(d) presents a temperature signal close t0;yy pREDICTION OF THE EVOLUTION THROUGH THE
the heated disk, where temperature ramps are well definedcal ES OF THE TEMPERATURE INCREMENT
and the skewness factor of the temperature signal is equal pDFS

—0.6, while the temperature derivative skewness factor i%\ The PDF . d the cl bl
0.32. Figure ) shows a temperature signal in a case of € equation and the closure problem

symmetric mixing, where ramps are observed in both direc- In the previous section, we have examined the mixing
tions. The temperature skewness factor is greatly decreassgmmetry, as an isotropy test in the direction normal to the

0.06 0.08 0.1
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mean temperature gradient. As the real isotr@myational 15
invariance cannot be directly tested in experiments, differ-
ent methods are proposed in the literature: if isotropy exists, 10+

exact theoretical results may be deduced related to different
levels of approximation. These relations are then submitted sl
to verification (relations between lateral and longitudinal
spectra, even-order structure functions, odd-order structure
functions, etg. As a consequence, when a conclusion about
isotropy is pointed out, it is always related to a specific
criterion3*

In what follows, the properties of our quasi-isotropic ’
mixing will be further analyzed and used to predict the evo- ~ -10[

lution through the scales of the temperature increment PDFs.
More specifically, the isotropy properties described in -15 : : ‘ ' ‘
. . -1.5 -1 -0.5 0 0.5 1 1.5
the preceding paragraphs, null velocity-temperature correla- o

tions and very small temperature increment skewness, will
be used to solve numerically the evolution equation obtained 3o
by Vaienti et al:1°

2 25

2 9 J
T3 [P(r,X)ql(r,X)]+ZKOE[P(r,X)Qz(r,X)] ml
okgl 2+ 2|2 1 2 > 15y
— &R0 F (7_|' W(r! )i ( ) c
wherekg is the molecular diffusivity coefficien®X=A 6(r) 10
=60(x+r)—06(x), and P(r,X) is the probability density
function of the temperature incremext at the scale. This 5¢
equation was derived using the assumptions of homogeneity N
and three-dimensional isotropy of the temperature fluctua- o ‘ :
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tions. One of the main constraints was therefore that all tem-
perature increment odd-order moments be strictly equal to (b)
zero or, equivalently, that all PDFs be perfectly symmetric.rig_ g. conditional expectatiors, (a) andq, (b), function of temperature
The closure problem then consists in determining two conincrements rendered dimensionless using the temperature ®RM®r the
ditional expectations: that of the longitudinal velocity incre- symmetric mixing situation. For both figures, different scales are repre-
ments conditioned by the temperature incremeqigr,X)  Sented using the same symbols: 3201), 807 ( ©), 60y (©), 307 (4),
. 157 (A). For the conditional expectation,, additional scales are repre-

= <AU|A 0>’ and that of the square temperature gradient CONsented: 16 (*), 57 (+), and 2y (x), in order to emphasize the small-scale
ditioned by the temperature incrementsg,(r,X) trend ofq,.
=((V6)?|A6), whereV ¢ is evaluated at locatior, using a
finite difference scheme with the smallest separation 4
Figure 8 presents these conditional expectations, for differerits scale evolution is quite weak, according to the fact that
scales, as a function of dimensionless temperature increhis conditional expectation|, is related to the stationary
ments:X/6', wheref’ is the temperature RMS. state of the velocity-temperature increment correlation coef-

These conditional expectations have been previously ddficient. To compute the, conditional expectation, isotropic
termined experimentally for a boundary layer over a heate@pproximations have been us@g@., three times the tempera-
wall'! and for a direct numerical simulatié!?To simulate  ture square longitudinal derivativeAs it was the case in
isotropy, the Eq(2) verification then needed symmetrization Ref. 11,q, evolves from an horizontal line at large scales to
of the PDFs and both conditional expectatidhdn the a parabola at small scal¢see Fig. 8)]. Note that only a
present case, the very small temperature increment skewnesslected subset of the data points has been plotted using sym-
factors explicitly lead to almost symmetric PDFs for the en-bols in Fig. 8, in order to prevent clutter.
tire inertial range. Also, the conditional expectatign is Finally, let us remark the parallel between our approach,
almost symmetri¢see Fig. 8)] for the scales smaller than which needs two closure information, and the study of the
1207, contrary to its evolution in the boundary layer “balance equation.® Indeed, our first closure function lies
turbulence'! In particular, its typical “A” shapélis reason- on a measurement of the velocity fieldy;( function),
ably well recovered in almost the whole inertial zone, despitevhereas the closure of the theoretical problem presented in
oscillations of non negligible amplitude. Determinirgy Ref. 8 supposes that the velocity field is Gaussian and delta
with great accuracy is a very difficult task since the variancegorrelated in time. Also, our second closutee measure-
of both Au and A6 are strongly reduced when the scale ment of theq, function) concerns the dissipation field, as it
gets smaller and smaller. Moreover, it can be observed thas the case in the “linear ansatz” considered in Refs. 8,9.

X/
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=600, Yaglom’s equation is verified over the entire inertial
range:A+B=C, as it can be verified in Fig. 9. Yaglom’s
equation verification is a necessary step towards Bqeeri-
fication, and moreover it provides an indication about the
range of scales where this verification can be expected to be
valid. It is also a good indicator about the turbulent mixing
level. For relatively high Reynolds numbers, as it is the case
here, the turbulent transport terfAu(A 6)?) equilibrates
well the total dissipation. On the other hand, since intermit-
tency effects are not seen via Eg), higher level statistics
need to be investigated in order to study intermittency. From
this point of view, the PDF evolution through the scales
gives a complete information about the intermittency effects
on the cascade. Yaglom’s equation represents a “folded
map” where the intermittency information is compressed
and reduced at the second order level.

m

FIG. 9. Yaglom’s equation verification: advective teAn(O) equilibrates ~ C. Integration of the PDF equation

dissipative termB (x) at 20p. A+B ([J) balancesC (solid line), for the . . . .
scales smaller than 150 Using the two conditional expectatiorgg and g, (in

Fig. 8 and an initial condition at 89 (the PDF and the
derivative at this scaje we then integrate numerically Eq.
(2). Details about our numerical method may be found in
Ref. 12. The numerical integration is carried out using a
Let us remark that Yaglom's equatidh, finite differences scheme, and a negative scalgtep or

d 4 =—0.001, in order to respect the numerical scheme stability
—(Au(A 9)2>+2koa<(A )%= §ko((V 6)%)r (3)  and precision criteria. Starting from a large scale PDF, the

equation solution is computed for the smaller scales.

B. Yaglom’s equation

is a particular case, at the second order, of @j. In par- The numerical solution is quite sensitive to the initial
ticular, each term of 3 can be rewritten using the two condi-condition (PDF and its derivative and it is therefore sensi-
tional expectationsg); and, in an implicit form,q,: tive to the choice of this initial integration scale. This behav-

oo d [+ ior is strictly correlated with the equation verification, i.e.,
—J’ qu(r,X)- X2 P(r,X)d X+ 2ko—f X2 P(r,X)dX the computation of the three terms appearing in(@§.writ-
- dr/ ten asl +11=I11. As observed? termlll is present only for
4 very small scales, where molecular dissipation is the relevant
= §k0<(V 6)?r. (4)  phenomenon. For intermediate scalez(@07), |1l ~0, and
the balance equation is thus reduced to—11. Here, both
However, it is worth emphasizing that Yaglom’s equa-terms are well balanced for the scales smaller tham. &or
tion [as well as its velocity counterpart, Kolmogorov's Eq. much larger scales, the turbulent transport teris negli-
(1)] is not sensitive to small scale intermittency since it onlygible, and termlI, expressed through a “diffusion in the
characterizes the transfer through the scales of the mean twspace,” which is classical of PDF modéfsremains unbal-
bulent temperaturéor velocity) energy. For simplicity, Eq. anced(just as the linear terrt, its counterpart in Yaglom’s
(3) will be written as:A+B=C, whereA is the turbulent equation, remains unbalanced at large s¢alEse evolution
transport termB is the dissipative term, an@ is the linear  equation is not verified for these large scales since a large
term [note thatA,B and C are respectively equivalent to scale “source term” would be required to describe the way
[,I1I andll in the PDF Eq{(2)]. Figure 9 presents the veri- turbulent energy is fed into the cascade. Discussing in more
fication of Yaglom’s equation, where dimensionless scalesletail this specific problem is clearly not the objective of the
have been used, in the manner tt@#: 3r/ 7. Similar results  present work. Figure 10 illustrates this balance between
are obtained when verifying E@4). termsl andll (I=-11) at 807, and the breakdown of this
Studying the relative balance between the three termsquilibrium forr =200z, wherel <I1.
the temperature dissipative range is defined as being for In this light, the numerical treatment will involve two
scales smaller than 20 whereas the temperature inertial steps, the first one consisting in finding an initial condition
range is that for scales larger than/A0 which is solution of Eq(2). The upper limit of the validation
As seen in Sec. lll A, the dynamical inertial range wasdomain is defined as the scale ¢80 where Eq.(2) is veri-
defined using classical criteria and it extends from;20  fied with a 10% accuracy. Starting from this scale, the com-
1505. The temperature inertial range is slightly displacedputed solution possesses the real physical aspect, and the
towards larger scales. This is a typical behavior for a mixinghumerical solution better and better verifies the equation
where velocity and temperature have different injectionthrough the small scales.
scales. In this inertial range and for this rather laige Note that, in previous studié$ this limit was only 40,
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FIG. 12. Comparison between real momefgslid lines and simulated
FIG. 10. Vaientiet al. equation verification: the termg(left) andll (right) moments §): second ordefa), fourth order(b), and sixth ordexc).
are well balanced at 8p(O), and are not balanced at 2p{), where
1>1.

more precise closures for large fluctuations of temperature

increments.
so that our present success is a substantial progress in under- I order to further validate our results, the real moments
standing the PDF evolution through the scales. have been computed, up to order 6, and are compared with

The second step of our approach is the caIcuIatiothe f‘simulatgd” moments, i.e., those obtaint_ad u_sing the nu-
through Eq.(2), of the PDF evolution. Figure 11 shows the merical solution of 2. Results are presented in Elg. 12,_for the
numerical solutions for the scales £®07,305,157 and  range of scaleg10,—807]. A good agreement is obtained,
57 (solid line and symbolswhich compare favorably well especially near the_ “|n|t|al condition,” here thg scale 80
with the real PDFgdotted ling. Let us remark in particular 1O compare quantitatively th‘? true and the simulated mo-
that the PDF exponential taffsare well predictednote the ~ Ments, we compute the scaling exponents. These are ob-
logarithmic vertical scale tf';uned by the optimum compensation of the structure func-

In fact, the computed PDFs are in very good agreementﬂons- Thus, the real ones are inferred from the range
with the real PDFs, apart from the slightly asymmetric fea-{407,1507], and the “simulated” ones present a plateau
tures which obviously cannot be obtained when solving thé?€tweern 507,807].

PDF evolution equation, for the scaless8607,307 and The real scaling exponents agy=1 and{s=1.15, and
157 down to probability levels of about 16. Such a good ¢a@n be compared withiysim=1.05 and{esim= 1.2, obtained
level of agreement is worth noticing if one considers ¢ge  rom the numerical solution of Eq2). The computed expo-
oscillations which were previously discussed. Much longeent is slightly larger than the real one, signifying in a way

measurement time would be necessary in order to achie/gSS intermittency. L .
Starting from 80; as the initial condition, the smaller

scale PDFs, or corresponding moments are fairly well-
predicted using Eg2), and the measured conditional expec-
tations. In particular, the PDF intermittent behavior is ob-
tained with relatively high accuracy. As already
emphasized? the studied approach is always verified for the
small scales. The upper verification limit depends on the Pe
number of the mixing. Here, the large Pe number, and the
symmetry of the mixing, permitted us to validate it in a large
part of the inertial zone. Note here that this validation limit
(807) is situated in the central part of the inertial zone.
Supplementary, Eq2) does not admit as the initial condi-
tion PDFs measured at scales larger tham.80he initial
condition PDF is not Gaussian, and it depends on the large
injection scales, in another manner implicating the injection
modality and the particular geometry of the flow. Also, both
conditional expectations contain information about the large
scale phenomena. For understanding how small scale condi-
tional expectations are influenced by the large scale anisot-
FIG. 11. Numerical solution of 2, for the scales/800J), 607 (A), 30y  'OPY, more efforts are required in order to obtain a theoreti-
(*), 157 (©) and 57 (O), compared to the real PDRdotted lineg. cal expression for the closures, in different kinds of mixings.
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