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Vortex tubes in velocity fields of laboratory isotropic turbulence:
Dependence on the Reynolds number
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The streamwise and transverse velocities are measured simultaneously in isotropic grid turbulence at rela-
tively high Reynolds numbers Re110-330. Using a conditional averaging technique, we extract typical
intermittency patterns that are consistent with velocity profiles of a model for a vortex tube, i.e., Burgers
vortex. The radii of the vortex tubes are several of the Kolmogorov length, regardless of the Reynolds number.
Using the distribution of an interval between successive enhancements of a small-scale velocity increment, we
study the spatial distribution of vortex tubes. The vortex tubes tend to cluster together. This tendency is
increasingly significant with the Reynolds number. Using statistics of velocity increments, we also study the
energetical importance of vortex tubes as a function of the scale. The vortex tubes are important over the
background flow at small scales especially below the Taylor microscale. At a fixed scale, the importance is
increasingly significant with the Reynolds number.
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[. INTRODUCTION is isotropic and free from external influences such as mean
shear, and hence is suited to isolating effects of vortex tubes
By using direct numerical simulatioi4—3] and bubble/ at each of the scales. Although the Reynolds number is not
cavitation visualization experiment4—6|, it has been estab- Vvery high and the inertial subrange is almost absent, grid
lished that turbulence contains vortex tubes. Regions of inturbulence is a natural step from direct numerical simulations
tense vorticity are organized into tubes. Their radii andof isotropic turbulence with small Revalues to laboratory or
lengths are, respectively, of the orders of the Kolmogorovield experiments of anisotropic turbulence with very large
length » and the integral length. Their lifetimes are several Ré values.

turnover times of the largest eddies. The vortex tubes occupy . Ve carried out simultaneous measurements of the stream-
a small fraction of the volume and are embedded in a back%iS€ and transverse velocities in grid turbulence with a range

ground flow that is random and of large scalese also of the Reynolds number Re-110-330. Since our wind tun-

reviews[7—-9]). Here we study vortex tubes in velocity fields ?hels aisnwell f\stogir gl’lde Vr\fgrf Irzrg}ehthe;_llf\’;}a Iuexs exgeﬁdi

of experimental turbulence as a function of the Reynolds 0S€ In past studies of grid turbulence. 1he exception 1S a

number Re. sphe_ct|1al l%ut OFlzd explznment vt\)nth high air prﬁsslﬂneﬂ, forR
Especially when the Reynolds number is high, effects of ' he fhe Reynolds number was In the range, Re

L . .~ =260-670. Thus our data provide a unique opportunity to
vortex tubes on the velocity field are of interest. The veIocnyStudy vortex tubes in isotropic turbulence with a wide range

signal at small scales is enhanced only in a fraction of they (o Reynolds number. The preliminary studies had been
volume[10]. This small-scale intermittency is attributable to reported by Mouriet al. [15], but the present data are taken
vortex tubeg7-9,11,12. On increasing the Reynolds num- from 4 different perspective and are analyzed more carefully
ber, turbulence becomes more intermittgit and extensively.

Large values of the Reynolds number ,Rel00 are In Sec. Il, we describe our experiments. In Sec. Ill, we
achieved only in experiments, where a measurement is maggesent a model for a vortex tube. In Sec. IV, a conditional
with a probe suspended in the flow and a one-dimensionaveraging technique is used to extract typical intermittency
cut of the velocity field is obtained. The measurement oftempatterns from the data. The patterns turn out to be consistent
deals with the velocity component in the mean-flow directionwith velocity profiles expected for the model tube. Also, sta-
alone (hereafter, the streamwise velocity, but the trans- tistics of velocity increments are used to study the energeti-
verse velocityy is more suited to detecting circulation flows cal importance of vortex tubes as a function of the scale. In

such as those associated with vortex tulids-13. Asimul-  Sec. V, we present our conclusion with remarks for future
taneous measurement of the two velocity components is dexperimental researches.

sirable.
F(_)r Iab_oratory experiments, there are several possible Il EXPERIMENTS
configurations. Among them, a flow downstream of a
turbulence-generating grid is preferable. This grid turbulence The experiments were done in two wind tunnels of the
Meteorological Research Institute. Their test sections were of
0.8x0.8x3 and 3x2x 18 n7 in size. Turbulence was pro-

*Electronic address: hmouri@mri-jma.go.jp duced by placing a grid across the entrance to the test sec-
TAlso at Japan Weather Association, Higashi-lkebukuro 3-1-1tion. The grid consisted of two layers of uniformly spaced
Toshima, Tokyo 170-6055, Japan. rods, the axes of which were perpendicular to each other. We
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TABLE I. Summary of experimental conditions and turbulence parameters: mean windpeebispacing of the gri/l, distance from
the gridd, sampling frequency, kinematic viscosity that reflects the air temperature, flatness factors of the velocity fluctudtjpasd
F,, mean energy dissipation rate), root-mean-square velocity fluctuatiofis?)* and(v2)*2, Kolmogorov velocityuy , integral length
L, Taylor microscalen, Kolmogorov lengthn, and Reynolds number Re Velocity derivatives were obtained a@si/dx=[8u(Xx+ 6X)
—8u(x— 8X) — u(x+26x)+u(x—26x)]/(126x) with Sx=U/f. The experiments 1 and 4 were made in thexd088x 3 n° tunnel, while
the other experiments were made in the 3x 18 nt tunnel.

1 2 3 4 5 6 7 8 9 10
U ms! 476 421 431 937 833 88 124 126 163 170
M cm 10 20 40 10 20 40 20 40 20 40
d m 2.0 35 6.5 2.0 35 8.0 35 8.0 4.0 8.0
fo kHz 8 8 8 16 16 16 24 24 32 32
v cnPs™! 0145 0.143 0143 0160 0.145 0.149 0.146 0.146 0.148 0.150
Fu=(u®/(u?)? 300 300 290 299 301 295 303 295 3.03 29
F,=(v%/(v?)? 295 301 294 29 299 302 299 3.03 302 3.03
(e)=150{(aul 9x)?) m?s® 0.282 0.114 00507 217 0890 0289 320 0.866 571 226
(u?)2 ms! 0234 0233 0207 0461 0457 0.368 0.675 0518 0.828 0.704
(v?)12 ms! 0193 0.227 0201 0404 0446 0347 0.666 0505 0.819 0.682
ug=(w(e)) V4 mst 0.0450 0.0358 0.0292 0.0768 0.0599 0.0455 0.0827 0.0596 0.0959 0.0763
L= f{u(x+ dx)u(x))/{u?)déx cm 946 173 178 115 172 179 184 191 185 199
N=[(u?)/{(aul 9x)?)]¥? cm 0.650 1.01 134 0485 0713 1.02 0559 0.824 0516 0.702
n=(v*1(e))¥ cm  0.0322 0.0400 0.0490 0.0208 0.0242 0.0327 0.0177 0.0245 0.0154 0.0197
Re, =(u?)Y2\/v 105 165 194 140 225 252 258 292 289 329

used three grids. The separations of the axes of their adjacedispersiongu?)/(v?) was close to unity.

rods wereM =0.1, 0.2, and 0.4 m. The cross sections of the The turbulence level, i.e., the ratio of the root-mean-
rods were, respectively, 0.620.02, 0.040.04, and 0.06 square streamwise fluctuati¢n?)'’ to the mean streamwise
% 0.06 nf. The mean wind was set to d¢=4, 8, 12, or  velocity U, was always less than 10%. This good character-
16 ms 1. istic of grid turbulence allows us to rely on the frozen-eddy

The streamwise Y+u) and transverseuv( velocities hypothesis of Taylof19], d/dt=—Ud/dx, which converts
were measured simultaneously with a hot-wire anemometetemporal variations into spatial variations in the mean wind
The anemometer was composed of a crossed-wire probe adrection.

a constant-temperature system. The probe was positioned on To obtain the highest spatial resolution, we fein such
the tunnel axis. The hot wires were platinum-coated tungstea way thatJ/f . is close to the probe size;1 mm. Since the
filaments, 5um in diameter, 1.25 mm in effective length, 1 probe size is greater than the Kolmogorov length of 0.2—0.5
mm in separation, 280 °C in temperature, and oriented amm, the smallest-scale motions of the flow were filtered out.
+45° to the mean-flow direction. The calibration was doneThe present resolution is, nevertheless, typical of hot-wire
before and after each of the measurements. anemometry. Although the RELIEF technique achieves a

The signal was low-pass filtered fat=4—-16 kHz with 24  higher resolutiori11], it is applicable only to the transverse
dB per octave and sampled digitally fit=8-32 kHz with  velocity.
16-bit resolution. To avoid aliasing, the sampling frequency Consequently, we obtained ten sets of turbulence data.
was set to be twice of the filter cutoff frequendy=2f..  The experimental conditions are summarized in Table I. The
The entire length of the signal was<2L0’ points, which is ~ flow parameters such as the integral lengithe Kolmog-
large enough to guarantee the convergence of the statistiesov length 5, the Taylor microscale., and the Reynolds
[16,17. number R¢ are also summarized there.

For each set of the grid and the mean wind speed, mea-
surements were made at several positions downstream of the
grid. We first computed the flatness factdrg')/(u?)? and
(vh/(v?)?, where(-) denotes an average. The data with the  Before describing our experimental resuilts, it is helpful to
flatness factors being close to the Gaussian value of 3 Werﬁresent a model for a vortex tube, Burgers voifted]. This
used in further analyses because we are to study fully deveinodel is an axisymmetric steady circulation in a strain field.
oped turbulence. If the measurement position is too close tgh cylindrical coordinates, the circulation and the strain field
or far from the grid, the turbulence is still developing or gre written, respectively, as
already decaying, and its flatness factors are different from
the Gaussian valugl8]. Except for the measurements done
in the 0.8<0.8x3 m® tunnel, the flow was almost isotropic. 2v
The ratio between the streamwise- and transverse-velocity

Ill. MODEL FOR VORTEX TUBE
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and IV. RESULTS AND DISCUSSION

Now we describe our experimental results. Except for Fig.
. (1b) 6, the following diagrams present the results only for the
experiments 1, 2, 5, 8, and 18ee Table). We nevertheless
obtained consistent results for the other experiments.

2

1
(ur ,U® 1uz):<_ —al',O,aZ

Here v is the kinematic viscosity. The above equatida)
describes a rigid-body rotation for small radii, and a circula-
tion decaying in radius for large radii. The velocity is maxi-
mal atr=ry=2.24(v/a)2 Thusr, is regarded as the tube ~ The streamwise-velocity incremeniu(ox)=u(x+ ox)
radius. —u(x) or the transverse-velocity incremedb (6x) =uv(x
Suppose that the vortex tube penetrates ihg)(plane at  + 6x) —v(x) is enhanced in an intermittency event. We ob-
the point (0A). The x andy axes are, respectively, in the tain velocity patterns typical of the intermittency events by
streamwise and transverse directions. If the direction of th@veraging signals centered at the position where the
tube axis is @,¢) in spherical coordinates, the streamwisetransverse-velocity increment is enhanced over its root-

(u) and transversev() components of the circulation flow, ~ Mean-square value by more than a factor of 3, j.év|
along thex axis are >3(6v2)V2 The scaledx is set to be the spatial resolution

U/f.. Such an event is detected 2.1-5.9 times per the inte-

A cosé gral length. When the increment is negative, we invert the

u(x)=——ue(r) (28 sjgn of thev signal.

The numerical factor of 3 in our above criterion comes

and from a compromise. If the factor is larger, the total number
of the events is smaller, and hence statistical uncertainty in

X COS6H the velocity patterns is more significant. If the factor is
Ug(r), (2b)  smaller, the velocity patterns are less representative of inter-
mittency. It was nevertheless ascertained that our following

results depend only weakly on the choice of the numerical

A. Velocity profile of vortex tube

v(X)= ;

with factor if it is in the range 2—-4.
r2=x2(1—sir?0 coe)+ A2(1—sirfd sirfe) The results are shown in Fig.(%olid lineg. Theu pattern
is shown separately fofu>0 and su<0 at x=0 (desig-
+ 2XA sir? sing cose. (3 nated, respectively, as" andu~). For reference, we show

velocity profiles(2b) and (48 of a Burgers vortex withA
Likewise, for the radial inflowu, of the strain field, the =0 and#=0 (dotted lines. The tube radius, was deter-
streamwise and transverse components are mined so as to reproduce tlwepattern for each of the ex-
periments.
_ X(1—sir’gcos¢)+ A sinf 6 sing cose Thev pattern of grid turbulence is close to the profile of
B r ur(r) a Burgers vortex11,12. Vortex tubes are surely responsible
(4a  for small-scale intermittency in the transverse velocity. The
radii r of the vortex tubes are estimated to be several of the
and Kolmogorov lengthz, ro=(6-7)7%, regardless of the Rey-
nolds number Re[2,3,2]]. Since these estimates are well
X Sir?§ sing cose+ A (1—sirP g sife) above thedx values, they should represent typical radii of
v(X)=— r Ur(r). vortex tubes.
(4b) Especially when the Reynolds number is high, thpat-
tern is extended as compared with the profile of a Burgers
If the vortex tube passes close to the proes(,) and the  vortex. There should be additional contributions from vortex
tube is not heavily inclinedd=0), the transverse velocity is sheets, for which the velocity signal exhibits some kind of
dominated by the circulation flow. The streamwise velocitystep, and also from vortex tubes witt0.
is dominated by the radial inflow. This situation is of particu- The u™ patterns of grid turbulence appear to be domi-
lar interest. IfA>r,, the tube signal is weak. I#>0, the nated by the circulation flows of vortex tubes passing the
transverse velocity is dominated by the radial inflow, whichprobe at some distancés>0 [Eg. (2a)]. There is no signifi-
is of large scale and does not contribute to the small-scaleance of the radial inflows, of the strain field[Eq. (4a)],
intermittency. except that thei™ pattern has a larger amplitude and is de-
The velocity profiles of vortex tubes with=<r, and #  tected 1.3—1.5 times more frequently than thepattern. A
=0 are nearly the sanfd3,21]. However, as implied by the vortex tube is not always oriented to the stretching direction
first term of Eq.(3), the radiusr, of a tube observed along [1,2,22.
the streamwise direction is different from its intrinsic radius  The amplitude of the velocity pattern is normalized by the
ro asry=rq/(1—sirfdcoge)’’?. Thus, even if the intrinsic Kolmogorov velocity uc. This normalized amplitude is
radii of the vortex tubes are the same, they contribute to aearly the same for different Reynolds numbers. If normal-
range of the scales. ized by the root-mean-square velocity fluctuati)2 or

u(x)
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streamwise and transverse velocities (normalized by uk)
streamwise and transverse velocities (normalized by uk)

-200  -100 0 100 200 -200  -100 0 100 200

position (x) position (x)
Kolmogorov length (n) Kolmogorov length (1)
FIG. 1. Conditional averages of the streamwisg and trans- FIG. 2. Conditional averages of the streamwisg and trans-

verse ) velocities for|sv|>3(5v?)*? at the scaledx=U/f, in  verse {) velocities forsu> +3(6u?)*? at the scaleSx=U/f in

the experiments 1, 2, 5, 8, and @ffom top to bottom.The abscissa the experiments 1, 2, 5, 8, and 1®om top to bottom. The ab-

is the spatial positiox normalized by the Kolmogorov length. scissa is the spatial positicrmormalized by the Kolmogorov length

On the ordinate, the unit scale corresponds to the Kolmogorov ves. On the ordinate, the unit scale corresponds to the Kolmogorov

locity ux . We show the streamwise velocity separately dar>0 velocity ux . The peak amplitudes of thepatterns are 0.256, 0.233,

(u™) and u<0 (u™). The peak amplitudes of the patterns are  0.407, 0.364, and 0.516 m% The values of 86u?)2 are 0.124,

0.179, 0.179, 0.315, 0.306, and 0.449 m.s The values of 0.071, 0.190, 0.187, and 0.299 m's The detection rates per inte-

3(8v?)Y? are 0.150, 0.103, 0.270, 0.267, and 0.430thsThe  gral length are 0.5, 1.1, 1.3, 1.6, and 1.8. The profiles of Burgers

detection rates of tha™ event per integral length are 0.9, 2.1, 2.1, vortices are shown with dotted lines. Their radjiare 5.5, 6.5y,

2.4, and 2.5. Those of the™ event are 1.2, 2.8, 3.0, 3.4, and 3.4. 7.7y, 6.7y, and 7.2;.

The profiles of Burgers vortices are shown with dotted lines. Their

radii r, are 5.57, 5.9, 5.8y, 5.8y, and 7.2. tional averaging for the scaléx and could cause the ob-

servedu excursions. Alternatively, large-scale flows that are

(v, the amplitude is smaller at a higher Reynolds num-responsible for the excursions could preferentially generate

ber. The typical strength of vortex tubes appears to scale witkiortex tubes.

the Kolmogorov velocity rather than the root-mean-square For the larger scale$x=<N\, our conditional averaging

velocity fluctuation, although the present result is biased toyields nearly the same patterns as those in Fig. 1. Velocity

ward strong tubes. signals at large scales reflect vortex tubes that are inclined to
The u™ patterns are embedded in one-sided excursionghe mean wind directiofSec. lll). Large-radius vortex tubes

u=ux= a few tenths of<u2>1’2 >0, which extends tox= could also be important. On increasing the scale still more,

+L. This could be due to an artifact of our measurement othe background flow is increasingly predominat8ec.

analysis. For example, the streamwise velocity has a fluctudV C). It is increasingly difficult to capture vortex tubes.

tion of the orderu?)¥? over the scald.. Thus the speed at Velocity patterns are extracted also for enhancements of

which a vortex tube passes the probe is higher or lower thathe streamwise-velocity incremedu(6x) at the scaledx

the mean wind speed. The tube radius estimated with theU/f.. The results for6u>+3§ 6u?)*2 are shown in Fig.

frozen-eddy hypothesis is accordingly smaller or larger thar2, while those forsu< — 3( 5u?)¥/? are shown in Fig. 3. The

its intrinsicr, value. Since the scaléx=U/f is at around v pattern was obtained by conditioning over the sign of the

the typical tube radius,, vortex tubes withh>0 and hence local slope. Since the pattern is close to the profile of a

r,>06ox are more numerous than those with<Sx. Fast-  Burgers vortex, intermittency in the streamwise velocity is

moving vortex tubes with,> 5x are captured in our condi- also attributable to vortex tubes. The tube radii are several of
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probability density distribution

0 50 100 150 200 250 300

interval (6x')
Kolmogorov length (n)

streamwise and transverse velocities (normalized by uk)

FIG. 4. Probability density distribution of an intervak’ be-
tween successive enhancements of the transverse-velocity incre-
ment| év|>3(6v?)? at the scalesx=U/f. in the experiments 1,

s | | , ] 2, 5, 8, and 1Qfrom top to bottom. We vertically shift the prob-
-200  -100 0 100 200 ability density distribution by a factor of 10. The abscissa is the

position (x) interval 5x’ normalized by the Kolmogorov length. The dotted
Kolmogorov length (1) lines denote the results of exponential fit at large intervals.

FIG. 3. Conditional averages of the streamwisg and trans- yjjtion has a pronounced peak. Vortex tubes tend to cluster
verse @) velocities for Su< —3(u“)*~ at the scaledx=U/f in together(5,6,17

the experiments 1, 2, 5, 8, and {om top to bottom. The ab-
scissa is the spatial positiomormalized by the Kolmogorov length
7. On the ordinate, the unit scale corresponds to the Kolmogoro
velocity ux . The peak amplitudes of thepatterns are 0.246, 0.221,
0.396, 0.349, and 0.491 m& The detection rates per integral
length are 1.2, 2.7, 2.7, 3.0, and 3.0. The profiles of Burgers vorti
ces are shown with dotted lines. Their radj are 5.5, 4.7z,
5.8y, 4.8y, and 6.0;. C. Flatness factor

For velocity incrementssu(dx)=u(x+ 6x)—u(x) and
the Kolmogorov length. On the other hand, th@attern is sy (5x)=v (x+ 8x) —v(x), we compute the flatness factors
explained by the circulation flomg passing the probe at at each of the scalesx:
some distancé >0. The radial inflowu, is also important
to the u pattern for the evenBu< —3(su?)*2, which is (8u*) (0%
detected 1.6—2.5 times more frequently than the evient Ff3U:<5uz>2 and F'3v:<5vz>2'
> +3(8u?)Y2 (see also Sec. IVD

On increasing the Reynolds number,Réhe probability
density distribution tends to have a more pronounced peak.
\The clustering of vortex tubes becomes more significant.
Figures 1-3 actually show that the intermittency patterns at
high Reynolds numbers are somewhat uneven.

®

If the probability density distribution of the velocity incre-
ment is Gaussian, the flatness factor is equal to 3. If the
To study the spatial distribution of vortex tubes, we studydistribution has a more pronounced tail than a Gaussian dis-
the probability density distribution of an intervadix’ be-  tribution, the flatness factor is larger than 3. Since the
tween successive enhancements of the transverse-velocity ittansverse-velocity pattern averaged for enhancements of ve-
crement,| Sv|>3(sv?)Y2. Here dv(6x)=v(x+dx)—v(x) locity increments is close to the profile of a Burgers vortex
is computed at the scal&=U/f. (Sec. IV A), the flatness factor serves as a measure of the
The results are shown in Fig. &olid lineg. The prob- relative importance between vortex tubes and the back-
ability density distribution has an exponential tail that ap-ground flow. The latter is a superposition of random and
pears linear on the semilog pl@otted line$. This exponen- independent motions, for which the velocity increment is ex-
tial distribution of the interval is characteristic of random, pected to follow a Gaussian distributi¢h3,17,18.
independent, and rare evelid. However, at a small inter- Figure 5 shows the flatness factor for the transverse-
val that is several times the Kolmogorov length the dis-  velocity incrementsv (solid lineg. At large scales, the flat-

B. Spatial distribution of vortex tubes
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3 3 7.00F ) o 7
© B streamwise o
5 E = oD transverse  ° °
4 ] % 6.00 o . .
3 E . ° L. .
5 3 g 500 ° . . .
4 E *_tg « * b & & o
. L * o ] L] L
% 3 4.00 : : : . " . @
C
2 5 3 S ARRERES oL
s 4 3 3 020 eodx=10n . L
£ 5 dx =1 -
E 3 g mO ..
5 E 2 . s
4 3 % 0.15} . .
c
3 E a n
‘d')' [ ] [}
a L}
5 3 2 0.10 I 1
4 3 e b
3 2 100 150 200 250 300 350
: : . 5
101 102 103 Reynolds number (Re)
separation (8x ] )
K0|m0%0rov ,e,fgﬂ)] m FIG. 6. (a) Flatness factors for increments of the streamwise

(filled symbolg and transverséopen symbolsvelocities.(b) Cor-
FIG. 5. Flatness factors for increments of the stream@isand  relation between increments of the streamwise and transverse
transversed) velocities in the experiments 1, 2, 5, 8, and(ff@m velocities. The abscissa is the Reynolds numbey.REhe circles
top to bottom. The abscissa is the scalix normalized by the denote the scaledx=107, while the squares denote the scale
Kolmogorov lengthy. The arrows denote the integral lengtland SX=N\.
the Taylor microscala. The dotted lines denote the Gaussian value
of 3. D. Skewness factor

: . . The skewness factor for the streamwise-velocity incre-
ness factor is equal to the Gaussian value of 3. This is due tr%entéu(&x)=u(x+ 5X)— u(x) is also studied at each of the
predominance of the background flow. As the scale is de-

creased from the integral length the flatness factor begins scalesox. The definition of the skewness factor is

to increase. This is due to increasing contribution of vortex (8ud)
tubes. They affect velocity increments at scales around the Su=T (6)
observed sizes,, which could be as large as the tube

lengths that are of the order of the integral length-9]. This quantity characterizes the degree of asymmetry. Its

Around the Taylor microscalk, the increase of the flatness e aiive value implies that the probability density distribu-

faclt:(_)r breeCE? 2@2 zlr?(? lfgs ?r?et.flatness factor for the stream 'setion has a pronounced tail extending to the negaue
igu W Wi The results are shown in Fig. &olid lineg. At large

;/helotcny mcremenltﬁu_,t W_h'Ch IS IZ;’S 1er;h§1nc§ddth_an tfhat for scales that are more than a few times greater than the rod
e transverse-velocity incremedié [1,2,23. Judging from spacing of the gridV, the skewness factor is equal to the

Figs. 2 and 3, the streamwise flatness factor reflects the eR5aussian value of 0. As the scale is decreased, the skewness

ergetical |mf?ortancef of vorlgex tubes ﬁs n thlg (éjase fthth(?actor begins to decrease. This decrease reflects the energy
transverse flatness factor. However, the amplitude ofuthe cascade from large to small scalgs8]. Around the Taylor

pattern of a vortex tube tends to be less pronounced than th icroscale, the decrease becomes significant. This nega-
of thev pattern. Th's is because the C|(culat|on f'UW ofa_ .._tive enhancement of the velocity increment is due to the
vo_rtex tube contrlbute_s to the streamwise velocity only if itS<train fields associated with vortex tubi@ec. IV A).

axis passes at some distance from the prabe [Eq. (2a)]. We find no significant dependence of the skewness factor

th Flg{ure Ga} s?_(ﬁws the {)Ialtnessdf?ctors forélgcrements Ofat a fixed scale on the Reynolds numbey R€his is because
e streamwisdfilled symbol and transverséopen sym- our experiments do not cover a sufficiently wide, Range.

bols veloi:ri;c]ies atltheii?-%d ;calﬁ:; 10;7 (circles and)\l It is known that the skewness factor of the velocity deriva-
(squarek The scaledx=10z is roughly the minimum scale ;o ((aul 9x)®)/{(aul 9x)?)*? decreases slowly with increas-
resolved in all the measurements. On increasing the Re¥hg Reynolds numbejg]

nolds number Rg, the flatness factors increase. Vortex tubes
are increasingly predominant over the background flow at a
higher Reynolds number. The increase of the flatness factors
is more significant at the smaller scafg= 107, where the Since our conditional averaging revealed that the circula-
background flow is less important. The increase is also mortion flow of a vortex tube tends to contribute simultaneously
significant for the transverse-velocity incremg2}, whichis  to the streamwise and transverse velociti@sc. IV A), we
more sensitive to vortex tubes than the streamwise-velocitgtudy the correlation between velocity increments of these
increment. two component$17]:

E. Streamwise-transverse correlation
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0.0 - : ¥ y T r . ;
-01F 3 * Re =105
-0.2F 01F * E
0.0 S 00
-01F % * Re = 165
£ 01 E
. 0.2 <1 *
o o
§ 00 2 0.0
2 o1k & v Re = 225
14 - >
2 @ 01F E
2 0.2 S *
E =
g 00 % 00
& ik 2 \/ Re =292
e E ot} 3
02} 'y
0.0 % 0.0
Re =329
0.1 01l X T
0.2F A \B ]
0.0
101 102 103 104
separation (9x) separation (dx)
Kolmogorov length (1) Kolmogorov length (1)

FIG. 7. Skewness factor for the streamwise-velocity increment FIG. 8. Correlation between increments of the streamwise and
in the experiments 1, 2, 5, 8, and 1bom top to bottom. The transverse velocities in the experiments 1, 2, 5, 8, antfrbén top
abscissa is the scal¥x normalized by the Kolmogorov length. to bottom). The abscissa is the scak normalized by the Kolmo-
The arrows denote the rod spacing of the dvidthe integral length  gorov lengths. The arrows denote the rod spacing of the avid
L, and the Taylor microscale. The dotted lines denote the Gaussian the integral length., and the Taylor microscale. The dotted lines
value of 0. denote the noncorrelation value of 0.

cluded that a vortex tube is not always oriented to the
@ stretching direction. Second, we used the distribution of an

interval between successive enhancements of a small-scale

velocity increment to study the spatial distribution of vortex
The value ofC, 5, ranges from 0, if there is no correlation, tubes(Fig. 4). It was found that vortex tubes tend to cluster
to =1, if there is a linear correlation. together. This tendency becomes significant with the Rey-

The results are shown in Fig. &olid lines. At large  nolds number. Third, we used the flatness, skewness, and
scales that are more than a few times greater than the ragtreamwise-transverse correlation of velocity increments to
spacing of the gridvl, the correlation is absent. As the scale study the energetical contribution of vortex tubes as a func-
is decreased, the correlation coefficient begins to increaséion of the scaléFigs. 5—8. The contribution of vortex tubes
This is because variations of the streamwise and transverse discernible below the integral length, which is comparable
velocities tend to be enhanced simultaneously at the positioto the tube lengths, and it is significant below the Taylor
of a strong large-scale motion. The increase of the correlamicroscale. At a fixed scale, the contribution becomes sig-
tion coefficient becomes significant around the integrainificant with the Reynolds number.
lengthL and becomes still more significant around the Taylor Some of the above results had been reported in past stud-
microscale\. This is due to increasing contribution of vortex ies. However, they are either numerical simulations with low
tubes. Reynolds numbers Res200 [1-3], laboratory experiments
Figure 8b) shows the streamwise-transverse correlatiorof isotropic turbulence with low Reynolds numbers,Re

at the fixed scale$x= 107 (circles and\ (squares With =100[22], or laboratory experiments of anisotropic turbu-
increasing the Reynolds number ,Rethe correlation be- lence[5,6,11,12,21,2B We are the first to study vortex tubes

(8u?sv?)—(su?){ dv?)
(<5u4>_<5u2>2)1/2(<5v4>_<5UZ>2)1/2'

Cousw=

comes significant especially at the smaller scite= 107. in isotropic turbulence at relatively high Reynolds numbers
Re,=110-330.
V. CONCLUSION Since some tube parameters change as the Reynolds num-

ber, experimental studies of them at the higher Reynolds
The streamwisgu) and transversev( velocities were numbers are desirable. It is difficult to achieve, R800 in

measured simultaneously in isotropic grid turbulence at Reyerdinary grid turbulence. Other flow configurations such as a
nolds numbers Re=110-330. First, we used conditional boundary layer and a jet are of interest.
averaging to extract typical intermittency patter(isigs. The velocity patterns of vortex tubes studied here were
1-3. Since thev pattern is close to the velocity profile of a biased toward strong tubes because they were obtained by
Burgers vortex, the intermittency is attributable to vortexaveraging for enhancements of a velocity increment. If ve-
tubes. The tube radius is several times the Kolmogorovocity patterns averaged for vortex tubes with various
length, regardless of the Reynolds number. Sinceutpat-  strengths were available, they would be more representative.
tern is not always dominated by the strain field, it was con-Then we would be able to confirm possible interesting
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properties of vortex tubes, e.g., dependence of their typicahemselves but is perpendicular to the plane of the two hot

strengths on the Reynolds number. Mouri and Takd@&  wires of our probg25].

proposed to identify vortex tubes as local maxima on the

scale-space plot of wavelet transforms of the velocity data ACKNOWLEDGMENTS
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